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Preface
This proceedings includes 58 state-of-the-art papers. These papers address the important 
issues faced by the mining industry today and will provide a record of the discussions at the 
conference that will remain of value for many years.

The organizing committee wishes to thank all who have contributed to this year’s conference 
including authors, presenters, keynote speakers, short course providers, sponsors, and 
exhibitors.
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The Conferences 
 
The first conference in the series was on Uranium Mill Tailings Management and was held in 
1978. It was organized by the Geotechnical Engineering Program of the Civil Engineering 
Department of Colorado State University, Fort Collins, Colorado. The organizing committee 
consisted of John Nelson, Thomas Shepherd, Steven Abt, Wayne Charlie, and John Welsh.  The 
series of conferences on uranium mill tailings continued through 1985. The nine volumes of 
proceedings were published totaling some 3,700 pages. By 1984, the Uranium Mill Tailings 
Remedial Action (UMTRA) Project was well underway. The development of new uranium mines 
had declined and interest in uranium tailings was no longer wide-spread.   Thus in 1984 and 1985, 
the conference title was expanded to Management of Uranium Mill Tailings, Low-level Waste 
and Hazardous Waste.  
 In 1986, the organizing committee, this time consisting of Steve Abt, John Nelson, 
Richard Wardwell, and Dirk van Zyl, changed the title and focus to Geotechnical and 
Geohydrological Aspects of Waste Management. They noted the following reasons for this 
change in the preface: “The first five annual symposia focused on the design, construction, and 
operation of uranium tailings impoundments. The sixth and seventh were of broader scope, and 
included low-level and hazardous waste management. This eighth symposium continues the 
process of technology transfer but focuses more precisely on the geotechnical and 
geohydrological aspects of waste management: the two engineering areas of prime importance in 
the design and operation of waste disposal facilities.” This symposium attracted about fifty-five 
papers with the proceedings being  558 pages.   This same focus was maintained for the 1987 
conference. 
 By 1988 the uranium market had declined, uranium mills had closed, and support for a 
symposium on uranium mill tailings, hazardous waste, or most any topic associated with mine 
waste had declined. Thus the conference was not held from 1988 until 1994.   In 1994, Colorado 
State University, the sponsor of the uranium mill tailings conferences, resuscitated the conference 
series as Tailings and Mine Waste, the title by which the series goes today.  The proceedings of 
1994 contain twenty-seven papers. The proceedings from 1995 contain a mere fourteen. By 2003, 
the paper count was up to sixty and the venue was Vail, Colorado. In 2004 the paper count and 
attendance reduced leading to a negative financial situation for the conference and reluctance on 
the part of the management of the Department of Civil Engineering at Colorado State University 
to support the conference series, thus the conference was not held from 2005 until 2008.  
 In late 2007 an organizational committee was established in Colorado and through the 
support of a number of consulting engineering companies, Engineering Analytics, Golder, Knight 
Piésold, MWH Global, Robertson GeoConsultants, Inc., SRK Consulting, Inc. Tetra Tech, Inc. 
and URS Corporation, a stable financial basis was established for the conferences in Colorado. It 
was also decided to rotate the conference series between Colorado State University and two 
Canadian Universities. The following sequence was established: 2008 Colorado State University, 
2009 University of Alberta, 2010 Colorado state University, 2011 University of British 
Columbia, 2012 Colorado State University, etc. In 2008, the conference was held  in Vail,  2009 
was held in Banff , 2010 in Vail, 2011 in Vancouver and this year it is Keystone, Colorado. 

There now are specialty conferences on mine closure, paste tailings, and many other focus 
topics that were once part of this series. In spite of the specialty meetings, this series remains the 
best attended and provides the most overall focus of tailings and mine waste. 

 
 
 
 

! !
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The tailings beach as a horizontal gravitational thickener – water 
recovery from three operational platinum tailings storage facilities 
 
G. Blight 
Witwatersrand University, Johannesburg, South Africa 
 
 
 
 
 
 
 
 
 
ABSTRACT: Many of the mining areas in South Africa have semi-arid to arid climates, with few 
perennial rivers and no exploitable sources of groundwater. As a consequence, with mining activity 
expanding, the cost of water is becoming one of the major components of mining costs. This paper 
describes two major investigations to ascertain the water recovery of three operating platinum 
tailings storage facilities. The conclusion is that hydraulic deposition on spigotted beaches gives 
measured water utilization that equals that claimed for paste tailings deposition. 
 
 
 
 
1  INTRODUCTION 
 
The South African platinum mining area has two limbs – the western limb, running west and north 
of the capital city, Pretoria, and the eastern limb, running south to north at a distance of 200km east 
of Pretoria. The climate of both limbs is semi-arid, with annual potential evaporation far exceeding 
annual rainfall, and very few perennial rivers. Because of the igneous near-surface geology, 
exploitable ground-water aquifers do not exist. The water required for the mining of platinum and 
chrome is therefore scarce and expensive and becoming increasingly so as new mines open and 
existing mines expand their production. Indeed, the costs of water are fast becoming a major part of 
total production costs. 
 At present, most of the mines dispose of their tailings by hydraulic deposition using either 
spigots to discharge tailings thickened to a relative density (RD) of 1.45 to 1.6 or by cycloning. One 
of the claims for paste tailings methods (e.g. Jewell, et al., 2002, Jewell & Fourie, 2011) is that large 
water savings can be achieved. Two of the mines, one on the eastern limb (Mogalakwena), the other 
on the western limb (Impala) decided to carry out large scale trials, intended accurately to establish 
what water recovery they were obtaining using the spigot system. This was in order to make a 
realistic comparison with water usage claimed for a paste tailings system. 
 This paper [based on information in an earlier paper (Blight, et al., 2012)], summarizes the 
results of the trials and contrasts the actual water recoveries with those promised on the basis of 
small-scale mechanical thickener trials, performed by proponents of changing to a paste tailings 
system. 
 
 
2  DETAILS OF THE TAILINGS STORAGE FACILITIES 
 
Mogalakwena, at the time of the trial, operated two back-to-back ring dyke tailings storage facilities 
(TSFs), each having 100ha of depositional area. Each TSF served a separate plant, TSF 1 the South 
Plant and TSF 2 the North Plant. The respective annual tonnage rates were,    TSF 1: 3.5 x 106 dry 
tons and TSF 2: 7.0 x 106 dry tons. The nominal rate of rise for TSF 1, commissioned in 1991, was 
2.3m/y and that for TSF 2, commissioned as a temporary facility in 2008, 4.6m/y. Figure 1 shows 
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the plan layout of the two TSFs. The construction of the two TSFs is different. TSF 1 is of 
conventional upstream spigotted tailings construction with the outer dyke constructed of spigotted 
tailings, whereas the outer dyke of TSF 2 is constructed of highly pervious dumped waste rock and 
the storage volume was filled via a series of spigots spaced at 3m horizontal intervals around the 
perimeter. 
 

 
Figure 1. Layout of TSF, Impala 
 
 
 Impala operates a single 450ha depositional area TSF built by spigotting. Water is decanted by 
twin decant towers from a single pool. Annual tons milled are 14 x 106 and the rate of rise is 2m/y. 
A minimum freeboard of 7m is maintained on the TSF, and water is decanted directly to the plant, 
with an off-decant storm surge pond provided for exceptionally wet weather at each decant outlet. In 
normal operating conditions, the pool area is 7-8% of the total depositional area. The TSF serves 
two plants, one treating Merensky reef and the other UG2 reef ore. The two tailings sources are 
united and mingled by being passed through a scavenger plant immediately before reaching the TSF. 
There is also a partial extraction of chrome before sending the tailings to the TSF. 

Keynote
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Figure 2. Layout of TSF, Impala. 
 
 
3. THE RHEOLOGY AND GRAVITATIONAL SETTLEMENT OF PLATINUM TAILINGS 

SLURRY 
 
Figure 3 shows relationships between viscosity and shear strength measured on total tailings 
produced by Impala. It is particularly noteworthy that the viscosity of the slurry hardly increases 
above that of water until the slurry RD exceeds 1.65 (water content less than 0.75). [See Appendix 
for definitions and algebraic relationships between water content (w), solids concentration (SC) and 
relative density (R.D.)]. However, from RD = 1.8 upwards, both viscosity and shear strength 
increase rapidly, which means that the costs of pumping the slurry to the TSF and of distributing it 
on the TSF for deposition, will spiral upwards. 
 If a tailings slurry is prepared at a given relative density or solids concentration, and then 
allowed to settle without any disturbance, the relative density will increase at an exponentially 
decreasing time-rate as water in the pores of the slurry escapes through its upper surface. Figure 3 
shows typical settling or consolidation behaviour for tailings from Mogalakwena. (It must be 
emphasized that the slurry contained no flocculants.) 
 If the settling tailings are sheared at low stresses and rates, they will settle further and more 
rapidly. The reason for this is that the low intensity shear stresses set up pressures in the water filling 
the pores between particles in the slurry. The pore pressures increase the pressure gradient between 
the pore water and the atmosphere, and accelerate the flow of water out of the pore space towards 
the top surface of the slurry. In a mechanical thickener the shear-stresses are imposed by the rotating 
mechanical rakes, and in slurry running down a tailings beach, the shearing occurs as one layer of 
slurry moves down the beach relative to the layer below it. 
 Figure 4 shows a set of relationships between RD at placing (i.e. at zero settling time) and 
settled RD for 1 and 2 days of settling, without any imposed shear stresses. The curved dashed line 
indicates the likely additional settling that would be produced after 2 days if small shear stresses had 
been imposed during settling. 
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Figure 3. Rheological parameters for platinum tailings (Impala) @ 20°C measured on total tailings. Viscosity 
and shear strength measured by means of a Paar Physics rheometer. (Checked by measurements on water). 
 
 
 The diagram also shows the range of RDs achieved in small-scale mechanical thickener trials at 
the mine (Vietti et al., 2010). Hence, on this basis, it would appear that a slurry discharged onto a 
tailings beach at an RD of 1.6 would thicken gravitationally to an RD at least approaching that 
achievable by mechanical thickening, with attendant pumping and distribution costs corresponding 
to those of pumping and distributing a slurry with a viscosity close to that of water, rather than a 
highly viscous paste. 
 
 
4  MEASURED RELATIVE DENSITIES OF TAILINGS SETTLED ON THE BEACH 
 
The techniques used to access the surface of a wet beach have been described in a previous paper 
(Blight, et al., 2012) and will not be repeated here. Suffice it to say that what started out being 
viewed as a highly hazardous activity, turned out to be a completely safe operation for men walking 
and working carefully in rubber boots on a platinum tailings beach surface deposited two days 
previously and still visibly wet. 
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Figure 4. Laboratory settling tests on slurries of platinum tailings. (Note that supernatant water was siphoned 
off the surfaces of the specimens, leaving a thin water film at surface, as on a tailings branch.) 

 
 
Figure 5. Monthly variations and limits of variation of slurry density supplied to TSF 1 over the period 
January 10 to October 2010. 
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4.1  Settled RD at surface of TSF1, Mogalakwena 
 
Figure 5 shows the variation of RD of tailings slurry leaving the South Plant at Mogalakwena during 
the test depositions, as well as the timing of test depositions 1 to 4. The South Plant serves TSF1. 
 Figure 6 shows the results of sampling the four test depositions on Dam 1 at Mogalakwena each 
of which was 400mm thick at the point of deposition. Each deposition took four days to complete. 
The notes on Figure 6 record the circumstances and timing of each sampling. The sampling method 
and timing had to go through a learning process and it is considered that of the four sets of data, the 
second and fourth best represent the RD of the settled tailings, after decanting and most of the 
bleeding had occurred.  
 

 
 
Figure 6. Variation of settled relative density (RD) down beach, TSF1 Mogalakwena. 
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Deposition 1 was sampled by augering, which obviously took place too late for the measurements to 
be representative of freshly placed tailings. Subsequent samples were taken from the surface using a 
gardening trowel and were transported to the laboratory in sealed plastic buckets with snap-on lids. 
The relative density was then calculated on the assumption that the samples were saturated. 
Measuring the water content and the particle unit weight then gave the void ratio: 
 
  e = wGs and hence RD = (Gs + e)/(1 +e) 
 
 As the notes on Figure 6 show, the third sampling was taken too soon. What are considered to 
be the most representative results show that the RD of the freshly settled tailings was between 1.8 
and 2.0, being larger at the head of the beach where the tailings were sandier and smaller towards 
the pool where the tailings contained more particles smaller than 2 microns. 
 

 
Figure 7. Variation of settled RD at surface with distance down beach, TSF 2, Mogalakwena. 
 
 
4.2  Settled RD at surface of TSF2, Mogalakwena 
 
Figure 7 shows the data for settled RD for the three depositions made on TSF2 at Mogalakwena. 
The results were very similar to those for TSF1, and the average RD of the tailings settled on the 
beach was close to 2.0. 
 
 
4.3  Settled RD at surface of TSF, Impala 
 
A number of lessons had been learned from the experiences at Mogalakwena, in particular, 
concerning the safety of walking on the surface of a wet platinum tailings beach. The work at Impala 
started with yet another lesson. The ore body at Mogalakwena is treated using a single technology 
that, via two very similar plants, produces the tailings discharged onto both TSF1 and 2. The mean 
value of Gs is 3.10 with a standard deviation of ±0.03 (38 determinations). At Impala, however, the 
two ore bodies (Merensky and UG2) are treated separately, the relative quantities of the two types of 
tailings passing through the scavenger plant vary with time, as does the extent to which chrome is 
extracted. One of the effects of these circumstances is that Gs is variable, and differs between the 
sand and silt particle size fractions.  
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Figure 8. Variation of settled RD at surface with distance down the beach, Impala. 
 
 
The value of Gs was found to vary from 3.10 to 3.45 with values for the sand fraction of 
 
  Gs = 3.27, standard deviation ±0.09 
 
and for the silt fraction: 
 
  Gs = 3.20, standard deviation ±0.05 
 
The effect of this was to make use of the equations: 
 
  RD = (Gs + e)/(1 + e) with e = wGs 
 
inaccurate. 
 For this reason, the sampling procedure was changed. Cores were taken down the beach using 
an accurately sized thin-walled core-cutter. The contents of the core-cutter were also emptied into 
plastic buckets with snap-on sealed lids for weighing in the laboratory. Hence the procedure was 
similar and as simple as that used previously, but much more direct. From the measured mass of 
sample: 
 
  w (volume of core cutter) 
 
 Figure 8 shows measurements made on two occasions. (The first set of measurements using the 
water content technique was discarded when the potential inaccuracies were realized.) The 
measurements on 23 November were made in the assigned test area. However, the question was then 
raised as to whether conditions elsewhere on the vast surface of the TSF were comparable to those 
in the test area. In response to this question, a section of the general TSF depositional surface was 
chosen, and two days after the cessation of deposition, the core sampling of 07 December was 
carried out. Conditions under foot were safe enough to have extended the sample line beyond 500m 
(there were still 500m to the edge of the pool) but the supply of sealed buckets was exhausted at 
500m. 
 Another realization arising from the experience of the measurements at Mogalakwena was that 
the RD of slurry at the point of delivery from the mill will usually not be the same as that of the 
slurry issuing from a delivery spigot. Comparisons of RD are therefore better carried out by making 
regular on-TSF measurements of slurry issuing from spigots, using a carefully calibrated Marcy 
balance. During the depositions referred to in Figure 8, RDs were sampled hourly from the spigots, 
with 4 successive samples being taken from each spigot. The limits of measurement were 1.35 to 
1.58, with a mean of 1.44 and a standard deviation of ±0.06. 
 In 2009, an extensive geotechnical investigation, known as the “mid-life investigation”, was 
carried out at Impala to establish the in situ geotechnical parameters of the tailings, and in particular, 
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to ensure that no incipient liquefaction-prone conditions existed. In the course of this investigation, 
data on void ratio profiles with depth were established. These were used to calculate the inset data 
on Figure 8 (M-L = mid-life investigation). 
 A trial using a small mechanical thickener was also carried out to compare the in situ surface 
RDs with those attainable by mechanical thickening. The range of RD’s reached in these trials (2.19 
to 2.40) is shown in Figure 8, at zero distance down the beach. 
 
 
4.4 Summary of in situ surface RD test results 
 
Figures 6, 7 and 8 show that beaching of a platinum tailings slurry with RDs in the region of 1.3 to 
1.5 results in settled RDs on the beach that are very close to the range of RDs attainable under ideal 
conditions by small-scale thickeners, fed with flocculated slurries. Apart from other possible 
savings, using the tailings beach as a thickener eliminates the capital and power costs of a 
mechanical thickener, the cost of flocculants and the capital and power costs of the pumping system 
required to move the thickened paste tailings from the plant to the TSF and to distribute it over the 
surface of the TSF. 
 

 
Figure 9. Water balance for TSF 1, Mogalakwena. 
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5  WATER RECOVERY FROM COMPLETE TSFs AND FROM TEST BEACHES 
 
5.1  Mogalakwena 
 
Incredibly, for a mine operating two state-of-the-art milling and extraction plants and worried by its 
water consumption, Mogalakwena had no means of measuring water recovery from its two TSF’s 
and the test-work started by creating an appropriate flow measuring system. The penstocks of both 
TSFs discharge, via silt traps, into a concrete-lined trapezoidal trench that also collects the discharge 
from the perimeter toe filter drains. The entire flow is discharged from the silt trap for TSF1 into the 
return water dam (see Figure 1). To measure the flows, a series of rectangular measuring weirs was 
constructed at strategic points so that the flows from TSFs 1 and 2 could be measured separately. 
The flow into the penstock tower inlet on each dam was also measured, as was the flow out of the 
penstock outfall pipes. These were checked against flows measured at 4 points along the concrete-
lined channel. Drain flows, which were a negligible part of the total decant flow, were measured 
weekly, by bucket and stopwatch. 
 

 
Figure 10. Water balance for TSF 2, Mogalakwena. 
 
 
 Decanting from the TSFs was confined to daylight hours, i.e. 0600 to 1800. At 1800 each day, 
the penstocks were ringed up for the night. Heads over the measuring weirs’ crests and penstock 
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inlets were measured and recorded every hour by a team of observers working in two shifts, 0600 to 
1200 and 1200 to 1800, throughout the period of the tests. Each measuring weir was calibrated by 
multiple measurements over a range of flow rates with a hand-held current meter. The flows into the 
penstock inlets and out of the penstock outfall pipes were calibrated and checked by the same 
current meter. 
 Rain precipitation was measured by means of a rain gauge located on the common wall between 
the two dams, and a standard American A-pan was set up at the same location to measure 
evaporation. The rain gauge and evaporation pan were observed at 0600 each day. 
 

 
 
Figure 11. Water balance for TSF, Impala. 
 
 
5.1.1  Water balance, TSF1, Mogalakwena 
 
Figure 9 shows the components of the water balance for TSF1, both from April to June, during the 
period of the test depositions and up to November 2010. The water recovered consists of the 
decanted water and the drain flow, and as shown on the figure, this amounted to 54% from April to 
June, and 57% from April to the end of October. 
 As a check on these figures, the average RD of slurry coming in from the plant was 1.52, 
whence the average water content was 98%. The average RD settled on the beach (from Figure 6) 
was 1.9, whence the water content was 43%. Hence the water recovery from the beach was (98 – 
43)/98 = 56%. 
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5.1.2  Water balance, TSF2, Mogalakwena 
 
As mentioned earlier, TSF2 was a temporary structure, serving the North plant until a new, 
permanent TSF came on stream. TSF2 was decommissioned at the end of July, 2010 and complete 
water balance data were only obtainable from April to the end of June. Temporary arrangements 
were made to deliver slurry to TSF2 for the test depositions that took place from the end of July to 
the end of October, 2010. 
 Figure 10 shows that the water recovery from TSF2 was only 42%, compared with up to 57% 
for TSF1. The reason for this discrepancy was the pervious nature of TSF2’s dumped waste rock 
outer walls, that allowed water to be lost by seepage through the rock. During the last operational 
months of TFS2, pools and sheets of water lay in a number of places around the perimeter of the 
rock wall, between the toe of the wall and the lined drainage collection channel. It was the dry 
season and no rain had fallen for several months. Hence the source of this water had to be seepage 
through the rock wall. 
 From July to October, the average RD of slurry delivered to the test beach on TSF2 was 1.51, 
corresponding to a water content of 100.6%. The average RD settled on the beach was 1.96, or a 
water content of 38.3%. Hence the potential water recovery from the beach was (100.6 – 38.3)/100.6 
= 61.9%, which is excellent in comparison with the actual recovery of 42%. 
 
 
5.2 Impala 
 
The test depositions at Impala took place at a bad time for the establishment of a water balance. One 
of the twin outfall lines was out of commission for refurbishment, and the system of measuring 
weirs was also out of commission to be refurbished. In addition to this, a strike of miners occurred 
in February/March 2012 so the mine was not producing its usual output of 1.2 x 106T per month. 
Figure 11 is a water balance constructed during 2009 while the outfall lines were under examination 
and the pool area was, as a consequence, allowed to increase (it was the dry season) from its usual 
area of 20ha to over 200ha (without comprising safe freeboard limits). 
 For the period Feb. – April, while the pool area was normal, water recovery averaged 56%, 
while for Feb. – July it averaged 60.4%. Concerning the potential water recovery from the test 
beaches, the mean delivered RD was 1.44, which for a mean value of Gs of 3.23, gives a water 
content of 126%. The mean settled RD for all core data in 2011/12 (Figure 8) is 1.99, corresponding 
to a water content of 38.8%. The potential water recovery from the beaches was therefore (126 – 
38.8)/126 = 69% and the minimum calculated water recovery was 60%. Recent measurements of the 
plant water balances have shown an average water recovery of 65%. 
 
 
Table 1. Summary of water recoveries 
 
Mine TSF Full Water 

Balance 
Potential, 
from Beach 

 
 

Mogalakwena 
 
Impala 

1 
2 
1 

54-57% 
42% 
56-60% 

56% 
62% 
60-69% 

 

 
 
5.3  Summary of water recoveries 
 
To summarize, including effects such as those of the highly permeable walls of TSF2 at 
Mogalakwena, water recoveries from full water balances and potential water recoveries from 
test beaches were as follows. 
Stating these data alternatively, and excluding Mogalakwana’s TSF2, water losses (or water 
utilization) varied from 31 to 46%. Indications from the small-scale mechanical thickener test 
results are that these figures differ little from water losses that would occur in placing paste 
tailings on these three TSFs. 
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6  OVERALL CONCLUSION 
 
The tests at Mogalakwena and Impala are believed to be the first water-saving investigations carried 
out on such a large scale in South Africa. At both mines, the tests showed that, with good water 
house-keeping, a spigotted beaching system can be as sparing with water utilization as the potential 
claimed for a system operating with paste tailings. A spigotted beach of platinum tailings can be 
likened to an efficient sub-horizontal gravitational thickener. 
 In today’s popular ecological jargon, the beach is sustainable, uses gravity as renewable energy 
and has a minimum carbon footprint. 
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9 APPENDIX: Relationships between water content, solids concentration and relative density of 
tailings slurries. 

 The two components of a tailings slurry are water and tailings solids. In mass terms, mass of 
water  = Mw and mass of solids  = Ms 
The water content (w) is defined as: w  = Mw/Ms 
The solids concentration (SC) of the slurry is defined as:   
SC  = Ms/(Ms + Mw), i.e. SC  = 1/(1 + w) 
The relative density (RD) is defined as the ratio of the mass of a given volume of slurry to the mass 
of an equal volume of water. If the solids particle unit weight is Gs:  
RD  = (Ms + Mw)/(Ms/Gs + Mw), i.e. RD  = Gs(1 + w)/(1 + wGs). 
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1 INTRODUCTION 
1.1 General 
Laboratory testing to determine consolidation properties form a crucial component of the de-
sign of most tailings storage facilities.  For tailings streams with appreciable quantities of clay 
minerals, such consolidation testing can be time consuming.  In addition, there is often a rela-
tively limited pool of appropriate testing devices available (Rowe Cell, Slurry Consolidometer, 
or Seepage-Induced Consolidation Apparatus).  This combination frequently results in consoli-
dation testing forming part of the critical path of a project, by virtue of delays often encoun-
tered in testing.   

Centrifuges can reduce the time required for consolidation to occur.  Centrifuges induce cen-
tripetal accelerations that can be orders of magnitude greater than gravitational acceleration.  
The ratio of acceleration within a centrifuge to gravitational acceleration is denoted as ‘N’ in 
geotechnical centrifuge practice.  The controlling process of primary consolidation, the diffu-
sion of excess pore water pressure, occurs faster as centripetal acceleration is increased.  At a 
ratio of N to gravitational conditions, excess pore water pressure dissipates at a rate N2 greater 
than under normal gravity (Ko 1998).  These principles have been utilized by previous re-
searchers to perform accelerated consolidation testing in geotechnical research centrifuges.  
Despite the advantages of testing in this manner, there are practical difficulties in their applica-
tion to commercial testing.  There are a limited number of geotechnical research centrifuges in 
the world.  Owing to their unique capabilities, there is substantial demand for their use, for a 
myriad of geotechnical applications of which consolidation testing is just one.  They are typi-
cally quite large, and expensive to operate, with testing costs of over $5 000 per day common 
when utilized commercially.  In addition, typical geotechnical research centrifuges require sub-
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ABSTRACT: Many mine tailings streams contain appreciable quantities of clay minerals; ex-
amples include mineral sand fines, phosphate, and coal tailings.  Tests to determine consolida-
tion properties for these materials are usually very time-consuming.  In addition, the availability 
of suitable testing devices is relatively limited.  This paper describes the development and test-
ing of a desktop centrifuge that allows a full suite of consolidation parameters to be determined 
in approximately 48 hours.  The development of this device was inspired by promising work 
outlined at the Tailings and Mine Waste Conference in 1998, for which the authors could find 
no evidence of further development.  The results and interpretation of consolidation tests using 
the desktop centrifuge are presented.  Reasonable agreement with the results of tests in a Rowe 
Cell and oedometer on the same materials has been achieved.  Current limitations to the system, 
and planned developments to eliminate them, are outlined.  
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stantial specialist support and infrastructure beyond that practical in a typical commercial soils 
laboratory. 

This paper presents development and an initial commercial test on a desktop sized centrifuge 
under development at the University of Western Australia (UWA).  This device allows consoli-
dation tests on slurry samples to be conducted in a much shorter time than conventional testing.   
This device is significantly less expensive in both capital and operating costs compared to typi-
cal research geotechnical centrifuges.  This allows the advantages of testing under high centrip-
etal accelerations to be gained, in a package that is feasible to consider within a commercial la-
boratory context.   
1.2 Related and Previous Work 
An important, yet subtle distinction must be made prior to a review of previous work.  Centri-
fuges have been utilized frequently in the literature to perform verification of expected consoli-
dation behavior and consolidation numerical methods.  However, this often does not involve 
determining the actual consolidation parameters of a soil.  Research centrifuges have, however, 
been utilized to determine consolidation parameters by some workers in the past.  Scully et al. 
(1984) utilized centrifuge testing to obtain the vertical effective stress – void ratio relationship 
at low stresses.  Takada & Mikasa (1986) developed a relationship to obtain permeability rele-
vant to initial void ratio based on initial settling rate within the centrifuge.  Martinez (1987) and 
Fahey &Toh (1992) developed methods to obtain permeability based on iterative modeling of 
the behavior of the soil within centrifuge.  All of these efforts involved relatively large research 
centrifuges where centripetal acceleration could be assumed constant.  All were likely of a size 
and complexity that application outside of a research/university setting would be difficult to 
implement. 

There are fewer examples in the literature involving the use of desktop-sized centrifuges.  
McDermott & King (1998) performed accelerated consolidation testing of kaolin in a centrifuge 
of a similar scale to the one outlined in this paper.  Their work provided the impetus for the 
work outlined below.  The material was extruded from columns at the end of testing, and 
trimmed for moisture content measurements.  Time dependent behavior was monitored through 
use of a strobe light to observe settlement of the material over time.  To estimate permeability, 
they utilized the formula developed by Takada & Mikasa (1986).  This gave good agreement to 
conventional tests.  However, it required that many tests be conducted at different initial void 
ratios.  It also appears to be limited to initial void ratios where the sample could still be treated 
as a slurry (about 1.8 for the kaolin tested).  El-Shall et al. (1996) performed consolidation test-
ing of phosphate slimes using a small centrifuge with a diameter of 55 mm.  They developed a 
relationship to obtain permeability from initial setting rates using first-order kinetics.  However, 
this work also appears limited to relatively high void ratios, and is dependent on multiple tests.  
Kayabali & Ozdemir (2012) utilized a desktop centrifuge to assess settlement behavior of clay 
samples obtained from boreholes.   

The system described here has been under development at UWA since 2009.  A description 
of preliminary development was provided by Reid et al. (2012).  Further developments and the 
results of an initial commercial test are outlined in this paper.  

2 EXPERIMENTAL PROCEDURE 
2.1 Testing System 
The device utilized is a Clements Orbital 420 scientific centrifuge.  This device was selected 
based on inspection of the various devices in the UWA School of Chemistry and Biochemistry.  
The salient components of the system are shown in Figures 1 to 3 below.  A number of modifica-
tions were made to the system by the Civil Engineering Workshop and Electrical Technicians un-
der direction of the authors, including provision for more accurate digital control of rotational 
speed and replacement of as-provided test tube holders with polycarbonate columns  
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Figure 1. Overall system 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Columns installed for a test 
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Figure 3. Schematic column section 
 
 
During initial testing of the system, attempts were made to perform monitoring of the settle-

ment rate through a strobe light system similar to McDermott & King (1998).  These were un-
successful owing to the opacity of the polycarbonate material, smearing of the sidewalls as con-
solidation occurred, and lack of accuracy in measurements.  Therefore, piezometers were 
installed into the base of the columns along with a wireless transmission system to allow the 
monitoring of time dependent behavior during testing. 
2.2 Materials Tested and Preparation 
Initial development of the desktop centrifuge system was conducted using kaolin clay, manu-
factured by Unimin Australia.  The material has a Specific Gravity (SG) of 2.58, and is 40% 
finer than 2 m, and it is relatively uniformly graded.  The material was prepared by mixing 
thoroughly with water to moisture contents slightly higher than the liquid limit. 

Additional tests were attempted on some other soils including a kaolin-silica silt mixture, a 
mineral sands, and a predominately silt tailings.  However, these tests indicated that for well or 
gap graded materials significant segregation occurred at early stages in the test.  This led the 
authors to develop remedies for this, as outlined further below. 

Based on the results of the kaolin testing, the authors were of the opinion that initial com-
mercial tests could be attempted provided segregation could be minimized.  A tailings consult-
ant in Australia subsequently enquired to the availability of the device, as they were unable to 
obtain a suitable conventional testing system in the timeframe required for their project.  The 
material was a mineral sands tailings consisting of 82% sand and 18% fines (blended after pro-
cessing), with an overall SG of 2.69.  Secondary (also called “in-line”) flocculation was to be 
utilized on the project in question.  For this reason, segregation was unlikely. 
2.3 Testing 
Testing of samples that are not expected to segregate is performed using the steps outlined be-
low: 

1)  The material is mixed to a slurry from dry material and water (kaolin), or mixed and pre-
pared as per the client’s flocculation instructions (mineral sands). 

2) Material is poured into each column, with an equal overall mass for each column. 
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3) Centrifuge spinning is initiated by ramping to the testing speed as quickly as possible.  
Speeds utilized have ranged between 1000 to 1900 RPM. 

4) Spinning proceeds until the piezometers indicate that excess pore water pressure has dis-
sipated.  Typically, the device is spun for an additional 30 minutes to ensure consolida-
tion will have been completed throughout the column. 

5) The material is either cored out (as discussed below), or additional material is poured into 
the column and testing continues as outlined in Steps 2-5. 

 
Following spinning, the material within the column is cored out in 1-2 mm thick layers using 

a specially designed apparatus.  Moisture content is obtained for each slice of material.  For the 
materials outlined in this paper, comparison tests were conducted using either a Rowe Cell (if 
available) or an oedometer, on the same batch of material prepared for the centrifuge. 

3 INTERPRETATION 
3.1 Centrifuge Acceleration Laws 
Material within a centrifuge is exposed to a centripetal acceleration equal to rw2, where r is ra-
dius and w is swept angular velocity.  The total stress or hydrostatic pore pressure at any radius 
from the centre of the centrifuge can be calculated incrementally using Equations 1 or 2 below 
(Muir Wood 2004): 

zrw
tt

2  (1) 

zrw
w

u 2  (2) 

 
where t = change in total stress; u t = bulk 
density within depth incre w = water density within depth increment; rw2 = centripetal 
acceleration; z = depth increment. 

An important note in the context of the current work is the large variability of centripetal ac-
celeration within a small desktop centrifuge.  Within typical large research centrifuges, the 
sample size is relatively small compared to the radius of rotation.  Therefore, use of a single ac-
celeration value is a reasonable approximation. This is not appropriate for a small desktop cen-
trifuge where acceleration can double across the typical length of samples tested.  
3.2 Void Ratio – Effective Stress 
Assuming that the material within the column is saturated, the moisture content measurements 
taken at the end of the test along with separately measured SG allow void ratio / dry density / 
bulk density to be calculated.  With Equation 1, the total stress profile at the end of the test can 
then be determined.  Final pore pressure with depth is determined based on Equation 2 along 
with the water level within the column. 

From the final values of total stress and pore pressure, effective stress can be calculated.  An 
example of these values across the final soil profile in a column is shown in Figure 6.  The re-
sults presented are for a test on kaolin at 1400 RPM.  Slight curvature to the profiles is evident 
even for hydrostatic pore pressure, owing to the increasing centripetal acceleration with depth. 
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Figure 4. Stresses within kaolin sample in 1400 RPM test 
 
 

3.3 Permeability – Void Ratio 
Derivation of the full void ratio – permeability profile from the pore pressure dissipation rec-
orded at the base (or settlement data) is not possible using the typical analytical methods ap-
plied to most consolidation tests.  To overcome this, McDermott & King (1998) made use of 
the expression developed by Takada & Mikasa (1986) where permeability relevant to the initial 
void ratio is determined based on initial settling rate.  This requires conducting a number of 
tests at each void ratio where a permeability result is required.  This cannot be performed at low 
void ratios where the sample is not a slurry.  In addition, in a desktop centrifuge, it requires as-
suming a constant centripetal acceleration across the entire depth of the sample.  

Owing to the limitations of available methods, the authors have developed a numerical code 
to allow iterative modeling of the sample behavior.  This numerical model was developed using 
the finite difference code FLAC v7.0 (Itasca 2011).  The internal programming langue FISH 
was heavily utilized to adapt the model to a variable acceleration profile.  Trial void ratio – 
permeability relationships are iteratively adjusted to obtain model pore water pressure dissipa-
tion that matches the experimental results.  This is how the modeling allows extraction of the 
void ratio – permeability profile.  This is similar in principle to the methods utilized by Fahey 
& Toh (1992) and Martinez (1987), while incorporating the nuance of variable acceleration 
across the sample in the smaller desktop centrifuge. 

The results of the model, following matching of the permeability parameters to kaolin tests, 
are shown in Figure 5.  The permeability parameters were developed by simulating a 
1400 RPM test.  The model was then utilized to simulate a 1000 RPM test, with no change to 
material parameters or overall modeling method.  An excellent match to experimental data con-
tinued to be observed. 
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Figure 5. Model results for kaolin tests 

 
The initial model developed during work on kaolin applied centripetal accelerations to the 

model instantaneously.  This approximation was deemed reasonable as the ramp up time is 
about 50 seconds, while the kaolin tests would take 4 – 6 hours to complete.  However, upon 
testing of the relatively high permeability mineral sands this approximation was no longer ap-
propriate.  The model was modified to allow ramping of acceleration, thus providing better 
match to the mineral sands dissipation data. 

4 RESULTS 
4.1 Kaolin 
The vertical effective stress – void ratio results from a series of tests conducted on kaolin at 
1000, 1400, and 1900 RPM are presented in Figure 6.  All the tests presented are for a single 
pour of kaolin.  Using this method, vertical effective stresses of 100 kPa were achievable.  
Rowe Cell results from three tests on the same kaolin are presented.  In general, there is reason-
able agreement between the two test methods.  However, at the higher effective stresses 
achieved the centrifuge results appear to drift, giving higher void ratios.  The authors believe 
this is due to elastic unloading at the end of the test.   

At the end of a test, significant stresses are present within the soil as it stops spinning.  With 
a free surface of water present, elastic unloading would commence.  Monitoring of kaolin sam-
ples after testing using a laser measuring system indicates this process takes place over about 6 
hours.  To minimize the potential impact of elastic unloading, the authors immediately decant 
the free water.  Monitoring samples where this was conducted indicated minimal swelling 
would occur.  However, the base of the columns contains a piezometer recess filled with water 
and a filter paper.  Also, a small film of water is typically left at the base to ensure piezometer 
saturation.  Therefore, it is possible that this water allows partial double drainage for the elastic 
swelling process, resulting in void ratio values higher than expected at the base of the column.  
To overcome this problem, a modified method was utilized in the mineral sands test outlined 
below. 
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Figure 6. Kaolin vertical effective stress – void ratio relationship 
 
 
The permeability results appear within the range of values from the interpretation methods 

utilized on a Rowe Cell test on the same material.  Of the Rowe Cell results, the constant head 
tests would typically be considered most definitive.  Compared to these, the centrifuge model-
ing technique results are about one-half.  In the context of permeability measurement, this may 
not be unreasonable, as the scatter shown between varieties of interpretation methods attests. 
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Figure 7. Kaolin void ratio – permeability relationship 
 
 

4.2 Mineral Sands 
The vertical effective stress – void ratio results from two tests conducted at 1400 and 1850 
RPM are shown in Figure 8.  It should be noted that two tests were conducted for research and 
validation purposes, and the test results required by the client could be obtained from a single 
test.  No segregation was observed during testing.   

The results appear to share a similar trend to the oedometer comparison test.  However, there 
is significant scatter in the centrifuge results, and they appear to be slightly lower on average.  
The reasons for this are currently unknown.  For predominately sand materials, the assumption 
that a segment of soil can be cored out and placed into a moisture content tin without some eror 
may not be entirely realistic.  It is conceivable that excess water from adjacent layers could be 
sampled, or water from the layer in question could “run out” of the sample during the coring 
process.  This could explain the fact that the data is quite scattered, while still following a con-
sistent overall trend.  With the large number of samples taken it is likely that overall the mois-
ture content errors would somewhat balance.  However, this does not explain the consistent 
lower bias in comparison to the oedometer test conducted.  It is unlikely to be related to elastic 
swelling, as this would increase void ratio at a given effective stress.  It is conceivable that the 
bias when sampling a sand material is for water to bleed, and hence for the moisture contents 
obtained to be slightly low.  However this is pure (convenient) speculation at this point.  Some 
new columns with a detachable base similar to that used by McDermott & King (1998) may be 
manufactured to allow extrusion of the sample rather than coring out, which would likely be 
more accurate in this context. 

The estimated permeability relationship was, as would be expected for sandy material, much 
less variable across void ratio than the kaolin results.  A permeability range of 5  10-7 to 
9  10-7 was obtained for void ratios relevant to the tests conducted.  The dissipation of excess 
pore pressure in the tests conducted occurred in less than 60 seconds.  With adjustment of the 
modeling method, this behavior could be captured and a permeability estimate prepared.  How-
ever, it was reinforced during this process that the system is more suited for low permeability 
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slurries.  The mineral sands material would represent an upper limit in terms of permeability 
that can be tested in the device in the future. 

The mineral sands testing outlined was conducted similar to the kaolin, but with two im-
portant improvements.  As the client wished to obtain data at higher vertical effective stresses, a 
second lift of slurry was poured into the columns after initial consolidation.  This allowed verti-
cal effective stresses of 300 kPa to be achieved.  To reduce the impacts of elastic swelling, one 
of the columns was sealed at the base prior to slurry being poured in.  This column was selected 
to be cored out at the end of the test.  This prevents recording of pore water pressure data for 
that column.  However, the other columns can be relied upon to provide relevant pore water 
pressure dissipation data.  This technique appears to have eliminated elastic unloading error at 
the base of the column that was cored out.  However, the scatter to the data means this cannot 
be definitively confirmed at this point. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8. Mineral sands void ratio – permeability relationship 

 
 
Owing to the lack of comparison permeability testing (discussed below), the Hazen and 

Kozeny-Carman formulas were utilized to estimate D10 and Deff, respectively.  The void ratio 
and permeability estimated at 100 kPa vertical effective stress were utilized in the comparison.  
Based on these equations, Hazen indicated a D10 of 7 m, while Kozeny-Carman indicated a 
Deff of 6 m.  These are not unreasonable results for a material consisting of 82% sand and 18% 
fines as indicated by the client.  However, the approximate nature of these relationships is 
acknowledged.  This exercise serves only to provide some “reality check” on the results.  A 
Rowe Cell test with constant head permeability determination will be conducted prior to the 
conference. 

An oedometer was utilized to provide some comparison to the centrifuge results, both for the 
client and for presentation here, as it was the only available device.  The available oedometer 
system applies loading through a stepper motor moving the sample upwards, with the loading 
ram is restrained.  This system has been found to take up to two minutes to apply the full load 
for an increment.  This would cast doubt on any interpretation of coefficient of consolidation 

Mill tailings

26



(and hence permeability) for a relatively high permeability material, and thus has not been con-
ducted.   

5 LIMITATIONS AND FUTURE WORK 

As implied throughout this paper, segregation of material has provided difficulties with testing 
well and gap graded slurries.  To overcome this, the authors have applied a 12 kPa pre-load to 
the columns prior to commencement of spinning.  This has served to produce a sample that will 
not segregate in all the cases attempted.  The main sacrifice being the loss of consolidation data 
below the load selected.  As testing using pre-loading has not been conducted and interpreted to 
the standard presented here at this point, it was not included.  It is expected that results from 
tests using this method will be available at the conference. 

The results obtained thus far appear to generally correlate with conventional tests, within 
reason.  Further tests will be conducted to determine if this level of accuracy is consistent for 
other materials.  Provided this accuracy is acknowledged when used, and is sufficient for the 
task at hand, this should allow the use of this centrifuge system in routine commercial testing, 
eventually without comparison tests. 

As indicated, all of the tests conducted thus far have involved all of the columns of the de-
vice filled with the same material.  This is a result of the device still undergoing development, 
and hence the desire to perform duplication checks.  The authors have now reached confidence 
in the device whereby if two commercial tests were required, the machine could be operated on 
both simultaneously (each sample in two columns, for example).  This type of operation in par-
allel, if conducted in a commercial laboratory with this device, could further improve testing 
turnaround time. 

6 CONCLUSION 

The development of a desktop centrifuge system to perform accelerated consolidation testing 
was outlined.  The device was shown to provide good estimates of the void ratio - effective 
stress and void ratio – permeability profiles of kaolin.  The first commercial test of the system 
on mineral sands tailings was outlined, which was largely successful.  The system, overall, ap-
pears to be capable of performing consolidation tests in a much shorter time frame than conven-
tional testing on low permeability, fine grained samples.  Experience regarding the accuracy of 
these results compared to conventional tests is being gained, thus allowing confidence in the 
system by end-users.  Some limitations to the current system, and future work to reduce them, 
were outlined.   
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1 INTRODUCTION 

In Peru, the thickened tailings technology was applied for the first time in the early 1990s at 
Tintaya Project; however the desired beach slopes could not be achieved. During this time, the 
application of thickened tailings to surface disposal was very limited, while advances in high-
density thickening technology were being realized. The thickening technology using the deep 
cone thickener was implemented in Cobriza mine in 2005, where the tailings were deposited at 
76% solids (ACG, 2006). In 2007 the first application of compacted filtered tailings was put in 
operation at the Cerro Lindo project, considered a world-class example wherein the tailings was 
dewatered by a filtration technology to 88% solids, deposited to surface disposal and compact-
ed, resulting in zero water discharge to the environment. At this mine, the cemented paste back-
fill plant using a thickening and filtration technology went into operation, this process comple-

The application of highly dewatered tailings in the design of 
tailings storage facilities – Experience in mining projects in Peru 
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ABSTRACT: The disposal of highly dewatered tailings, thickened or filtered, in open pit and 
underground mining projects, has seen a considerable advance in the application of the technolo-
gy in Peru in the last 10 years. This is mainly due to the better understanding of rheological 
properties and geotechnical behavior of tailings, the advances in tailings dewatering technology, 
and response of the industry to social and environmental restrictions on the use of an impacted 
land area and the competition for the use of fresh water resources. These, together with the diffi-
cult topography, the high  seismic activity in Peru, the regional dry to very wet seasons, and the 
physical and chemical stability of deposited tailings have brought a constant challenge to the ap-
plication of dewatered tailings which is, however, the best technical and economic option taking 
into consideration the tailings storage facility operation and closure. 
 
Several mining operations in Peru have actually employed highly dewatered tailings technologies 
in surface disposal such as: Cerro Lindo (7 ktpd), Cobriza (7 ktpd) and Catalina Huanca (1 ktpd) 
and others under construction such as: Toromocho Project (117 ktpd) and El Brocal Project (18 
ktpd).  This technology is being used successfully as tailings paste backfill in the following un-
derground mining projects: Cerro Lindo (7 ktpd), Selene-Pallancata (3 ktpd), San Rafael (3 
ktpd), among others.  
 
This article discusses the guidelines and criteria that determine the application of dewatered tail-
ings for surface disposal systems, the basic studies and types of facilities considered for tailings 
impoundment, the geotechnical and geochemical stability during the operation period and clo-
sure, the operational aspects considered such that risks can be minimized and so that proper 
management of the facility can be obtained. Finally examples of experience in some current pro-
jects are included. 
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mented the desired zero water discharge guideline. These new facilities were put to a natural 
test when a Ms=7.8 magnitude earthquake struck the region in 2007. 

Nowadays, no less than five projects at feasibility stage employing filtered tailings and thick-
ened tailings storage facilities are being developed in the region: Magistral (20 kpd), Hilarion (5 
ktpd), Conga (94 ktpd) and the Toquepala Expansion (100 ktpd) in Peru; Pachón (100 ktpd) in 
Argentina, and El Morro (90 ktpd) in Chile. Four other projects are under construction where 
the application of filtered or thickened tailings on surface is considered: Toromocho Project 
(117 ktp), El Brocal (18 ktpd), Cerro Lindo Expansion (15 ktpd) and the Antapaccay (70 ktpd) 
(figure 1). 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Location of projects employing filtered or thickened tailings, in operation or in  
construction, or at design stage in the South America Region. 
 
Filtered and thickened tailings as new technologies have been accepted in Peru basically due to: 
 The presence of karst zones in the area of the tailings storage facility pond. Thickened tai 

lings allow the tailings storage facility to have a smaller volume in comparison to conven-
tional slurry tailings; higher consolidated density, and lower permeability of thickened tail-
ings reduces the risk associated with the migration of tailings through karst zones.  

 The limited availability of areas for tailings disposal. Dewatered tailings, especially filtered 
tailings, allow smaller impacted areas than conventional slurry tailings storage facilities. Ex-
ample: Cerro Lindo project (Lara J.L. & Leon E., 2011). 

 Reduction of the need for fresh water in the area of influence of the project. Thickened tail-
ings, specifically filtered tailings, make it possible to recover approximately 75% or more of 
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the process water requirements. Of the balance, 15% is obtained mainly from the tailings 
storage facility and only approximately 10% of the total water for the process plant comes 
from natural fresh water sources. At certain projects, process water is obtained from the sea; 
this trend is continuing. Examples: Cerro Lindo and El Morro projects. 

 To minimize the total project costs. Thickened tailings and, specifically, filtered tailings re-
quire smaller tailings dams. In projects where tailings dams represent the bulk of the capital 
cost of the tailings storage facility, typically more than 40%, reduction of the capital cost 
that is obtained from smaller-sized dams is necessary to make the project viable and/or pro-
vide higher economic profitability. The operating costs of thickened tailings disposal are 
generally higher when compared to those of the conventional tailings slurry, however that is 
not always the case. Although transport of thickened tailings entails higher friction gradients 
in the pipeline than conventional tailings slurry, factors such as reduced flow rates in thick-
ened tailings transport, distances and static head differences between the location of a thick-
ened tailings plant and the discharge, makes thickened tailings transport more cost effective.  

 Reduction of the pond size of tailings storage facility, and the risk of seepage to the sur-
roundings. From the thickened and filtered tailings facilities, the reclaiming of waters is sig-
nificantly reduced. This is the trend. However depending on inflow basin dimensions for 
rainwater and the site rainfall this difference may not be very relevant. The thickened tail-
ings disposal usually forms a low permeability layer in the tailings storage facility pond, 
which contributes to reduce the risks of seepage to the surroundings. The permeability will 
usually be less than 10-5 cm/s, which provides lower risk of seepage to the outside area of 
the tailings storage facility.  

 Mine underground operations are implementing tailings paste backfill. Paste backfill plants 
require the use of high density thickeners that are coupled with filter equipment to optimize 
the addition of cement. Thickened tailings become a necessary adjunct to filtration techno-
logy. This occurs frequently in Peru, a country wherein more than 50% of the medium size 
mining operations (< 15 ktpd) carry out underground operations. 

Above are the reasons why the trend towards thickened and filtered tailings has increased. Ne-
vertheless tailing as conventional slurry in certain cases is the right application. 

In the last few years the conditions were appropriate for combining highly dewatered tailings 
with mine waste rock as co-disposal. Waste is generated in larger tonnages due to high metal 
price promoting thus increasingly lower cut off grades of the economically exploitable ore, in-
creasing the volume of generated waste. 

2 CONCEPTS OF DESIGN AND OPERATION OF THICKENED TAILINGS STORAGE 
FACILITIES 

When defining the need for thickened tailings disposal, the most important variables that should 
be evaluated are as follows: 
 To determine the range of solids concentration of deposited tailings. 
 To determine the variability of rheology, yield stress and viscosity of the thickened tailings 

and at the discharge point in the storage facility. 
 To determine the range of variation of the tailings disposal slope. 
 To define the tailings disposal plan to divert and control the volume of the tailings storage 

facility pond and inhibit the acid generation potential. 

2.1 To determine the range of thickening solids concentration and yield stress at the tailings 
storage facility discharge 
Table 1 shows operational data of some thickened tailings projects in operation and at design 
stage. The solids concentration of tailings coming out of the thickening plant should be deter-
mined in the design stages, taking into consideration the effects of higher solids concentration:  
 Increased water recovery at the thickening plant. 
 Reduced amount of water from deposited thickened tailings.  
 Increased resistance in tailings transportation pipelines, which could mean more pump pow-

er and higher pressure rating of pipe material. 
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 Shortening of the travel distance of tailings to be discharged. 
 Increased tailings disposal slope. 
 Increased capital and operating costs of the thickening plant and tailings transportation. 
In order to determine the amount of solids concentration of thickened tailings to be deposited 

on surface it is important to know the yield stress variation for different solids concentration 
and different types of tailings that may be generated as a result of the variability of the minera-
logical body exploited (figure 2).  It is also important to know the time required for tailings sed-
imentation for different solids contents (figure 3).   

 
 

Table 1. Summary of operational data from thickened – filtered tailings projects _______________________________________________________________________________________________________ 
Project   Type of  Production  Mineral  Tailings  Specific  % solids  Slopes  Yield  
      TSF   (ktpd)       USCS  Gravity      (%)   Stress 
                   (% fine)          Note 1   
 (Pa) _______________________________________________________________________________________________________ 
Tomomocho thickened  117   Cu   ML (60)  2.92   69-70  3 to 5  80-120 
El Brocal  thickened  18    Pb-Zn-Cu ML (82)  3.17   62-63  2 to 3  60-80 
Cerro Lindo filtered   7    Zn-Cu  ML (55)  4.25   88-90  33 to 40  NA 
Cobriza   thickened  7    Cu   ML (81)  3.25   75-77  1.5 to 2.5 15-20* 
Catalina   filtered   1    Au   ML (57)  3.00   80-82  (Note 2)  NA 
Huanca   
Exp.    thickened  100   Cu   ML (55)  2.68   63-65  (Note 3)  45-60* 
Toquepala 
Magistral  thickened  20    Cu-Mo  ML (53)  3.10   70-74  1to 3   15-60* 
Hilarión   thickened  5    Pb-Zn-Ag ML (63)  3.27   72-74  2 to 3  30-40* 
San Rafael  thickened  4    Sn    ML (90)  2.82   60-62  1 to 2  10-20* _______________________________________________________________________________________________________ 
Where:  
TSF:  Tailings Storage Facility  
USCS: Unified Soil Classification System 
NA:  Not Applicable  
Note 1:  Overall beach slopes 
Note 2:  Filtered tailings are contained by a tailings dam 
Note 3:  Tailings are thickened from 54% (solids concentration) to recover water and keep it flowing 
through channels. 
 *Sheared yield stress 
 
The unsheared yield stress of 150 Pa for flocculated tailings is considered as the maximum lev-
el to be considered in order to determine the maximum operationally recommended solids con-
centration for transportation with centrifugal pumps. Examples given in Figure 2 indicate the 
solids concentration for different types of tailings estimated to be produced from 75 to 80 % of 
solids. The test for sedimentation time vs solids concentration shows the tailings residence time 
required to achieve the solids concentration. According to this and taking into consideration the 
variability of the minerals to be exploited, the solids content of 75% should be the thickening 
target. The variability of +-2% must be taken into account for sizing of the thickening equip-
ment. 

2.2 To determine the variation range of the tailings disposal slope 
The tailings disposal slope is mainly influenced by: 
 The higher the tailings yield stress is at the tailings storage facility discharge, the higher the 

tailings disposal angle and the lower the travel of discharged tailings.   
 The lower the tailings discharge energy, the higher the tailings disposal angle. Lower energy 

is obtained with a higher number of tailings discharge points.   
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Figure 2. Yield stress vs. solids concentration (Golder, 2012a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 3. Sedimentation time vs. solids concentration (Golder, 2012a) 
 
Sometimes tailings disposal slopes require to be maximized in order to minimize the tailings 
dam volumes; however, there must be a maximum limit that shall not be exceeded, which is 
usually related to:  

In zones of moderate to high seismicity there must be maximum slopes that shall not be exceed-
ed, which will depend on the tailings shear strength and the site’s seismicity. The maximum 
slopes in seismic zones are usually 5 to 6%.   

In zones with high rainfall, the higher the disposal slopes, the higher the rain water velocity on 
the beach surface and the higher the erosive potential. The maximum slope to be considered can 
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vary considerably, depending on the area of the deposited tailings surface, the tailings erosion 
resistance and the rainfall intensity.   

Figure 4 presents tailings disposal slopes of some projects in operation and at design stage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Tailings disposal slopes vs. solids concentration (Li et al, 2009) 
 

2.3 To define the tailings disposal plan 
The tailings disposal plan is a key factor for the proper management of the tailings storage facil-
ity. Some aspects to take into consideration are: 

The tailings disposal plan will allow moving the tailings storage facility pond to an area where 
it represents a reduced environmental risk (figure 5).  The tailings storage facility pond is often 
the source of physical and environmental hazard. Ponds located away from the tailings em-
bankment usually reduce the risk of instability related to the tailings dam and reduce the risk of 
increased seepage from the tailings storage facility to the surroundings.  

The tailings disposal plan will allow defining tailings discharge times and cycles on the same 
sector. The longer a zone remains without receiving a new tailings discharge, the more exposed 
the tailings are to the weather, which allows to develop erosion resistance because of tailings 
desiccation – consolidation; however, the longer the tailings are exposed, the easier for tailings 
oxygenation and the acid drainage risk is increased (Verburg, 2010). The tailings disposal plan 
should take into consideration both factors and reduce the risks of physical instability and the 
risk of increasing the chemical instability of the deposited tailings.  
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Figure 5. Tailings storage facility pond away from the tailings dam (Golder, 2010) 

3 DESIGN AND OPERATION CONCEPTS FOR FILTERED TAILINGS STORAGE 
FACILITIES 

Once the necessity to store filtered tailing is defined, the most important variables to be 
evaluated are: 
 Determine the necessity for compacting filtered tailings.  
 Determine the required range of compaction moisture content. 
 Determine the range of the solids content at the outlet of the filter plant. 
 Determine the feasibility of dewatering deposited filtered tailings. 

3.1 Determine the necessity for compacting filtered tailings  
The compaction of filtered tailings has a bigger application, if required, mainly since it: 
 Maximizes the process water recovery. 
 Impacts on smaller tailings disposal areas. 
 Minimizes the tailings dam size (Figure 6). 

The need for compaction of the filtered tailings will be related to a requirement to use the fil-
tered tailings as structural backfill. Since Peru is a highly seismic country with rugged topogra-
phy, the use of compacted filtered tailings has been limited mainly to low precipitation zones 
(<50 mm of total monthly precipitation).  
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Figure 6. View of the Cerro Lindo tailings deposit – Year 1 of operation.  
(Golder, 2007)  

3.2 Determine the required range of compaction moisture content   
The compaction moisture content of filtered tailings is determined by the geotechnical-
mineralogical characteristics of the tailings. The Optimum Water Content (OWC) and the Max-
imum Dry Density (MDD) for compaction will be determined by the standard Proctor test 
(ASTM D 698). The minimum-maximum dry density required is generally from 90 to 95% of 
the MDD. Figure 7 shows a typical curve of compaction; however there are operational criteria 
to take into account to define the range of compaction moisture to be reached. Among the most 
important ones are: 
 The maximum compaction limit is given by the degree of saturation of the filtered tailings. 

Operational experience recommends that maximum compaction moistures be limited to 70 
to 80% of the degree of saturation. This will avoid the compacted tailings reaching the mois-
ture saturation limit when the backfill increases in height. This is positive for the filtered 
tailings physical stability compacted in a zone with high to moderate seismic activity. 

 It is recommended to obtain the moisture range for the compaction of filtered tailings on the 
driest area of the compaction curve. This will allow compaction flexibility if moderate to 
low intensity rainfall (< 10 mm) occurs.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Filter Plant 

Tailings Deposit 
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Figure 7. Typical curve of compaction (Golder, 2012b) 
 
Determining the moisture range for the compaction of the filtered tailings is very important 
since to reach this moisture content from the moisture at the outlet of the filter plant may re-
quire additional dewatering of the filtered tailings. The larger the moisture difference is, the 
longer the dewatering time is required and the larger the desiccation area that is needed. At 
longer desiccation times, the greater the dependence on good weather conditions in the zone, 
i.e., dry periods with little precipitation.  

3.3 Determine the range of the solids concentration of products of the filter plant  
Determining the solids concentration at the outlet of the filter plant depends mainly on the: 
 Compaction moisture requirements for the filtered tailings. 
 Transportation and transit on the filtered tailings just deposited. 
 Filter plant performance and production levels of filtered tailings. 

The filter plants generally use vacuum filters (belt and disc filters), filter press and shakers. The 
selection of the filter depends on the moisture requirements when exiting the filter plant, pro-
duction capacity and filter efficiency. The filter efficiency is related directly to the grain size-
mineralogical characteristics of the tailings to be filtered. The greater the amount of fines and 
clayey fines, the less efficient the filtration will be. The higher the elevation above sea level, the 
lower the equipment efficiency. 

To facilitate the filtered tailings transportation and allow transit over the just-deposited tail-
ings, the moisture content at the outlet of the plant shall be limited to 80% of the degree of satu-
ration. This can vary depending on the grain size-mineralogical characteristics of the tailings. 
Tailings with a moisture content that is not close to the degree of saturation allow: 
 The stacking of the tailings exiting the filter plant so they occupy a smaller space. 
 The tailings transportation to tailings storage facilities by trucks without experiencing cyclic 

truck movement to avoid spills of the tailings during transportation (Figure 8). 
 To facilitate truck transit on the deposited filtered tailings with enough maneuver area. Con-

veyor-stacker systems should also be considered as an option (Figure 9). 
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Figure 8. Transportation –Filtered tailings disposal through trucks (Cerro 
 Lindo Project) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 9. Transportation-Filtered tailings disposal through conveyor-stackers  
(La Coipa Project) 

3.4 Determine the dewatering feasibility of deposited filtered tailings 
Compacted filtered tailings require to be dewatered to reach required compaction moisture con-
tent. Drying of filtered tailings is only feasible if weather conditions are favorable, there is low 
to zero precipitation and mechanized equipment is needed to facilitate drying.  The filtered tail-
ings production to be dried and drying time are crucial to evaluate if sufficient drying area is 
available. 

In the case of Cerro Lindo Project, for a production of 7000 tpd, filtered tailings discharge, 
spreading, drying – compacting cycles are required.  They must have 4 days to allow compac-
tion in layers of 30 cm. Drying area requires 4.4 ha (7000 tpd / 2.11 t / m 3 / 0.3 * 4 days) (Fig-
ure 10). 
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For longer drying production and/or periods of time, drying areas may not be available and/or 
operationally feasible. The Alcoa-Australia Project requires drying areas of more than 100 ha 
(ACG, 2006) for bauxite tailings drying. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 10. Views of the discharge and frying operation of tailings (Cerro  
Lindo Project). 
 
The drying process is feasible, depending on the time of year, in the Peruvian Andes.  The dri-
est months are June-October, five months a year, with a total monthly rainfall of 50 mm or less.  
For the rest of the year, rainfall is greater and more intense from December to April. This means 
that compacting filtered tailings is very slow and difficult in these rainy months, thus filtered 
tailings should be discharged at other areas, such as underground mining works (Cerro Lindo 
Project) or discharged without any compaction process. 

In practice, filtered tailings can only be continuously compacted if climate conditions are fa-
vorable: dry weather. Table 2 presents a summary of a number of current filtered tailings opera-
tions in South America, all of them are in arid climates and their average annual rainfall is be-
low 200 mm and mean annual evaporation of 1500 mm. 

 
 

Table 2. Summary of the filtered tailings deposit characteristics under operation in South America _________________________________________________________________________________________________ 
Project     Unit  Mantos Blancos  La Coipa  El Peñon  Cerro Lindo             _________________________________________________________________________________________________ 
Location       Chile      Chile    Chile    Peru        
Production    tpd  12,000     18,000   2,600    7,000   
Ore         Cu      Au    Au    Zn-Pb-Cu 
Transport       conveyors    conveyors  truck    truck 
Type or Filter      belt      belt    belt    belt 
Sc       %   82-83     79-82   82-83   87-88 
Classification   SUCS SM      ML    ML    ML   
%fines     %   35-40     53-55   61-65   56-58 
Sg          2.67-2.69    2.76-2.78  2.60-2.62  4.0-4.2 
Compaction      no       no     no     yes 
Pma      mm  <50      <50    <50    200 
Ema      mm  >2000     >2000   >2000   1500 _________________________________________________________________________________________________ 
Where:  
Sc = Solid Concentration to the discharge of the Belt Filter  
Sg = Specific gravity  
Pma = Mean Annual Precipitation  
Ema = Mean Annual Evaporation  
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4 DISCUSSION 

Thickened and/or filtered tailings disposal has seen growing acceptance in projects requiring 
maximizing process water recovery from the limited space available for tailings disposal, and 
when the size of tailings dam is important for reducing capital costs. 

In general, in Peru and in the South American region, successful implementation of thick-
ened/filtered tailings technology has occurred in the last 10 years.  It is expected that in the next 
5 years, most of facilities of this type and larger in scale (over 70 kpd) that will go into opera-
tion in the region include: Toromocho Project, Peru (117 ktpd), Pachón-Argentina (100 ktpd), 
Toquepala, Peru (100 ktpd), Conga -Peru (94 ktpd) Antapaccay-Peru (90 ktpd), El Morro, Chile 
(70 ktpd), among others. 

An important aspect to consider when implementing tailings dewatering technologies is that 
thickening-filtration plants and tailings transport systems are designed with consideration to 
grain-size and mineralogy variability of the tailings associated with variations in the mineralog-
ical bodies exploited. Therefore, expectations of design for solids concentration and disposal 
slope should take into account this variability. Accordingly, the solids concentration range and 
tailings beach slope range are key operational objectives in projects rather than assumed values. 

In Peru, the tailings dewatering technology has wider applications, such as in cemented paste 
tailings backfilling for underground mining, co-disposal of tailings and mine waste and tailings 
disposal in pits. 

Table 3 presents a summary of some operations in Peru that use cemented paste tailings 
backfill for underground mining work. Cerro Lindo Project (7 ktpd) discharges 45% of its tail-
ings on surface with filtered tailings and the remaining 55% of tailings are used as cemented 
paste tailings backfill for underground mining work. This means operational flexibility of using 
paste tailings during rainy periods from January to March. 
In the Selene-Pallancata Project (3 ktpd), 28% of generated tailings are discharge as cemented 
paste tailings backfill, and the San Rafael Project (3 ktpd) discharges 50% of the tailings gener-
ated 

 
 

Table 3. Summary of cemented paste tailings backfill ______________________________________________________________________________________________________ 
Project    Location/  Production  Tailings  Specific  Unsheared Yield  Sc   Slump
      (masl)   (k tpd)    USCS  Gravity  Stress (pa)   (%)  (inch) 
                (% fines)            _____________________________________________________________________________________________________ 
Cerro Lindo  Peru/(1800)  7    ML(55)  4.25   150-250     83-84 7-8   
Selene-    Peru/(4300)  3    ML(45)  2.62   250-350     72-73 7-8 
Pallancata      
San Rafael   Peru/(4400)  3    ML(68)  3.10  8 kPa /m (gradient)  75-76 7-8  _____________________________________________________________________________________________________ 
Where:  
masl: meters above sea level 
USCS: Unified Soil Classification System 
Sc: solids concentration 

 
The co-disposal of tailings and waste rock is expected to have more acceptance in countries like 
Peru where the amount of waste rock generated from open pit mine is significant with ratios 
higher than 2:1 (waste:ore). Considering current high prices of minerals, the waste/ore is in-
creasing, generating more mine waste rock. The geotechnical and geochemical characteristics 
of tailings and waste could favor tailings co-disposal, especially if mine waste rock has a neu-
tralization potential and /or tailings do not have an acid generating potential.  
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ABSTRACT:  The Victor Diamond mine in northern Ontario has been in operation since early 
2008. Based on the current production schedule and kimberlite reserves, the remaining mine life 
is 6 years (up to 2018). Kimberlite is mined by open pit methods and the diamond extraction 
process produces three streams of processed kimberlite (PK): fine, grits, and coarse (grits and 
coarse are amalgamated and collectively known as coarse pk). in 2009, to provide additional 
fine PK storage capacity, the site required a long-term facility to store an estimated 10.8 million 
tonnes of fine PK. challenges addressed in the design included the remote northern climate, lack 
of available construction materials, and soft foundation conditions. to maximize the use of all 
PKwaste streams, a design of a self-enclosed Processed Kimberlite Containment (PKC) facility, 
with dykes constructed of coarse pk was adopted.  Raising of the dykes occurs annually to 
accommodate the fine PK storage requirements. based on data collected to date from installed 
instrumentation, excess pore pressures induced during dyke raising have been shown to dissipate 
quickly and minimal post-construction settlement has been observed. 

 
 

 
 

1  INTRODUCTION 

1.1 Project description 
The Victor Diamond Mine in Northern Ontario, located approximately 90 km west of the native 
community of Attawapiskat, has been in operation since early 2008. At the current nominal pro-
duction rate of about 2.74 million tonnes (m-t) per year (7,500 t/day), ramping up to a maximum 
production rate of 3.07 m-t/yr in 2016, the estimated life of mine remaining is 6 years (2018) 
based on the kimberlite reserves of 28.4 m-t. Kimberlite is mined in an open pit and the diamond 
extraction operation produces three streams of processed kimberlite (PK): fine, grits, and coarse. 
The grits and coarse fractions are amalgamated (known collectively as coarse PK), dewatered 
and hauled to a stockpile, while the fine PK leaves the plant as a slurry by pipeline at about 33% 
solids content. 

Total fine PK production over the life of mine was estimated at about 10.8 m-t (9.05 million 
m3). Initially the fine PK was deposited in a mined out limestone quarry that had storage capaci-
ty approximately 1.7 million m3 (Golder, 2010). Therefore, the mine required a long-term facili-
ty to store the remaining 7.35 million m3 of fine PK. Key challenges that needed to be addressed 
in the design of the new facility included the lack of available conventional construction materi-
als due to the remoteness of the site, the requirement for a facility with minimal operational in-
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put due to the harsh northern climate and extreme seasonal temperature fluctuations, and the soft 
foundation soils (muskeg and clay) that could potentially lead to excessive settlement of the 
containment structures. 

To address the above issues, and to maximize the use of all of the PK waste streams, a de-
sign of a self-enclosed Processed Kimberlite Containment (PKC) Facility, with dykes construct-
ed entirely of coarse PK, was adopted. By using the coarse PK as a construction material, one 
minimizes the overall footprint and cost of reclamation by reducing the size of the remaining 
coarse PK stockpiles on site at the end of the mine life. The coarse PK is a well-graded sand and 
is considered both permeable and a suitable filter material that prevents the migration of fine PK 
through the dykes. A decant is provided to allow passive overflow of pond water which reports 
to a Polishing Pond (formerly the limestone Central Quarry) before discharge to the environ-
ment. Collection ditches around the perimeter of the facility also convey any dyke seepage to 
the Polishing Pond. An emergency spillway has also been constructed to convey the estimated 
Probable Maximum Flood (PMF) resulting from the 24-hr, Probable Maximum Precipitation 
(PMP) event. 

The initial stage of construction of the PKC Facility was completed in November of 2009, 
with deposition of fine PK commencing in February, 2010. Raising of the containment dykes 
has since occurred on an annual basis to accommodate the fine PK storage requirements. The 
PKC Facility will eventually provide containment of the fine PK in two (2) containment cells 
over the life of mine. 

1.2 Site topography and geology 
There is very little topographic relief at the Victor mine site, except where the terrain is cut by 
rivers. Away from the rivers, the ground is covered by a layer of muskeg approximately 2 to 3 m 
thick. Beneath the muskeg is a layer of overburden that varies in thickness up to 24 m over short 
distances based on magnetic and electro magnetic (EM) imaging data (AMEC 2004a). The 
overburden is underlain by limestone bedrock, known as the Attawapiskat formation. 

Other near surface features include bioherms (small limestone bedrock outcrops) and slight-
ly raised areas of discontinuous permafrost. At the Victor site, discontinuous permafrost ac-
counts for less than 5% of the total area, none of which is located within the footprint of the 
PKC Facility. 

The site drains in a general eastward direction with runoff from the site discharged to either 
the North or South Granny Creeks, which eventually discharge to the Attawapiskat River. 

1.3 Climate 
The total annual precipitation is estimated at 689.5 mm with the maximum monthly precipita-
tion occurring in July (104.4 mm) and the minimum occurring in February (22.3 mm). The an-
nual lake evaporation is estimated at 433.0 mm with the maximum monthly evaporation (105.5 
mm) occurring in June and July. The average annual temperature is -2.2 °C with the maximum 
monthly temperature occurring in July (15.4 °C) and the minimum occurring in January (-20.7 
°C). Snowfall represents approximately 33% of the mean annual precipitation. A summary of 
the return period precipitation data (AMEC 2004a, b, AMEC 2007a) that was used in the design 
of the PKC Facility is provided on Table 1. 

 
Table 1 Various return period precipitation data used in design of PKC Facility 
Return Period Annual Precipitation 24 hr Rainfall Event 
 Wet Year (mm /yr) Dry Year (mm/yr) (mm) 
2 year - - 47.3 
5 year 757 601 67.5 
10 year 816 573 80.9 
20 year 873 553 - 
25 year - - 97.8 
50 year 946 532 110.4 
100 year 1,001 520 122.9 
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The annual precipitation for the 100 year dry and wet return periods was estimated at 520 mm 
and 1,001 mm, respectively.  The peak daily rainfall with a return period of 100 years was esti-
mated at 122.9 mm.  The PMP storm, which represents 356 mm of precipitation over 24 hours, 
was used to determine spillway. 

2 DESIGN DRIVERS AND CRITERIA 

2.1 Design drivers 
The primary design drivers for the construction of the PKC Facility included: 

1. The requirement of a long-term facility, with the flexibility for expansion, to store fine PK 
for the remainder of the mine life (about 9 years), and minimal operational requirements 
due to the harsh northern climate and extreme seasonal temperature variations; 

2. Limited mine waste rock and other construction materials available on site; 
3. The muskeg and clay foundation has a variable consistency and thickness;  
4. The PK production schedule, which would affect the amount of coarse PK production 

material available for future years of construction; and 
5. The existing C of A for Industrial Sewage for the site which sets out the facility opera-

tional requirements. 

2.2 Design criteria 
The following lists the main design criteria adopted for the construction of the PKC Facility: 

1. A required total storage of 7.35 million m3 of fine PK over the remaining life of mine;   
2. A minimum 0.5 m freeboard above the PMF level; 
3. The design of permeable dykes with coarse PK for containment of fine PK; 
4. Seepage control in the form of collection ditches downstream of the dykes, reporting to 

the Polishing Pond;  
5. Staged construction by progressively raising the dykes on an annual basis to best ac-

count for the annual fine PK production and deposited fine PK characteristics; 
6. An assumed deposited dry density (end of pipe) of 1.0 tonnes/m3 with a deposited slope 

of 1%. 
7. Apart from the clearing of trees, no foundation preparation was required.  During initial 

lift placement, enough Coarse PK was to be placed directly overtop the muskeg, allow-
ing the muskeg to settle and provide enough support for heavy construction equipment 
for future placement of coarse PK.   

8. Short-term and long-term factors of safety for the dykes, against static loading, of 1.3 
and 1.5, respectively, and a factor of safety against pseudo-static loading of 1.1; 

9. No storage required for the inflow design flood (IDF) – passive drainage to the Polish-
ing Pond was to be provided; 

10. A decant flow capacity sufficient to safely pass the 5 year return period 24 hr storm be-
low the emergency spillway invert; and 

11. An emergency spillway capable of safely passing the PMF.  Under no circumstances 
should the dykes be overtopped. 

2.3 Dyke classification 
Based on the hazard classification which forms part of the Ontario Lakes and Rivers Improve-
ment Act, the dykes are classified as “low” failure consequence dykes, given that in the event of 
a dyke breach, no loss of life is expected and estimated third party losses would be less than 
$300,000 CAD, with minimal loss of fish and wildlife habitat occurring (Ontario Ministry of 
Natural Resources 2011).  
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3 PK CHARACTERISTICS 

The fine and coarse PK particle size distributions are shown on Figure 1 and a summary of the 
geotechnical properties derived from laboratory testing are provided on Table 2. The fine PK is 
predominantly silt sized. About 80% of the mass passes the No. 200 sieve (<0.075 mm) and the 
clay sized fraction (<0.002 mm) comprises about 18% of the mass. The coarse PK is a well 
graded, coarse to fine sand with less than 10% passing the No. 200 seive. 

During each stage of the PKC Facility construction, coarse PK was obtained from the exist-
ing on site stockpiles or the loading tower at the processing plant. Coarse PK obtained from the 
loading tower generally had a higher gravimetric water content (between 7.0% and 22.8%) than 
that obtained from the stockpiles (between 5.3% and 8.7%).  To achieve the desired compaction 
of the coarse PK in the field, coarse PK from the loading tower, more often than not, had to be 
temporarily stockpiled on the existing dykes to allow excess water to drain prior to spreading 
and compaction of the material. 

The results of the laboratory standard proctor compaction tests for the coarse PK samples 
obtained during the construction programs are shown on Figure 2.  The 12 samples tested had an 
average standard proctor maximum dry density (SPMDD) of 1.87 t/m3 at an average optimum 
water content of 13.6%. 

The hydraulic conductivity of the coarse PK is relatively high between 6x10-3 cm/s and 
3x10-3 cm/s when compacted to 90% and 100% of the SPMDD, respectively.  At relatively high 
confining stresses of 300 kPa, the hydraulic conductivity was 2x10-4 cm/s. 
 
 

Figure 1. Particle size distribution for fine and coarse PK (Golder 2012b) 
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Figure 2. Standard Proctor compaction test results for coarse PK (Golder 2012a) 
 
 

  Table 2. Summary of PK geotechnical characteristics 
Material Gravimetric 

Moisture 
Content 

Effective 
Friction 
Angle 

Specific 
Gravity 

Atterberg 
Limits 

Min / Max Dry Density Hydraulic Conductivity 
(ASTM D5084 

Minimum 
Dry Den-
sity 
(ASTM 
D4254) 

Maximum 
Dry Densi-
ty (ASTM 
D4253) 

wc ’ Gs PL LL Ip
 

d d Condition k 
% (degrees) % %  (kg/m3) (kg/m3) (cm/s) 

Fine PK 69.6  2.81 21 40 19 1,064 1,287 Permeameter (constant 
head) 

        50 kPa 9.6x10-6 

        100 kPa 2.7x10-6 
        200 kPa 1.4x10-6 

        Rowe cell slurry consoli-
dation (constant head) 

        80 kPa 8.9x10-7 

        160 kPa 7.4x10-7 

Coarse PK 13.6 39.8 2.94 Non-plastic 1,588 1,849 Permeameter (constant 
head) 

         75 kPa 4.0x10-4 

         150 kPa 3.8x10-4 

         300 kPa 1.5x10-4 

         Permeameter (constant 
head) 

         90%  
compaction 

5.6x10-3 

         100% com-
paction 

3.2x10-3 
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4 DESIGN OF THE PKC FACILITY 

4.1 Dyke design 
Cell 1 of the PKC Facility was designed based on the operational data and design criteria de-
scribed above.  Figure 3 shows a general plan view of the PKC Facility and a typical dyke sec-
tion is shown on Figure 4. 

Cell 1 is an enclosed facility that consists of four (4) dykes: the South, West, North, and 
East dykes.  For simplicity, Figure 4 shows three dyke stage elevations (Stages 1 through 3) 
with crest elevations at 91.0 m, 94.0 m, and 97.5 m, respectively.  The dykes have an upstream 
slope of 3H:1V and a downstream slope of 6H:1V. All the perimeter dykes were constructed to 
elevation 91.0 m during start-up construction.  A separation dyke (at elevation 90.0 m) with an 
outflow channel (elevation 88.5 m) was also constructed during start-up along the north-east 
corner of the facility, connecting the North and East dykes, to promote the formation of a pond 
and allow some settling of solids before discharge through the decant towards the Polishing 
Pond.  At of the end of 2011, all dykes had been raised to the Stage 2 (94.0 m elevation), along 
with the placement of the “base-lift” (i.e. thickness of coarse PK required to support heavy 
equipment) for the final 97.5 m crest elevation.  As of January, 2012, approximately 2 m-t 
(about 1.2 million m3 based on a compacted dry density of 1.7 t/m3) of coarse PK had been 
placed, spread, and compacted for the construction of Cell 1. 

 

Figure 3. PKC Facility Cell 1 general arrangement (Golder 2012a) 
 

Figure 4. Cell 1 typical dyke section (Golder 2012a) 
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4.2 Decant 
A decant system was included through the dyke to allow passive overflow of water from Cell 1 
to the Polishing Pond.  For the initial years of operation, the decant system was constructed at 
the northeast corner of Cell 1, and consisted of three high density polyethylene (HDPE) pipes, 
with a nominal diameter of 0.483 m, staggered 0.3 m vertically, and spaced 1.0 m horizontally.  
The invert of the lowest pipe was set at elevation 88.5 m, and sloped from the inlet to the down-
stream outlet at about 0.5%.  The pipe inverts were staggered vertically such that in the event the 
lowest pipe became frozen or blocked, the upper pipes would still be able to pass a 5 year return 
period, 24-hour storm event.  

The decant pipes were raised progressively to correspond with the raising of the surrounding 
dyke. Based on hydrological analysis, it was determined that the lowest decant pipe should al-
ways be set a minimum of 2.5 m below the dyke crest elevation. 

In the summer of 2011, in anticipation of the movement of the pond as a result of fine PK 
depositional patterns, a 0.914 mm corrugated steel decant pipe was constructed at the midpoint 
of the East Dyke at an invert elevation of 91.5 m.  At the same time, the two upper decant pipes 
at the northeast corner were removed with the lower one remaining operational.  Once the pond 
migrates towards the east of the facility (anticipated to occur in late 2012), the remaining pipe in 
the northeast corner will be plugged and grouted. 

4.3 Emergency spillway and stilling basin 
The emergency spillway was constructed on the East dyke during start-up construction in 2009.  
The spillway was designed to protect the dykes from overtopping by conveying the Probable 
Maximum Flood (PMF) event and discharging water in the event of operational problems with 
the decant pipes.  In the event of the discharge, water is directed to the Polishing Pond. 

The spillway consists of a 100 m long outlet channel, running from its invert on the East 
dyke, sloping down at about 25H:1V and decreasing in width linearly from 25 m to a 5 m wide 
stilling basin at the toe of the dyke.  The stilling basin provides energy dissipation during peak 
flow events.  A 5 m wide outlet channel was constructed from the stilling basin to the Polishing 
Pond at an invert elevation of 86.0 m. 

The emergency spillway is raised progressively as needed during the raising of the perimeter 
dykes, with invert elevation maintained one metre below the lowest dyke crest elevation.  Cur-
rently the spillway invert is at 93.0 m. 

5 METHOD OF CONSTRUCTION 

Foundation preparation was not required for the construction of the PKC Facility. It was as-
sumed that upon placement of the initial lift of coarse PK, compression of the underlying mus-
keg, in combination with the strength of the underlying stiff native clay, would provide a stable 
foundation for the construction of the dykes.  Clearing of large trees within the downstream 
footprint of the ultimate dyke configuration (crest elevation 97.5 m) and within the interior of 
the PKC Facility was performed. 

Earthworks were performed using conventional construction techniques and mine equip-
ment.  All the dykes were constructed with coarse PK. The initial base lift for each dyke was 
placed over top of the native muskeg, which allowed the muskeg to settle and compress.  The 
thickness of the first lift was governed by the amount required to support heavy equipment (i.e. 
mine haul trucks, excavators, bull dozers, etc…) for the placement of additional lifts.  The initial 
lift of coarse PK was placed using a “wedge shaped” method on the leading edge.  This place-
ment method allowed for some displacement of the underlying muskeg to the downstream side 
of the leading edge, as confirmed by visible waves at the toe of the initial lift.  Where the mus-
keg wave was overtaken, creating a muskeg intrusion into the initial coarse PK lift, the muskeg 
was removed and the subsequent trench backfilled with coarse PK and compacted.  The base lift 
was typically a maximum of 1.5 m above original ground surface and proof-rolled with mine 
haul trucks to achieve the appropriate compaction. 
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Subsequent lifts were placed in approximately 0.5 m lifts with field density testing to verify 
that a minimum of 92% of the SPMDD was achieved. 

5.1 Construction history 
Construction and subsequent raising of the PKC Facility dykes has occurred annually since 2009 
to support the fine PK deposition requirements.  During start-up construction, the East, North 
and West dykes were constructed to the Stage 1 crest elevation of 91.0 m, while the South Dyke 
was constructed up to the Stage 2 elevation of 94.0 m at its centre, sloping down to 91.0 m at its 
eastern and western ends.  The decant and spillway were also constructed along with most of the 
perimeter collection ditch system.  In 2010, the western half of the facility was raised to eleva-
tion 94.0 m to accommodate deposition of fine PK to the end of 2011.  The perimeter ditch sys-
tem was completed by excavating the remaining section along the southwest corner of the facili-
ty.  In 2011, in an attempt to maximize the use of the coarse PK stockpiled on site, the 
remainder of the North, East and South dykes were raised to elevation 94.0 m, and the base lift 
for the ultimate dyke footprint was placed around the entire perimeter of the facility.  The spill-
way was also raised to an invert elevation of 93.0 m and the new decant was installed, as de-
scribed in Section 4.2. 

6 WATER MANAGEMENT 

The water management system is consistent with the requirements outlined in the Certificate of 
Authorization (C of A) for the facility, and includes: 

 A pond within Cell 1;  
 Decant pipes to discharge excess water from the cell to the Polishing Pond.  At least 

20,000 m3 of storage is provided above the fine PK beach to the invert of the lowest de-
cant.  Under the current situation, there is only one pipe on the East Dyke. Based on the 
observed performance of the facility in past winters, freeze up or blockage is unlikely 
given the large diameter of the new decant pipe; 

 An emergency spillway and stilling basin designed to convey the PMF; 
 Collection ditches around the PKC Facility to collect seepage from Cell 1 and convey it 

to the Polishing Pond; 
 A Polishing Pond for the removal of suspended solids as per the C of A; 
 An outlet control structure and discharge drainage way to convey water from the Polish-

ing Pond to the North Granny Creek, as final effluent, eventually discharging to the At-
tawapiskat River. 

As per the C of A, no discharge of effluent is allowed during the winter months between De-
cember 1st and April 16th of each year.  The allowable discharge rate is governed by the concen-
tration limits set for both total suspended solids (TSS) and Chloride. Based on the water balance 
developed for the PKC Facility, inflow into the Polishing Pond during an average year rainfall 
(689.5 mm/yr) from the PKC Facility was estimated at about 2.3 million m3/yr.  Based on bath-
ymetric surveys, the Polishing Pond has a storage capacity of about 500,000 m3. 

7 PKC FACILITY PERFORMANCE 

7.1 Operation, maintenance and surveillance of PKC Facility 
 
An Operation, Maintenance, and Surveillance (OMS) Manual was developed for the facility af-
ter the initial stage of construction was completed in 2009 (Golder 2010b), was subsequently 
updated in 2010 (Golder 2012c) and is currently, once again, under review.  The OMS Manual 
provides guidance to the operators of the PKC Facility for both normal and special operating 
conditions, in accordance with the “Developing an Operation, Maintenance and Surveillance 
Manual for Tailings and Water Management Facilities” guidelines developed by the Mining As-

Mill tailings

50



sociation of Canada (MAC) and the Technical Guidelines and Requirements for Approval Un-
der the Lakes & Rivers Improvement Acts (Ontario Ministry of Natural Resources, 2011). 

The following is a general list of monitoring and surveillance guidelines required during op-
erations: 

 Daily monitoring of dyke for subsidence, cracking and water flow. 
 Continual surveying during construction for as-built reporting, settlement identification, 

and quantities. 
 Vibrating wire piezometers and settlement plates to be monitored and installed around 

Cell 1 of the facility to measure pore water pressure dissipation and settlement as re-
quired. 

 Ditch flows will be monitored and recorded where possible.  Monitoring will include 
seepage and Polishing Pond discharge flows as required for compliance with the C of A. 

 Monitor grain size distribution, bulk density and moisture content of all PK leaving the 
plant that is used for construction of the dykes or deposited as fine PK in the cells. 

7.2 Fine PK deposition 
Deposition of fine PK within the PKC Facility commenced in February 2010, with the initial 
spigot point located at the midpoint of the South Dyke at elevation 93.5 m.  Since then, the dep-
osition point has moved in a clockwise direction around the facility, reaching the northwest cor-
ner during the summer of 2011.  Figures 5 provides schematic snapshot of the extent of the fine 
PK deposition as of November 2011. 

Partial surveys of the fine PK beach were completed in both the spring of 2010 and fall of 
2011 in order to gain a better understanding of the fine PK beach formation and the overall de-
posited density.  The survey data indicated that the deposited fine PK exhibits a slightly concave 
gradient near the end of the pipe outlet before flattening out to a slope ranging anywhere from 
0.8% to 1.0%.  The survey data was used to extrapolate a profile of the entire fine PK beach to 
refine the deposited dry density, based on the extrapolated deposited volume and the known 
tonnage of the fine PK that had been deposited in Cell 1 at the time (about 1.7 million tonnes).  
The volume calculations took into account about 50% compression of the underlying muskeg 
over the deposited area in Cell 1.  The data indicated that the dry density was closer to 1.2 t/m3 
rather than the 1.0 t/m3 originally assumed in the design.  Such surveying modeling is performed 
on an annual basis and provides a framework for subsequent dyke raises. 

Shortly after deposition commenced in 2010, water began discharging from Cell 1 via the 
lower decant pipe in the northeast corner of the facility, reporting to the Polishing Pond.   

Figure 5. Cell 1 deposition at November 2011 (Golder 2012b) 
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7.3 Dyke Performance 
During the initial construction of Cell 1 in 2009, twelve vibrating wire piezometers and seven 
settlement plates were installed along the dyke alignment to monitor both pore pressure devel-
opment and dissipation and settlement during and after construction.  By the end of the 2011 
construction program, due to damage caused by haul traffic and placement of coarse PK, only 
four of the vibrating wire piezometers and six of the settlement plates installed were still func-
tional.  Installation of new vibrating wire piezometers and settlement plates to replace those 
damaged will occur upon completion of the ultimate dyke crest to monitor the long term per-
formance of the Cell 1 dykes. 

Figure 6 provides a typical example of the pore pressure data gathered from one of the vi-
brating wire piezometers located on the West dyke.  Along with the pore pressure data, the plot 
also shows the corresponding dyke crest elevation at the time and the original ground surface 
and static water level within the dyke.  The data indicates that for a 0.5 m increase in the height 
of the coarse PK, a corresponding 0.5 m increase in pressure head was noted.  However, the 
pore pressure quickly dissipated, within a span of about 2 days, down to the pore pressure read-
ing recorded prior to lift placement.  This indicates that little to no long term pore pressure 
buildup is induced during dyke construction that would lead to instability of the dykes. 

Figure 7 provides a typical example of the settlement plate data that has been collected (East 
dyke).  Indicated on the plot are the various construction periods.  In general the amount of set-
tlement has typically averaged about 70 mm a year, with the majority of the settlement occur-
ring during lift placement.  No obvious signs of differential or excessive settlement have been 
noted. 

In terms of seepage through the dykes, very little to no seepage has been observed (less than 
originally anticipated).  This may be due to a lower porosity achieved with field compaction of 
the coarse PK versus that achieved in the laboratory during permeability testing.  This, in com-
bination with migration of the finer fraction of the fine PK into the pore spaces of the coarse PK 
along the upstream slope of the dykes, may have resulted in a reduction of the overall seepage 
rate. 

Figure 6.  Typical vibrating wire piezometer data – Cell 1 of PKC Facility 
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Figure 7.  Typical settlement plate data – Cell 1 of PKC Facility 

8 SUMMARY 

In summary, the following can be noted with regards to the constructability and performance of 
the PKC Facility: 

  The design and construction of the facility using coarse PK to contain the fine PK 
has proven to be an effective means of reducing the overall site PK footprint while 
minimizing the use and cost of additional construction materials and providing the 
mine operating staff with enough flexibility to modify construction requirements on 
an annual basis to best suit the fine PK deposition characteristics and profile; 

  Pore pressures within the dyke tend to increase in step with the placement of addi-
tional coarse PK lifts, though quickly dissipate (within a few days) down to pre-
placement levels; 

  No significant differential or excessive settlements have been observed during and 
after each construction phase; 

  Seepage through the coarse PK dykes has been less than that originally anticipated.   
  Care should be taken during deposition of fine PK during the winter months to avoid 

short circuiting of fine PK.  This may involve strategic fine PK deposition during the 
summer months or more frequent movement of the spigot point during the winter. 
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1 INTRODUCTION 
 

Stornoway Diamonds (Canada) Inc. (Stornoway) / Les Diamants Stornoway (Canada) Inc., a 
wholly-owned subsidiary of Stornoway, owns and operates the Renard Project (the Project).  
Stornoway is developing the Project such that it will be Québec’s first, and Canada’s next, dia-
mond mine.  The feasibility design of the project and the environmental and social impact as-
sessment (ESIA) were completed and submitted in December 2011. 

The Project is located about 820 km north of the city of Montreal, Québec in the Otish 
Mountains of north-central Québec as shown in Figure 1.  Current access to the Project is by 
float plane.  An all-season road, the Route 167 Extension, to be constructed by the Government 
of Québec, will provide year-round vehicle access to the Project.   

The location of the Project is that of the Canadian Shield:  hilly topography with a myriad of 
lakes, rivers, and streams.  The Cree, one of Canada’s First Nations Groups, reside, hunt, and 
fish in and around the area of the Project.  The Cree have been the traditional land users in this 
area for generations.  Stornoway entered into an impacts and benefits agreement (IBA) with the 
Cree Nation of Mistissini and the Grand Council of the Crees / Cree Regional Authority in 
March 2012.  The Project is now entering into the permitting phase of development.   

The paper presents a general discussion of the key considerations, drivers, and criteria used 
to develop the design of the mine waste facility performed by Golder Associates Ltd. (Golder).  
The mine waste facility for the Project is referred to as the processed kimberlite containment 
(PKC) facility.  The mine waste at a diamond mine is referred to as processed kimberlite (PK).  

A diamond mine waste facility design—it’s more than just 
keeping the plant running 

P.M. Bedell 
Golder Associates Ltd., Burnaby, British Columbia, Canada 

P. Godin 
Les Diamants Stornoway (Canada) Inc., Longueuil, Québec, Canada 

M. Boucher 
Les Diamants Stornoway (Canada) Inc., Longueuil, Québec, Canada 

ABSTRACT:  Stornoway Diamands (Canada) Inc. is developing the Renard Project, located in 
north-central Québec, such that it will be Québec’s first, and Canada’s next, diamond mine.  
The paper presents a general discussion of the key considerations, drivers, and criteria used to 
develop the design of the mine waste facility—the processed kimberlite containment facility.  
The geochemical classification of the processed kimberlite, the facility site selection, and facili-
ty design are discussed.  The overall approach to the development of the facility included the 
limiting of impacts on fish habitat, bodies of water, and the environment in general, in addition 
to involving mining, engineering, and economic considerations, to reduce risk and costs associ-
ated with closure and post-closure while balancing those during operations.  A holistic view of 
the Project was maintained during the development of the mine waste facility design by consid-
ering environmental and social impact in combination with the engineering, mining, and eco-
nomic considerations.  The design comprises a “dry stack” which significantly reduces the risk 
relative to a slurry-type facility development, operation, and management.  The holistic view 
and approach to the design of the mine waste facility resulted in a balanced approach to mine 
waste management and the recognition that it’s more than just keeping the plant running.  It is 
important to note that the quantities, tonnages, data, and management concepts presented in this 
paper are accurate for the time of writing and are subject to change and modification. 
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The PKC facility is required to provide containment for the approximate 44.9 Mt of ore to be 
processed over the 20 year life-of-mine.  In addition to mining, engineering, and economic 
items, environmental and social items were also key inputs to the design.  Stornoway actively 
pursued an overall approach to the development of the Project to limit the impact on fish habi-
tat, bodies of water, and the environment in general, in addition to mining, engineering, and 
economic considerations, to reduce risk and costs associated with closure and post-closure 
while balancing those during operations.  A holistic view of the Project was maintained during 
the development of the mine waste facility design by considering environmental and social im-
pact in combination with the engineering, mining, and economic considerations. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Site Location 

2 DESIGN OBJECTIVE AND REQUIREMENTS 

2.1 Design objective 
The design objective of the PKC facility is that the facility must be capable of receiving all ma-
terials that may be potentially produced during processing operations.  The meeting of this ob-
jective is paramount such that mining and/or processing operations are not shutdown as a result 
of the PKC facility development.   

2.2 Design requirements 
The PKC facility will be developed to promote progressive closure and to provide stability over 
both the short- and long-term without impacting fish habitat or bodies of water.  Slope stability 
(both static and seismic conditions) and resistance to wind and water erosion will be provided 
into the post-closure period through the development of the PKC facility during operations.  
The PKC facility will be developed, for the most part, using the PK generated during opera-
tions.  A closure cover comprising appropriately-sized rockfill and vegetated overburden will be 
progressively placed during development. 
 The PKC facility is designed in recognition of the following project, site, and environmental 
objectives: 
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 The PKC facility will provide adequate storage capacity for the anticipated quantity of PK to 
be produced; 

 All of the mine waste generated over the life-of-mine is to be contained entirely within the 
footprint allotted for the PKC facility; 

 All the size fractions—coarse, grits, and slimes—of the PK will be stored in the facility.  
This promotes, as will be discussed in the following sections, the co-disposal of the PK ra-
ther than a slurry-type facility developed using the coarser PK fractions; 

 The design reduces the potential impact on the local groundwater; 
 The design promotes progressive closure; 
 The design avoids potential impact on local fish habitat; and 
 The contact water will be collected for appropriate treatment prior to release to the environ-

ment. 

3 GEOCHEMICAL CLASSIFICATION OF PROCESSED KIMBERLITE 

The geochemical classification of the PK was performed through static and kinetic testing pro-
grams following the guidance of the Québec provincial document Directive 019 sur l’industrie 
minère (MDDEP 2005, revised 2009). 

The objectives of the geochemical classification program were to: 
 

1. Classify the PK according to Directive 019; and 
2. Identify chemicals of potential interest in the framework of probable future mine water quali-

ty. 
 
The intent of Directive 019 was followed with respect to geochemical testing.  Kinetic testing 

is considered to be more representative than static testing in terms of probable leaching behav-
iour and leachate concentrations generated from PK that will be exposed to ambient conditions.   

The results of the kinetic tests are as follows: 
 

 The PK is non-acid generating (non-AG) and has a low leachability; and 
 The water quality criteria of the Project were met.   

 
The PK is classified as “low risk” by Directive 019.  This result, and that of the seepage 

analysis (Section 5.11) means that the PKC facility will be unlined. 

4 SITE SELECTION 

A site selection study was performed to determine the location of the PKC facility.  The PKC 
facility was sized, using preliminary information, to provide a sufficient storage capacity in a 
single facility for all size fractions of the PK to be generated during operations.  Five candidate 
sites were identified for evaluation using environmental, social, and economic indicators.  The 
five candidate sites, A to E, inclusive, are shown in Figure 2.   

 
 

4.1 PKC facility description and criteria 
The site selection was performed prior to the selection of the PK disposal strategy (Section 5) 
and prior to the completion of the geochemical classification (Section 3).  The site selection 
was based on the following: 

 
 The PK does not present any specific environmental issues (subsequently confirmed by the 

geochemical classification; refer to Section 3); 
 The PKC facility would be an unlined facility (refer to point above and subsequently sup-

ported by estimated seepage rate from the facility—refer to Section 5.11); and 
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 The PKC facility would provide containment for all PK generated over the life-of-mine in a 
single location. 
 
It is considered appropriate that mine waste management be based on the combined fine and 

coarse fractions of the processed kimberlite based on experience with similar projects in north-
ern Canada. Instead of storing the PK fractions in separate locations, the coarser fractions could 
be used as a construction material to build the containment structures for the fines fraction (i.e., 
slurry deposition) or all PK fractions could be combined and deposited (i.e., paste deposition or 
dry stacking). In this way, the site development will be based upon a co-disposal strategy result-
ing in the reduction of borrow material. Further, this type of management will facilitate pro-
gressive closure and rehabilitation. 

The total quantity of PK to be generated over the 20 year life-of-mine is about 44.9 Mt.  This 
requires that the PKC facility have a storage capacity of about 22.4 Mm3. 

The environmental and social data considered during the site selection work encompassed, 
amongst other items, forest stands, wetlands, fish habitat, fish species, special-status species, 
traditional land use by the Cree, and archaeological potential of the site. The amount of data 
available for each candidate site was not equal since the preference amongst the sites was un-
known at the time the site inventory work. 

A site visit was performed by Golder to visually inspect the five candidate sites by helicopter 
fly-over and a walk-through.  The observations made during the site visit allowed confirmation 
that the topographic mapping of the candidate sites generally matches field conditions.  The 
preliminary facility layout for each site was confirmed based on the observations. 

 

 
Figure 2.  Candidate sites for the processed kimberlite facility. 
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4.2 Methodology 
The site comparison and the final selection were accomplished with the decision support 

tool, GoldSET, developed by Golder.  GoldSET has been successfully used for site selections 
for mine waste facilities on projects in various regulatory regimes.  GoldSET evaluates nearly 
50 criteria, or indicators, grouped under environmental, social, and economic dimensions in ac-
cordance with pre-determined scoring schemes and a weighting scheme specific to the Project.  
It is important to note that the potential locations for the PKC facility are compared relative to 
each other; namely, the selected site is the “best” of those considered in the study. 

The scoring scheme of each indicator is either quantitative or qualitative.  Quantitative indi-
cators are those with measurable quantities with a determined unit, for example length in me-
tres.  The indicator is progressive when an increase of the value corresponds to a favourable sit-
uation or regressive when a decrease of the value corresponds to a favourable situation.  In 
order to proceed with the evaluation of the quantitative indicators, all values are normalized on 
a scale of 0 to 100.  The best option receives a score of 100 while the worst option receives 0.  
The results of intermediate options are calculated in accordance with a linear function. In the 
case of the qualitative indicators, the scoring scheme is based from 0 to 100. 

While the scoring scheme is set in advance and does not change from one project to another, 
the weighting of each indicator must be uniquely set for each project.  The weighting is an 
evaluation of the relative weight between indicators in a specific dimension (environmental, so-
cial and economic) and the value varies between 1 and 3.  The weighting is based on the im-
portance of the indicator for the organization, the interest of the stakeholders for that same indi-
cator along with the level of influence of the stakeholders.  Stakeholder input was evaluated by 
experts in the areas of environmental, social, economic, and mine waste management as part of 
the evaluation. 

4.3 Results 
The results of the evaluation with the category scores and the score summary for each site for 

each of the indicators and dimensions are presented on Figure 3.  The result of the evaluation is 
a numerical value for each indicator considered. 

It is important to note that the results of the quantitative indicators are normalized on a 0 to 
100 basis as are the qualitative indicators.  The sites are compared between them for every do-
main separately.  The numerical or graphical results allow appreciation of the actual conditions 
and economical aspects. Generally, a well-balanced site, or a site that is harmoniously devel-
oped, is a site where all three axes of the sustainable development principles tend toward a bal-
ance. 

The site selection study for the PKC facility has identified the following: 
 

 Environmental Dimension:  Site B receives the highest scores.  According to the available in-
formation, it has no water bodies and thus no fish habitat within its footprint; it also has a ra-
ther short pipeline length requirement.  Site E is the second ranking site.  According to the 
Environmental Baseline Study (2011), the site does not contain any fish habitat and it re-
quires a rather short pipeline as well.  It should also be noted that Site E has been optimized 
to avoid any effect on more than one major watershed (two secondary watersheds).  Site D is 
the site receiving the lowest score from an environmental point of view, even with optimiza-
tion; it is connected to many watersheds, a fish habitat, and would require a longer pipeline. 

 Social Dimension:  Sites A and E significantly stand out because of their larger distances 
from the sites representing an interest for hunting by natives and for snowmobile trails. 

 Economic Dimension:  The evaluation of the sites was performed after each site was opti-
mized for the evaluation.  Sites D and E stand out as the most advantageous options from an 
economic perspective. Their construction and operation could be the most economic and the 
simplest. 
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Figure 3.  GoldSET results. 

 
 
The combined global evaluation, considering the three dimensions along with the observa-

tions gathered during the site visit, results in the conclusion that there is a clear benefit of utiliz-
ing Site E; it is the preferred location and is shown on Figure 4. 

 
Figure 4.  Overall site plan. 
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5 DESIGN OF PROCESSED KIMBERLITE CONTAINMENT FACILITY 

The design of the PKC facility is based on the results of the geochemical classification of the 
PK (refer to Section 3) and those of the site selection (refer to Section 4).   

Stornoway actively pursued an overall approach to the Project to limit the impact on fish hab-
itat, bodies of water, and the environment in general, in order to reduce risks and costs associat-
ed with closure and post-closure while balancing those during operation.  Dewatering of the 
slimes fraction of the PK (comprising 16% by mass) at the process plant was evaluated as part 
of the global assessment of the risk to the project.  The dewatering of the PK at the process 
plant by means of centrifuging was identified as the preferred option from economic and envi-
ronmental points-of-view. 

The dewatering of the PK at the process plant enables the development of the PKC facility as 
a “dry stack”.  This significantly reduces risk relative to a conventional slurry-type facility for 
facility development, operation, and management as no water is pumped to or reclaimed from 
the facility.  Progressive closure is a key element of the facility development and is facilitated 
by the dry stack basis.  Water management of runoff and seepage from the facility is collected 
by a series of perimeter ditches and sumps for treatment, as required, prior to release to the en-
vironment. 

5.1 Facility location 
The PKC facility is located about 1.7 km northeast of the process plant as shown on Figure 4.  
The facility location was determined using the site selection process discussed in Section 4.  
The PKC facility is located at the top of watershed which, overall, drains towards the plant site; 
this simplifies the water management associated with the facility.  The soil thickness is ex-
pected to be relatively thin over the facility footprint as confirmed by visual observation and 
geotechnical boreholes.  No fish habitat or bodies of water are located within the facility foot-
print. 

5.2 Geotechnical considerations 
A geotechnical investigation was performed within the footprint of the PKC facility during 
2010 under the supervision of Golder.  Five boreholes were advanced using a diamond drill rig 
to evaluate the thickness and characteristics of the soil, identify the underlying bedrock, install 
water monitoring wells, and carry out in situ hydraulic conductivity testing.   

The soil stratigraphy encountered in the boreholes was: 70 mm to 250 mm thick surface layer 
of silty sand with organic matter over a loose sandy layer to a depth of about 1.0 m over a com-
pact to very dense gravelly and silty sand layer (till) between 1.1 m to 5.7 m thick over bedrock.  
Bedrock was encountered at depths of 1.4 m to 9.1 m below the surface and was cored for 2.8 m 
to 4.0 m. 

Groundwater levels were measured between 0.9 m and 3.6 m below the ground surface. 
In situ hydraulic testing indicated a hydraulic conductivity of 2.5x10-6 m/s for the till, 1.7x10-

9 m/s for the bedrock, and an average of 9.0x10-7 m/s for sections with 25% till and 75% rock 
across the slotted screen section. 

Condemnation drilling was completed for the footprint of the PKC facility by Stornoway.  
The results of the work by Stornoway conclude that it is considered highly improbable that the 
PKC facility footprint hosts a near-surface economic mineral deposit. 

5.3 Permafrost conditions 
The site is located well south of the discontinuous permafrost zone and relatively close to the 
area considered as having no permafrost and no permafrost has been encountered.  Therefore, 
the site is considered to have no permafrost within its limits. 
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5.4 Seismic conditions 
A site specific assessment of the seismic conditions by Natural Resources Canada resulted in 
estimated ground motions which ranged from 0.007 g to 0.059 g for a 1 in 100 year and 1 in 
2,475 year events, respectively.  The Project is located in an area of low seismicity. 

5.5 Design criteria 
The design objective and design requirements for the PKC facility are presented in Sections 2.1 
and 2.2, respectively.  Reference to CDA (2007) and Guide et Modalité de préparation du plan 
et exigences générales en matière de restauration des sites miniers au Québec (1997) for guid-
ance on the standard of care for the design and operation of the facility was made. 

The PKC facility will be unlined based on the results of the geochemical classification of the 
PK (refer to Section 3) and the estimated seepage rate from the facility (refer to Section 5.11).  
The facility will be developed, for the most part, using the PK generated during operations.  A 
closure cover comprising appropriately-sized rockfill and vegetated overburden will be progres-
sively constructed during the development of the facility. 

The design basis parameters are summarized in Table 1.  
 

Table 1. Design Basis Parameters 
Description Unit Value 
Life-of-mine  Years 20 
Total ore to be processed t 44,900,000 
Processed kimberlite fractions   
 Coarse mm -6.0 to +1.0 
 Grits mm -1.0 to +0.125 
 Slimes mm -0.125 
Processed kimberlite proportions   
 Coarse and grits fractions % (by mass) 84.0 
 Slimes % (by mass) 16.0 
Deposited processed kimberlite characteristics   
 Solids content % (by mass) 85.0 
 Deposited dry density t/m3 2.00 
Required storage capacity   
 Total m3 22,400,000 
Haul road bench width (two-way haulage and safety berm) m 18.4 
Vegetation bench width  m 5.0 
Vegetation bench vertical spacing m 10.0 
Overburden thickness  m 0.5 
Rockfill thickness (normal to sideslope) m 0.5 
Facility sideslopes  not applicable 2.5H:1V 
Overall facility sideslope not applicable 3.0H:1V 

5.6 Facility development 
The dewatering of the PK in the process plant by centrifuging greatly reduces the quantity of 
water reporting to the PKC facility.  The end result of this is that the PKC facility is a “dry 
stack” facility which, from a water management point-of-view, requires the management of only 
the contact water.  The contact water will be collected for appropriate treatment prior to release 
into the environment.  This will be achieved through a series of perimeter ditches and sumps 
that will route and collect runoff and seepage from the facility for subsequent treatment, if re-
quired. 

Construction, development and progressive closure of the PKC facility will be carried out 
over the life-of-mine.  Activities such as foundation preparation, placement of engineered fill, 
placement of nominally compacted PK, placement of the closure cover, and haul road construc-
tion will be performed during non-freezing periods as this is considered desirable.  The entrap-
ment of snow and ice must be avoided within the areas of the aforementioned activities for fa-
cility stability considerations and to reduce the loss of storage capacity.  
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A benefit of progressive closure of the PKC facility is that the associated costs are distributed 
over the life-of-mine rather than being fully realized only at the end of the project.  Further, the 
closure measures may be monitored during operations and, if appropriate, modified based on 
operational, geotechnical and/or environmental considerations.  

The development sequence of the PKC facility is illustrated in Figures 5, 6, and 7 and is 
based on the mining schedule.  The completed facility configuration for the facility developed 
using the currently-identified reserves and resources is shown in Figure 8.  The completed facil-
ity covers an area of about 733,000 m2 with a maximum height of about 100 m. 

Rock drains will be constructed on the foundation of the PKC facility to aid in the draining of 
water from within the facility; thereby lowering the phreatic surface and resulting in greater 
stability of the facility. 

Deposition of PK into the PKC facility is divided into two zones:  engineered fill and nomi-
nally compacted PK as shown on Figure 9.  Engineered fill will be placed over a prepared foun-
dation and in controlled lift thickness with standard compaction requirements.  Compaction will 
be achieved through the use of the placement equipment (haul trucks and bulldozer) and a com-
pactor. 

Nominally compacted PK will be placed and compacted by the passage of the haul trucks and 
bulldozer.  A method specification for fill placement will be used as haul truck trafficability of 
the PK surface is required.  A suitable compacted dry density is required to provide the required 
storage capacity.   

Monitoring of the fill placement will occur throughout operations.  Modifications to the 
placement methods and/or compaction requirements may be considered based on the results of 
the monitoring performed during fill placement. 

The engineered fill forms the outer shell of the PKC facility and nominally compacted PK is 
located within the engineered fill as shown on Figure 9.  The initial engineered fill is placed on 
a prepared foundation and will be constructed to form a starter embankment.  The starter em-
bankment will cover an area that coincides with the prepared foundation zone (i.e., within 
100 m of the PKC facility perimeter).  Subsequent raises of the PKC facility following the con-
struction of the starter embankment will comprise an upstream raise configuration for the engi-
neered fill.  The engineered fill will be placed for a horizontal distance of 50 m from the slope 
face.  The closure surface will be constructed over that of the engineered fill.   

It is envisaged that the placement of the engineered fill will occur during non-freezing peri-
ods to facilitate the compaction and moisture conditioning of the PK.  The nominally compact-
ed PK will be placed throughout the year.  Snow and ice are to be removed from the PK surface 
prior to further material placement.  Since the project is located in an area free of permafrost, it 
is uncertain if buried snow and ice would remain frozen.  The thawing of buried snow and ice 
could result in settlements within the facility which may challenge haul truck access and reduce 
slope stability.  Thermal monitoring of the facility is required—refer to Section 5.7. 

The management of rainfall and freshet runoff is important during operations.  The grading 
and sealing of the PK surface (using the compactor) to promote drainage towards temporary 
sumps within the facility (i.e., excavations into the PK) for water collection and pumping is 
recommended.  This practice will reduce sides slope gulleying and the softening or loosening of 
placed PK due to water ponding and will provide good management of total suspended solids 
(TSS). 

The water management steps above will reduce the quantity of infiltration into the facility.  If 
the infiltration of rainfall and freshet into the nominally compacted PK zone is reduced, the 
phreatic surface within the facility will be kept as low as possible; thereby increasing the stabil-
ity of the PKC facility. 
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Furthermore, reducing infiltration will also decrease the seepage potential of the facility, thus 
reducing the potential impact on the local groundwater.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.  Processed kimberlite containment facility sequencing—1 of 3. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 6.  Processed kimberlite containment facility sequencing—2 of 3. 
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Figure 7.  Processed kimberlite containment facility sequencing—3 of 3. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 

Figure 8.  Completed processed kimberlite containment facility. 
 
 
 
 
 

Proceedings Tailings and Mine Waste 2012  |  Keystone, Colorado, USA  |  October 14-17, 2012

65



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

Fi
gu

re
 9

.  
C

ro
ss

-s
ec

tio
n 

of
 th

e 
pr

oc
es

se
d 

ki
m

be
rli

te
 c

on
ta

in
m

en
t f

ac
ili

ty
. 

Mill tailings

66



5.7 Instrumentation and monitoring 
The conditions in the foundation and deposited PK will be monitored during the development 
and progressive closure of the PKC facility with geotechnical instrumentation installed in the 
foundation of the facility and within the PK. The instrumentation plan includes piezometers, 
thermistors and survey monuments.  The instrumentation will enable monitoring and assess-
ment of the performance of the facility and to verify the design assumptions. 

The piezometers will be used to determine and monitor the location of the phreatic surface 
within the foundation and the PKC facility.  The location of the phreatic surface impacts the 
stability of the facility.  The piezometers to be installed will be capable of reading temperature, 
too, and will augment the data provided by the thermistors.  Additional rock drains, as described 
above, may be installed to control the phreatic surface based on the results of the piezometric 
monitoring program 

The thermistors will be used to determine and monitor the thermal conditions around the pe-
rimeter of the PCK facility.  The formation of ice lenses close to or parallel to the exterior slope 
of the facility could reduce the stability as well as reduce the storage capacity available for PK.  
The thermistors will enable thermal monitoring in the area of concern and allow an assessment 
of whether the PK seasonally freezes and thaws or if ice is being entrapped within the facility.  
PK placement procedures (e.g. seasonal constraints, water management practices) may be ad-
justed based on the results of the thermal monitoring program. 

The survey monuments will be used to monitor the movement, if any, of the perimeter slopes 
of the PKC facility.  The results of this monitoring program will be combined with those of the 
piezometric and thermal monitoring. 

The evaluation of the piezometric and thermal conditions within the PKC in early stages will 
allow confirmation of design assumptions.  Adjustments to the instrumentation plan, construc-
tion methods, and construction planning will be made based on the results of the monitoring 
program.   

5.8 Progressive closure 
The placement of closure materials on the external slopes and benches will follow the place-
ment of engineered fill around the perimeter of each bench.  A typical section showing the clo-
sure materials placed on the external sideslopes and benches is Figure 10. 

The intent of progressive closure is to construct the final slope geometry as a final slope as 
PK deposition progresses rather than returning to the slopes at a later time to reshape and place 
closure cover materials.  This provides significant environmental benefits.  The costs associated 
with closure can be distributed over the life-of-mine as operational costs by carrying out the 
closure progressively.  At the end of the design life there will still be some costs associated with 
placement of closure materials on the crest of the PKC facility. 

 
 
 
 
 
 
 
 
 
 

Figure 10.  Exterior sideslope and closure materials. 
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5.9 Slope drainage channels 
From a water management perspective, the PKC facility is designed to reduce infiltration and 
promote shedding of rainfall and freshet events during operations, including progressive closure 
measures, and long-term.  The operational surface of the facility will be crowned to promote 
runoff to the perimeter of the facility.  Drainage channels will be incorporated into the external 
slope configuration, approximately 200 m apart to control water flows from the surface of the 
PKC facility.  The drainage channels will not follow a benched profile as the external slope sur-
face does, rather, they will be excavated through the benches to achieve a constant slope of 
3H:1V.   

5.10 Stability analyses 
The PKC facility will have a maximum vertical slope height of 100 m that is constructed of an-
gular material produced by the crushing and milling of kimberlite ore.  The PKC facility ex-
ceeds the minimum design criteria factor of safety (FoS) for slope stability suggested in CDA 
(2007) and Guide et Modalité de préparation du plan et exigences générales en matière de res-
tauration des sites miniers au Québec (1997) for static and pseudo-static conditions.  The PKC 
facility is a “dry stack” facility; therefore, sloughing and sliding of material are considered the 
only likely slope movements possible.  Material “run out”, as experienced with the failure of 
slurry containment structure, will not occur. 

The stability analyses carried out were found to meet or exceed the following criteria sug-
gested in CDA (2007): 

 
 Long-term, steady-state seepage (static) – FoS = 1.5; and 
 Pseudo-static – FoS = 1.0. 

 
A sensitivity based approach was adopted for the stability analyses as model inputs, includ-

ing material strength parameters and phreatic surface profiles, were unknown at the time of the 
analyses.  Based on experience with similar materials and facilities, an anticipated friction angle 
and reasonable phreatic surface were selected.  However, in order to provide additional confi-
dence in the parameters selected, stability analyses were carried out over a range of parameters 
that could potentially occur, even with a low probability of occurrence.  The FoS is insensitive 
to variances for a particular parameter if the resulting FoS at the lower bound of the anticipated 
range met or exceeded the required FoS.  The analyses carried out evaluated the sensitivity of 
the estimated FoS based on: 

 
 The internal friction angle of the nominally compacted PK; 
 The phreatic surface profile within the PKC facility; 
 The maximum ground acceleration used in pseudo-static conditions; and 
 The location of distributed loads (haul trucks).  

 
The stability results indicate that for the material properties anticipated, the expected phreatic 

surface, and the sensitivity analyses that the minimum FoS’s suggested by CDA are satisfied.   

5.11 Seepage analysis 
The PK is expected to be unsaturated once it is deposited due to the centrifuging process at the 
plant.  As a result, the source of seepage within the PKC facility will be driven by infiltration of 
water from rainfall and freshet events.  

Assuming 100% infiltration of rainfall occurs over the entire area of the PKC facility, the ap-
proximate daily seepage rate is 9.4x10-4 m3/m2.  This calculation is based on a simple one-
dimensional analysis and assumes that all water falling within the PKC facility site boundary 
will infiltrate and report to the foundation.  The estimate daily seepage rate is well below the 
value provided in Directive 019 (3.3x10-3 m3 /m2); this result, and those of the geochemical 
classification (Section 3), confirms that the PKC facility will be an unlined facility. 
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6 SUMMARY 

The paper presents a general discuss of the key considerations, drivers, and criteria used to 
develop the mine waste facility—the PKC facility—at the Renard Project.  The geochemical 
classification of the PK, the facility site selection, and the facility design are described.   

Stornoway actively pursued an overall approach to the development of the facility to limit the 
impact on fish habitat, bodies of water, and the environment in general, in addition to involving 
mining, engineering, and economic considerations, to reduce risk and costs associated with clo-
sure and post-closure while balancing those during operations.  A holistic view of the Project 
was maintained during the development of the mine waste facility design by considering envi-
ronmental and social impact in combination with the engineering, mining, and economic con-
siderations.  The design comprises a “dry stack” which significantly reduces the risk relative to 
a slurry-type facility development, operation, and management.  The holistic view and approach 
to the design of the mine waste facility resulted in a balanced approach to mine waste manage-
ment and the recognition that it’s more than just keeping the plant running.   

The approach applied to the mine waste management design and, in fact, the Renard Project 
overall, resulted in a solid and robust approach through the balancing of environmental, social, 
economic, engineering, and mining considerations.  The development of a “dry stack” facility 
for mine waste is front-and-centre with respect to the success of the Renard Project.  The limit-
ing of footprint size and water management activities for a mine waste facility are key consider-
ations during the design, operation, and closure phases of a mining project.  The authors are 
strong advocates of the holistic view and approach used in the design of the mine waste facility 
at the Renard Project. 
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ABSTRACT: Following the seismic induced failure of El Cobre N° 1 tailings dam, (1965) and 
as a conservative measure, the vast majority of tailings storages with cycloned sand dams 
constructed after 1965 were built by the downstream method. During the next 3 decades there 
were several earthquakes of great intensity that showed that these dams designed and 
constructed using modern technologies safely resisted the earthquakes. These technologies were 
focused on the geotechnical characterization of the tailings (sand fraction), the robust design of 
a drainage system, the monitoring of the piezometric levels in the sand dam and a required 
minimum level of compaction of the sand. The growth of ore treatment rates has significantly 
increased the size of tailings impoundments and consequently the height and volume of the sand 
dams. As a means of reducing the sand volume and footprint of the sand dam, the concept of 
constructing by the centerline method was subsequently proposed and submitted for approval. 
Some concern and reluctance to adopt this technology were raised initially mainly because of its 
novelty (it had not been implemented in a large dam in Chile), but is has now been accepted.  
 This paper describes the process followed in changing the method of construction of the 
sand dam of the El Torito tailings impoundment from the downstream method with a slope of 
4.5:1 (H:V) to the centerline method with slope of up to 3.5:1 (H: V). Special mention is made 
of  the analysis of stability of the embankment and the operational aspects, related mainly to the 
construction of the upstream slope, crest and trestle management and also the sand placement 
techniques.  
 
 
 
1 INTRODUCTION   

The El Soldado mine is an open-pit copper mine located 132 km north-west of Santiago, in the 
district of Nogales, in Region V (Valparaiso) of central Chile (Figure 1). Anglo American Sur, a 
subsidiary of Anglo American Plc., owns and operates the mining complex, which currently 
processes about 20,000 tonnes per day (tpd) of sulphide and oxide ores into copper concentrates 
and cathodes. 

Up to 1989 some 70 Mt of copper ore had been extracted from underground workings, after 
which a combined 70% open pit, 30% underground   extraction continued until 2010 at a rate of 
18,000 tpd.  

After the underground workings were closed in 2010, all ore sent to both flotation and oxide 
plants, is extracted from the open cast mine.  

The mine site is located in the western foothills of the Coastal Mountain Range, in the El 
Cobre Valley some 14 km north of the town of El Melon. The main valley is broad, gently 
sloping and bordered by elevated ranges and adjacent steep side valleys (Figure 2). The thalweg 
follows a general east west trend; its average elevation is about 300 meters above sea level (m 
a.s.l.), whereas adjacent peaks range from 1,200 to 1,753 m a.sl. This results in significant 
topographic gradients (30-36°) on the valley sides.  
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Figure 1: El Soldado Mine area geographical location. 
 

The local climate has been described as Mediterranean in type, characterized by a rather long 
dry season lasting from September to April and a shorter wet season from May to August. Mean 
annual precipitation for the last 20 years has averaged around 400 mm and tends to occur over 
24 to 48 hours intervals interrupted by short periods of calm. Mean annual temperature is 15°C, 
with mean maxima in summer around 27°C and winter low values ranging close to freezing 
point. Weather patterns at el Soldado are moderated by the relative proximity to the coast line, 
and the influence of the Pacific Ocean. 

The geology is dominated by the presence of volcanic and sedimentary rocks of Jurassic to 
Cretaceous age intruded by minor sub-volcanic bodies.  The Lo Prado and Horqueta formations 
have a general north south trend and dip gently to the east with only localized tight folding.  The 
ore body, estimated at 320 Mt of remaining copper sulphide ore, is thought to be of epigenetic 
origin.  

The bedrock is covered in the valleys, as in the El Torito side basin, with variable thicknesses 
of alluvial and colluvial quaternary unconsolidated materials. The valley fills typically consist 
of coarse to fine-grained heterogeneous materials, ranging from stratified clayey gravels and/or 
sand beds at shallow depths to clays and/or silts in the deeper sections. 
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Figure 2: Aerial View of El Soldado Mine site.  

 
The El Cobre stream is a tributary to the Aconcagua River, an important source of irrigation 

for the agricultural and industrial development in one of the most fertile valleys of the 
V Region. The potential for growth of the El Torito tailings deposit is limited by the physical 
and environmental restraints imposed by the need to preserve the availability and quality of the 
regional water resources.  

2 EVOLUTION OF TAILINGS DISPOSAL AT EL SOLDADO.   

From the late nineteenth century up to 1970, an estimated 9 Mt of tailings had been deposited in 
impoundments located in the southeast end of the El Cobre Valley (El Cobre #1, #2 and #3, 
Figure 2) and constructed by the upstream method. Part of these tailings, (close to 2 million  
cubic  meters (Mm3)) failed during the 7.4 magnitude earthquake that hit central Chile on March 
28, 1965, causing a flood that  traveled as far as 12 km down the El Cobre  Valley, destroying a 
nearby mining camp with about 200 fatalities (Dobry & Alvarez, 1967). 

 For a short period after the quake, tailings were deposited in the same locations, but with 
added safety measures that prevented the failure from occurring again. In 1970 these facilities 
were finally decommissioned and replaced by the El Cobre tailings storage facility (TSF) #4 
located in a small side valley. This facility was designed and constructed to comply with newly 
generated regulations derived following the 1965 quake experience. The new regulations 
banned upstream construction, introduced basal drains and other design considerations and 
required suitable stability analyses (DS 86). 

TSF #4 was operative until 1992 when it was replaced by the El Torito TSF, after reaching 
the planned capacity of 54 Mt and a crest height of 56 m. The confining embankment for TSF 
#4 included a series of modifications during its construction to secure stability through the use 
of adequately compacted high quality cycloned sands, and by preventing the buildup of pore 
pressures in the sand embankment.  Other modifications included the construction of a drainage 
blanket linked to a central basal drain constructed along the valley floor that conducted seepage 
to the downstream collector pipes installed for seepage management, contour channeling of the 
basin and the construction of a rock fill retaining dam and a concrete spillway next to the clear 
water pond, at the back of the reservoir. 

El Cobre TSF #4 sustained only minor damages during the 7.8 magnitude earthquake of 
March 3, 1985 that affected central Chile.   
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3 EL TORITO TAILINGS DISPOSAL FACILITY  

The El Torito impoundment is located in a relatively larger catchment situated on the north side 
of the El Cobre valley, and runs roughly parallel to the El Cobre thalweg (Figure 2). 

The facility was commissioned in 1992, after the storage capacity of El Cobre TSF #4 was 
exhausted. Initially permitted to hold up to 61.5 Mt, with a 56 m high dam, El Torito currently 
stores some 120 Mt of tailings. The retaining dam, 2,300 m long and 78 m high today, was 
initially designed and constructed by the downstream method with a downstream slope of 
4.0:1(H:V) and upstream slope of 2.5:1.  

Current tailings production is about 20,000 tpd from which close to 75% are cycloned to 
produce sands. Underflow and non-classified tailings are discharged directly into the 
impoundment from the upstream face and also around the back of the basin, serving the 
objectives of maintaining the clarification pond distant from the sand dam, sealing pervious 
natural soils and managing the size and position of the pond to facilitate water recirculation. 

The resulting 35-40% coarse fraction (i.e. sands with up to 15% fines), is used for the 
construction of the dam, hydraulically deposited and compacted to 95 % (or better) of the  
maximum dry density (DMCS) in accordance with the standard Proctor density test.  

Water management measures at El Torito include a geomembrane lined upstream face and an 
extensive system of blanket, longitudinal and finger drains. Seepage is collected at five 
intermediate sumps and conducted to a main pumping station to be circulated back into the 
process. Drain water flows have increased from an initial 60 l/s to peaks of up to 140 l/s in 
1997. Current drain flows oscillate between 80 and 120 l/s.  

One key aspect of the design involves the management of surface water runoff. Features 
include water intakes in the Infiernillo and Coiles tributary streams, a 4,000 m long contour 
channel able to conduct up to 1 m3/s and a discharge to the El Cobre river located near the left 
sand dam abutment. Figure 3 shows the general layout of the operative installations of the El 
Torito TSF.  

High intensity hydrologic events are certain to exceed the contour channel capacity. In order 
to evacuate high floods up to 5 m3/s, a variable threshold concrete decant, tunnel and discharge 
spillway was included in the original design and periodically lifted according to the growth of 
the reservoir. The operation involves the detailed recording of the available freeboard and the 
coordinated placement of lining blocks, together with the adequate planning of the pond size 
and location before the rainy winter season to maximize the regulating capacity of the dam. It is 
worthwhile to note that the total amount of runoff into the El Torito basin oscillates between 
0.87 Mm3 for a normal year to 1.46 Mm3 for a rainy year. The total surface of the tributary basin 
catchment amounts to 14.5 km2.  

Piezometric levels in the sand embankment are monitored at monthly intervals using 44 
vibrating wire and 20 Casagrande piezometers. The geotechnical instrumentation also includes 
real time or dynamic piezometers, settlement cells and seismic accelerometers, all reporting to a 
centralized logging station. Data is reported quarterly to regulatory authorities.  
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Figure 3 El Torito TSF General Layout.  
  

The 8.8 Mw seismic event of February 27 2010, demonstrated the sound design and 
construction of the El Torito dam which, in all, showed only minor effects and was ready to 
resume operations as soon as the regional electrical supply was restored, some six hours after 
the event.  

4 MODIFICATIONS OF DESIGN AND CONSTRUCTION METHODOLOGY 

The initial permit (and design) was modified in 1996 to accommodate up to 181 Mt of tailings. 
A restriction was applied to ensure that the final footprint of the reservoir would not impact on 
the El Cobre river bed which is located only 120 m downstream of the current toe (Figure 2). 
Centerline growth for the dam was then decided and the legal, environmental and technical 
scenario revised to comply with the complex set of requirements. 

The centerline method of construction was accepted by Chilean regulations DS 86 applying 
at the time and later confirmed by DS 248 that replaced it, and it is recognized as a valid 
construction method by various international guides including ICOLD. Notwithstanding, some 
concerns existed regarding the pioneer construction of a large centerline sand dam in roughly 
the same location as the 1965 failure. This motivated a close scrutiny from the authorities, a 
higher degree of attention from the neighboring communities and detailed interest on safety 
applied by the operating company. 

A comprehensive set of studies were performed with the participation of reputed local and 
international consultants to address the requirements that referred to the design, the stability of 
the impoundment, the quality of the sand as a construction material and the construction process 
itself. The studies agreed on the feasibility of increasing the useful life of the reservoir by the 
change in design, without sacrificing safety and efficiency. 

The El Torito dam had been constructed to that time with the downstream method, controlled 
rigorously by high quality standards in the production and placement of the sands and water 
management and performance monitoring levels. This was accomplished by a highly trained 
and motivated operative organization that systematically applied the lessons learned from the 
seismic past of the site. Their work, inspired by best practices, provided a sound base for the 
change in operational procedures, which mainly consisted of a good geotechnical 
characterization of both the site and the structure that required only minor modification to 
assume the new activities necessary for the changed design.  
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A combination of borrow material toe dams, fluvial defenses and especially the modification 
of the sand dam construction method, i.e. from downstream to centerline, were then introduced 
(Table 1). 

   
Table 1 – Characteristics of El Torito sand dam 
 Original design: 

Downstream Construction 
Modification: 

Centerline  Construction 
Crest  Width 10 m >15 m 
Downstream slope 4.0:1 (H:V) 4.0:1 (H:V)=>later 3.0:1 (H:V) 
Upstream face  slope angle  2.5:1 (H:V) - 
Minimum freeboard  3 m  operational , 1 m abandonment 
Upstream face  lining  Geomembrane for waterproofing 
Construction material Cycloned tailings sand 
Placement  Hydraulic (pump + spigot)  deposition from crest 

 
Further to the footprint dam restriction, two other aspects made the change attractive: a 

reduction of the sand production requirements and an improvement in efficiency of the sand 
placement.  

This is a very demanding operation in two aspects: (i) a 2,300 m long sand dam and (ii) the 
high sand production rate required to build the dam. The latter implies close to 85% of 
mechanical availability, both for the cycloning process as well as for the sand placement system, 
in order to maintain the integrity of the operations.  

In recent years a conceptual design, prepared to visualize future developments of the  mine 
plan, showed the need to modify the downstream face angle of the dam from 4:1 (H:V) to 3:1, 
in order to optimize the size of the necessary toe embankments, and still meet the footprint 
restriction and capacity requirements. 

 

 
 
  Figure 4 Section for stability analysis showing original method and changes. 
 

This paper describes the process followed in changing the method of construction and the 
downstream slope angle. Special mention is made of the analysis of stability and the operational 
aspects, derived mainly from the modification of the placement procedures and the crest and 
trestle management.  

STABILITY OF THE DEPOSIT  

A two-dimensional slope stability analysis was run to evaluate the dynamic stability of the 
reservoir, including the centerline construction, the associated geometry and the modified 
downstream face angle. The analyses were especially focused on the behavior of the upstream 
portion of the sand dam and interaction with the slimes. 

Figure 4 shows the section analyzed and the stages of the analysis, including the serrated like 
upstream sand-slimes interface resulting from the centerline construction. To represent 
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accurately the conditions during the intermediate construction phases, the freeboard between the 
slimes and to the crest was maintained at the 3 m utilized currently in the operation.  
Analysis criteria  

The sand dam will be built with cycloned tailings sands with 18% fines (below 75 m) and a 
minimum density equivalent to 95% standard Proctor. 
The piezometric level has been defined by a 60° gradient, starting from the slimes/sand contact, 
projecting down through a portion of the sand dam and intersecting a line parallel to the 
foundation 10 m above the basal drain elevation. This criterion is considered to be conservative 
since the upstream face is lined with a geomembrane, and the basal drains have several times 
the required water conduction capacity. The liner is a 1.5 mm thick HPDE geomembrane 
welded along its entire length by thermo fusion that has been placed on the upstream since the 
beginning of the construction of the dam with the downstream method. The liner placed in this 
fashion, constitutes an effective and continuous barrier for infiltrations that seals the dam from 
the base of the starter dam to the first 60 m of the current 78 m of height of the dam. In The last 
18 m constructed by the centerline method, the liner is placed as shown in figure 7, in stages 
along the entire surface of the upstream face, welded laterally  and anchored in a  trench  in the 
upper portion  and by folding and filling with sand ("sack type"). The liner is also covered by a 
30 cm layer of sand placed hydraulically to protect it from UV radiation exposure.  

Furthermore, the continuous record of piezometric levels during the current operation has 
seldom registered levels even approaching 1 m above the basal drain surface.     

To characterize the quality of the sands used to construct the dam at El Torito, a thorough 
program of geotechnical sampling and testing was carried out. The projected dimensions and the 
seismic characteristics of the site made it necessary to evaluate sand behavior at high confining 
pressures at both static and cyclic loading and drained and undrained conditions.  

In order to include the effect of the slimes deposited upstream from the sand dam, these were 
modeled by assigning them a set geotechnical parameters obtained from experience.   

The dynamic analyses were run for two sets of seismic conditions: 
- An artificial design intraplate earthquake occurring at an intermediate depth with 

maximum site horizontal accelerations of 0.97 g and 0.59 g vertical.  
- A design interplate quake obtained from escalating the 8.8 Mw record of February 

27, 2010 obtained at a site located 80 km from the epicenter. 
Dynamic Analysis Results  

In general terms, the results obtained for both sets of seismic conditions indicate that the 
configuration adopted for the sand dam is stable, showing only small and superficial 
deformations of less than 2 m for the toe.  Figure 5 summarizes the residual displacement 
contours for the complete deposit, highlighting that the deformations in the wall of sand are 
minimal. 

On the other hand, localized results at the crest indicate that the expected settlements, shown 
in Figure  6, would be smaller than 1.0 m and that upstream from the dam (slimes) would reach 
3.5 m. Consistent with the former, maximum horizontal deformations would reach 0.5 m 
downstream of the crest and up to 4.0 m upstream. These deformations are most likely 
associated to the serrated upstream contact since part of the sands are actually deposited over   
weaker slimes and where somewhat larger settlements can be expected to occur.   

 

 
Figure 5: Global residual deformations field for the dam and slimes. 
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On the other hand, localized results for the crest indicate that the settlements would be 
smaller than 1.0 m and that upstream from the dam (slimes) would reach 3.5 m. (Figure 5)  
Consistent with the former, maximum horizontal deformations would reach 0.5 m downstream 
of the crest and around 4.0 m upstream. These deformations are most likely associated to the 
serrated contact between sands and slimes since part of the sand are deposited over weaker 
slimes where somewhat larger settlements can be expected to occur. 

   

 
Figure 6: Representation of residual displacement contours in the direction of movement  

5 PROCEDURES AT CENTER LINE CONSTRUCTION 

The El Torito facility has been operated for the last 20 years without a trace or evidence of any 
deviation from the original design parameters and safety standards.  This achievement is largely 
due to the systematic application of operational practices aimed to maintain the continuity of the 
designed expansion of the deposit and to identify and eliminate, or at least reduce, any potential 
vulnerability that may occur. The same approach has been reproduced for the design and 
operation after the adoption of the centerline method of construction.  

Construction of the sand dam crest and the behavior of the upstream slope face deserve 
special consideration, as potential instability inducing features where larger dynamic 
deformations may be expected during a strong quake. 

To overcome this, a crest width of 15 m has been included (50% wider than the usual 10 m 
for downstream construction) to contain local major displacements and to provide a safe base 
for the trestle and the piping used for the distribution of sands and slimes. This will also allow 
prompt access for eventual repairs and post event remedial works. Crest width maintenance is 
routinely monitored by detailed surveying together will all the geometric parameters of the dam. 
5.1 Lining of the upstream face  
 
Before the winter each year, the upstream slope has a 1mm thick HDPE liner installed in its 
entire length, to protect it from wave action and direct infiltration from the pond during the 
rainfall season. This includes the 3 m operative freeboard and is installed with the explicit 
objective of creating an impervious barrier, as shown in Figures 7 and 8 that will prevent 
overtopping.  
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Figure 7: El Torito dam showing crest width, trestle and upstream face slope. Slime discharge points can 
be seen in the back.  
 
 

5.2 Sand and slimes deposition 
The dam is being constructed using underflow slurry (1.70 to 1.74 t/m3), distributed using 
centrifugal pumps for the first third of the dam length and Wirth PD pumps for the remainder.  
The slurry is deposited by spigotting from pipelines located on the crest edge.  Upstream and 
downstream deposition is used to sequentially raise the dam in the centerline manner.  The 
downstream slope is being formed at 4:1 (H:V) and is compacted in 300 mm layers to >95% 
standard Proctor density by means of mechanical equipment, as required by the permit.  The 
design requires a minimum sand fraction of 85% of the total tailings to build the dam, from the 
total capacity of 181 Mt of tailings to the 90 m elevation.  The mine reports currently a sand 
fraction of more than 40% with  81%  of  the  total  tailings  treated  at  the  cyclones  station. 

The fine tailings are deposited by open-ending from discharge points along the dam and 
around the dam basin.  Fines have a solids content of 18 to 20% by mass and most are pumped 
to the discharge points by means of centrifugal pumps and above crest piping. A significant 
amount is taken to the back of the deposit for pond control and sealing of natural ground. 

Sand and slimes pipelines (four in total) run along the crest of the dam (Figure 8), the first 
upon a wooden trestle located near the downstream edge, and the last two, on the upstream edge 
of the crest.    
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Figure 8 Schematic of crest management procedures for centerline construction. 
 
The wooden trestle is built with eucalyptus boards of 5” thickness and was designed be raised 
quarterly in 3 m steps to match the rate of raise of the deposit, on one third of the length of the 
dam.  The trestle carries the two sets of steel pipes for sand deposition which can be decoupled 
easily both for redirecting the spigot discharge and for relocation. Simpler auxiliary trestles are 
constructed at each of the slime deposition points to facilitate the distribution of slimes. These 
are built over the liner, on top of its sand cover and anchored by sand accumulation. The 
auxiliary trestles are progressively buried by slimes deposition and replaced completely by new 
ones at each growth stage. 

 

 
Figure 9 Trestle construction and operation at the El Torito centerline dam.  

 
5.3 Monitoring  
The first line of risk management in the operation of the TSF is focused on verifying the strict 
compliance with the design geotechnical parameters of the retaining dam. External specialized 
consultants sample and run laboratory tests quarterly to detect any deviation from the required 
maximum 18% fines content and 95% standard Proctor compaction density. 
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Monthly review and downloading of the electric piezometer and seismic records is also 
undertaken with the assistance of specialized consultants. This information together with the 
routine topographic growth controls are compiled into a quarterly report to be submitted to 
regulating authorities.  Emphasis is placed in the accurate control of the required minimum 
freeboard to ensure safe operation during the rainy season.  
5.4 Quality management 
The El Torito tailings dam is a well-designed, well-built and well managed facility and is safe 
and stable. This is the result of the combined work of a highly trained and motivated operative 
organization that systematically applied the lessons learned from the seismic history of the site. 
This could have only been achieved with the permanent collaboration of the design consultants, 
throughout 20 years of operation, within the high standards required by the owner and the 
national regulations. 

The facility was ultimately tested by nature on the morning of February 27, 2010 with the 
sixth largest seismic event ever recorded and survived the challenge.  

6 CONCLUSIONS  

- Anglo American El Soldado is a mining operation that has used the lessons learned 
from the site´s special conditions and history to advantage for the development and management 
of tailings disposal. 
 
- The operation is still subject to the constant scrutiny of the industry, the local 
community, the regulating authorities and the owners themselves. 
 
- The mine has implemented significant changes in the TSF with an adequate 
management of risks through a successful combination of sound design and best operational 
practices.  Among these stand out the geotechnical characterization of sands with its 
relevance for the unavoidable dynamic stability assessment, the optimization of the TSF 
growing (downstream to centerline construction) and the continuous monitoring of the 
operational practices.  
 
- The tailings operations at El Soldado have been periodically tested by major seismic 
events after the 1965 failure and in each case have behaved more than satisfactorily and 
according to their design. 
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1 INTRODUCTION 

During the 1980s geologists, engineers and scientists were busy developing the sciences needed 
for the design, construction, and operation of waste management facilities for mining. We were 
still running consolidation tests on different tailings, depositing tailings in “boxes” to work out 
beach angles, debating the merits (and costs) of no liner, single, double, and in some cases, triple 
liners with regulators, and coming to grips with trying to extrapolate simple laboratory geo-
chemical tests to predict leachate quality at full-scale tailings impoundments and waste rock 
piles.  
     In the 1990s we were still perfecting our technical skills and consequently built several facili-
ties that did not live up to expectations. Low metal prices likely also contributed to these fail-
ures. We came up with ideas on how to build liners out of the deposited tailings themselves, on-
ly to find it did not work that well in practice. What we learned was that managing mine wastes 
in arid climates was easy and relatively inexpensive, but that in wet climates it was much more 
complex and could be order of magnitude more expensive. 

We are getting smarter, however. Higher metal prices are helping, as there are more funds 
available for the construction and operation of more effective waste management systems.   

This paper attempts to broaden the thinking of geologists, engineers and scientists by encour-
aging them to consider how the facilities they design fit into the surrounding environment and 
how future mine operators will construct and operate these facilities.  It encourages readers to 
think of the complete life cycle, starting with the first site visit and some back of the envelope 
sketches and ending perhaps hundreds of years after the ore is mined out, the mine site is closed, 
and the physical terrain and geochemistry of the area remain permanently altered.   

The authors consider the best way to discuss this approach is to describe a series of tools or 
analytical methods that they have used that incorporate this broader view. 

Decision making in the mine waste disposal context may be informal or formal. In this paper 
we focus discussions on formal decision-making theory and practice.  Even if you may never be 
called on to make a decision using the methods we describe here, we believe it is good practice 

Engineering decision making in the design, operation, and closure 
of tailings, waste rock, and heap leach facilities 

J.A. Caldwell, P.E. 
Robertson GeoConsultants, Vancouver, BC, Canada 

I. Hutchison, Ph.D. 
Strategic Engineering & Science, Irvine, CA, USA 

ABSTRACT: At all stages of design, construction, operation, and closure of tailings, waste 
rock, and heap leach facilities, engineering and budget, decisions have to be made.  This paper 
discusses the many formal methods currently in use in decision making.  This is done by briefly 
describing the methods, assessing their application in mine waste disposal engineering and 
management, and discussing a case history or an example.  Methods considered include: Deci-
sion Analysis, Event Analysis, Value Engineering, Risk Analysis, Statistical Analysis and Root 
Cause Analysis. 
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to be aware of and understand them, and to be able to intuitively or subconsciously incorporate 
aspects of these into your informal decision making.  

2 DECISION MAKING 

There is a large body of literature on formal decision making. There are also many readily avail-
able computer codes to help set up, undertake, and document decision making.  
 
The following are the essential elements of all formal decision making: 
 Define the System. This includes the tailings facility, the waste rock dump, or the heap leach 
pad. However, you will also need to include the sophistication of the operators, the climate, 
the underlying geological conditions, and the surface water and groundwater regimes, as well 
as the regulatory climate, and the requirements of the local communities. 

 Establish Objectives: Establish the objectives that you want to meet; e.g. disposal facility 
that has a moderate cost, a very low risk of impacting sensitive water resources in the area, or 
that the community will accept, or more likely, combinations of these.  Remember that differ-
ent sets of objectives can result in different solutions. 

 Identify Alternatives. Define the alternatives to be evaluated. Be broad-minded. Brainstorm 
alternatives by involving subject matter experts, as well as those who have little or no exper-
tise in the possible alternatives. A good way to ensure you have covered all the bases is to in-
clude: a low-cost alternative; an alternative that has no, or minimal risk to the environment, 
irrespective of costs; and one that you know will most likely be accepted by the community. 
Select several more alternatives that represent compromises between these “extremes”. 

 Define Decision Parameters. It is important that you select parameters that reflect the objec-
tives you have set. For a mine waste disposal facility, the common parameters include: cost; 
risk of failure; environmental impact; regulatory and community acceptance; compatibility 
with other mining constraints and objectives; time to implement; availability of suitable mate-
rials; ability to respond to changing circumstances; ease of operation; and so on. You may as-
sign greater or lesser weights to each parameter.  

 Select Decision Making Approach. Select the analysis method you will use. Assemble your 
team and work through the analyses of the alternatives.  Listen carefully and integrate the in-
put from various team members.  Weight the input received from experts more heavily.  

 Document the results of your decision analysis. This is an important step.  Document both 
the process you went through and reasons a specific solution was selected and the results of 
any sensitivity (or “what if”) analyses that were done. 
Work your way through the analysis method that you select. You may do this alone, or with a 

small group of selected colleagues. The authors have found that the tools themselves often allow 
group meetings to be much more focused and productive.  For example, the Decision Analysis 
tool, Criterion Decision Plus (CDP) described below, has a feature that forces the group to focus 
on one issue at a time.   

Once the analyses are done and a course of action is identified, sit back and look at the logic 
of the conclusion. Ask yourself if this choice is logical. Also, having learned through the analy-
sis process, is this the choice that you would expect.  If not, then maybe you should go back and 
see if there is a fault in the identification of alternatives selected for evaluation.  Review the ob-
jectives and parameters; make sure the weighting you have assigned to various parameters is re-
alistic; and re-examine the process and assumptions that led to the decision.   

Keep in mind that formal decision making is only a tool, not a magic wand. The logical pro-
gression of thinking inherent in decision-making methods is simply forcing the decision-making 
group to think logically.   

The following sections discuss some of the formal decision-making tools that are available. 
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FORMAL TOOLS APPLICATION FEATURES BENEFITS 
DECISION  
ANALYSIS  

Planning a new  
mine or a new waste  
management unit 
where multiple  
objectives need to  
be met 

Comparative analysis 
of alternatives 
 
 

Minimum plan changes 
during construction 
More defensible plans 
to legal challenges  
during the permitting 
process  
Higher certainty of  
predicted financial  
return 

EVENTS   
ANALYSES  

Describing the range 
of possible future 
outcomes for risk 
management and 
budgeting purposes 

Probabilities of  
different project  
outcomes 
Probability distribution 
for a feasible range of 
project alternatives 

Risk avoidance strategy 
Budgeting for uncertain 
circumstances 

VALUE  
ENGINEERING 

Design of a mine 
waste facility 

Alternative  
construction and  
operations approaches 

Lowest cost execution 

RISK  
ANALYSIS  

Design of a mine 
waste facility 

Risks and  
consequences 

Minimize  
environmental, social 
and financial risks 

STATISTICAL 
ANALYSIS  

Budgeting or design 
of a mine waste  
facility 

Minimum, most likely 
and potential maximum 
costs and design  
performance outcome 

Higher certainty of  
financial return and  
design performance 

ROOT 
CAUSE/INCIDENT 
ANAYLSES 

Construction and  
operations of mine 
waste facilities 

Causes of inefficiencies 
or accidents  
Corrective measures 

Containment of future 
costs 
Less negative press 
coverage 

3 DECISION ANALYSIS 

3.1 Approach 
There are many tools on the market, however the one that the authors are familiar with is CDP 
software. As shown on the figure below, CDP facilitates incorporation of a range of customized 
parameters.  This figure is an example of an application of CDP to the development of a new 
mine site plan. 

CDP is suitable for any decision-making process where a trade off has to be made between 
costs and financial rates of return and factors such as operation flexibility, environmental and 
social risks.  The team selects the parameters by which the alternatives will be judged and estab-
lishes relative weights for each.   
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3.2 Case History 
A historic hazardous waste disposal site contained a number of separate disposal pits. The alter-
natives for site remediation included: 
 Do nothing and leave as is. Many in the surrounding community supported this option.  They 
were wary that any disturbance of the waste would lead to air emissions. 

 Close each pit in place. This approach was favored by those who believed that closure of 
each pit in-place involved the least disturbance of the waste, hence the least chance for emis-
sions. Others objected to this alternative because it involved a number of small waste disposal 
units.  

 Consolidate all the waste into a single on-site new pit. Some liked this approach as it left on-
ly one facility to care for in the long term.  Others objected to leaving wastes on-site. 

 Relocate the waste to an out-of-state facility.  Some supported the idea of getting the waste 
off the site and out of the state, others objected to the idea. The latter were concerned that 
trucks carrying waste would pass over local roads on their route out of state.   
 
A simple matrix listing the options and possible evaluation criteria was prepared. The criteria 

included: cost; construction air quality impact; long-term groundwater impact; community opin-
ion and implementation time. The biggest surprise when presented to community activists was 
the demand to include the evaluation parameters, i.e., work opportunities associated with im-
plementing each alternative.   

After much discussion the end result was that the waste was excavated and consolidated on-
site in a single well-designed, soundly constructed facility.  

4 EVENT ANALYSIS 

4.1 Approach 
Formal analyses of future events are most readily accomplished by constructing decision trees.  
Each branch of the decision tree represents a unique combination of events that could occur, for 
example, during mining, or during closure of a mining project. 

The “tree” can be populated with probabilities, which include events occurring and the costs 
of each, and can be used to determine: 
 All potential events and combinations of events. 
 The most likely combination of events. 
 The probability of extreme combinations of events. 
 The cost range of future events. 
 The most likely and expected costs. 
Furthermore, use of the information generated by the tree can be employed to: 

 Budget for future events with a given level of confidence. 
 Identify the high cost risk events and develop risk avoidance strategies and plans. 

4.2 Example 
The example considers the many closure alternatives for a heap leach.  Since the plan is being 
developed during the mine planning phase, much of the information needed for making closure 
decisions is still limited, e.g., what will the leachate quality be, what is the natural attenuation 
capacity of the soils underlying the heap leach pad (HLP), how will rinsing on closure improve 
leachate quality, etc. 

There is sufficient laboratory data to understand that it will take a significant rinsing effort to 
improve the quality of the leachate so it is suitable for infiltration and attenuation in the soils and 
groundwater underlying the HLP.  As shown on the figure below, with minimal pore volume 
rinsing (i.e. 3 pore volumes) there is a low probability that a simple soil cover will be adequate, 
whereas with a significant rinsing effort (i.e. 10 pore volumes), there is a much greater chance 
that a soil cover will be adequate.   
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In both cases, the most likely closure scenario involves a flexible geomembrane (FML).  

However, in the minimum volume rinse case, the most likely total cost of $14.1 million is less 
than that for the more significant rinse case, which is $17.1 million.  The minimum volume rinse 
case also has the lower potential cost spread, i.e. $8.1 to $16.1 million, versus $11.1 to $19 mil-
lion for the significant rinse case.  From a risk management point-of-view more effort should be 
devoted to constructing as low a permeability cover as possible. 

For budgeting purposes, an expected cost of $13.8 million (minimum rinse case) could be 
used. Alternatively, a cost probability distribution curve can be developed from the output and 
the cost at a specific level of certainty, such as 80%, can be selected. The level of uncertainty 
used would be a function of the mining companies’ tolerance for risk. 

5 VALUE ENGINEERING  

5.1 Approach 
Value Engineering (VE) is a formal procedure for examining a design or project to identify al-
ternative details or procedures that, when adopted, reduce cost without affecting the function or 
success of a design or project. 

A team of technical specialists is assembled to conduct a VE review session over a period of 
several days. The team usually consists of engineers, scientists and a cost estimator, most of 
who are independent of the design team. A typical VE session is conducted in the following 
phases: information; function; speculation; analysis; concept presentation and implementation. 

A coordinator or facilitator organizes the team and establishes the ground rules. The infor-
mation phase involves presentation of the design, which includes the main concepts of the de-
sign and the design objectives. Design constraints, drawings, specifications, and special condi-
tions are also presented. The estimated cost and contingency cost of the project are described. 

In the function analysis phase, the major project components are identified, their functions are 
determined, and the estimated cost for each component is assigned. A Function Analysis System 
Technique (FAST) diagram is prepared to help team members visualize the need for and the role 
of each major component. An example FAST diagram for a uranium tailings remedial action 
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project is shown in the figure below. In general, the components are listed in functional order 
proceeding from what the design will do (on the left side of the diagram) to how the objectives 
will be met (on the right side). This FAST diagram, for example, shows relocation and encapsu-
lation of waste materials to meet the three objectives shown on the left hand side. The right hand 
side shows the preparatory steps that are required.  The central boxes show the steps for the var-
ious major activities which include excavation and disposal of tailings and impacted material, 
excavation and placement of both radon barrier material and the final crushed rock cover, and 
excavation and placement of soil to facilitate site restoration. 

During the speculation phase, the VE team considers each major design component and sug-
gests alternative means of accomplishing its function. To promote creative thinking, team mem-
bers are not allowed to criticize any suggestions.  To assist in the review, the costs of activities 
are included in each of the boxes on the FAST diagram. 

The analysis phase sorts out the ideas that were suggested and develops the ideas that may 
have merit for improving value and reducing costs. The cost estimator prepares rough costs for 
the new concepts and these are compared with those of the original design. The alternatives are 
compared with each other, as well as with the component in the original design, to decide which 
ideas have the greatest potential and should be presented as recommendations to the owner. 

During the concept development phase, the concepts selected by the VE team are refined and 
sketched out, a narrative is written, and cost estimates are fine-tuned.  

The VE team presents the results to management. In turn, they decide whether the VE rec-
ommendations should be incorporated into the design and subsequently direct the designer or 
construction manager to implement the changes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
5.2 Case History 
VE was required as a matter of practice on the Uranium Mill Tailings Remedial Action 
(UMTRA) Project in the United States.  The Department of Energy encouraged its contractors to 
subject each phase of design and construction of the remedial works for the 24 inactive uranium 
mill tailings piles to VE.  A provision was made to award the contractors a bonus depending on 
the dollar value of design improvements and/or cost reductions resulting from VE workshops.  
The resulting cost savings and design detail improvements were significant.   
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Some of the more fascinating ideas to come out of a VE session was to look at local grave-
stones to establish the durability of rock for use as erosion protection in lieu of expensive testing 
of samples from local quarries.  Another, at first way-out, suggestion was to characterize the 
free-thaw response of clay by putting it in and taking it out of the freezer in the lunch room.  
Simple observation showed that three freeze-thaw cycles were all it took to turn dense clay into 
a mass of lumps of high permeability.  A quick trip to the Cahokia mounds of East St. Louis es-
tablished how gullies form over a thousand years in earth mounds; that idea saved expensive la-
boratory testing and analyses.  Many other savings too detailed to list are documented in the pro-
ject files available on the project’s website. 

6 RISK ANALYSIS 

6.1 The Theory 
At mine sites, waste management systems are complex and there are a large number of human, 
technical, and environmental factors that can go wrong, resulting in a range of different types of 
failures. 

Risk analyses can be applied to an existing waste management unit in order to improve its 
performance, to the design of a new waste management unit to improve its design and opera-
tional features, or to different alternative waste management proposals in order to select one that 
has the lowest inherent risks. 

The following are the essential features of a formal risk assessment: 
 Define context: social, organizations, political, technical, and environmental issues.  
 Define system: components and their interactions.  
 Define risk scenarios: what can go wrong, how can they happen and what controls are in 
place.  

 Estimate Consequences: who could get hurt, what facilities could get damaged, what are the 
environmental impacts and costs to clean up.  

 Estimate Probability: Do this objectively from data, or subjectively from deliberations.  
 Undertake the Risk Assessment: Use judgment, spreadsheets, and computer codes to organ-
ize the information on failure, probabilities and consequences.  

 Plan and Implement Risk Avoidance Measures.  
Generally risk is defined as: Probability of Failure x Consequences of Failure calculated on a 

common scale. One easy way to quantify this risk equation is as follows: 
 Identify the alternatives you wish to rank by risk. For example, you may be comparing alter-
native disposal sites or alternative disposal methods.   

 Establish the probability of failure for each alternative, for example, by assigning a relative 
ranking—a number between one and five—to the probability of failure. 

 Establish the consequence of failure of each alternative by assigning a relative ranking—a 
number between one and five—to the consequence of failure, or using some other quantifica-
tion method.   

 Multiply the above two numbers to produce a combined risk number.   
Develop a plot consisting of five by five boxes, and color code each.  Make the high num-

bered boxes red, the low numbered boxes green, and assign intermediate colors to intermediate 
boxes.  Plot the risk number in the relevant box and you have a visual presentation of the differ-
ent risks of different courses of action. 

This simple process is mostly an exercise in subjectivity. As indicated above, more quantita-
tive evaluations can also be done. As described above, with even the simple risk number calcu-
lated, you may proceed to make a decision: implement low risk number alternatives and avoid 
high-risk number alternatives. 
6.2 Case History 2 
The site is a mine in the north of Canada. A hazardous ore processing waste is stored in below 
ground mine stopes. The zone where the waste is stored is underlain by deeper mine workings. 
Open pits give access to the underground mine working and local creeks are diverted around 
these open pits. 
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A diverse group of experts in mine waste disposal, concrete technology (for bulkhead durabil-
ity), rock mechanisms, surface and groundwater, water quality, mine operations, and community 
issues was assembled. The primary failure modes identified included:  
 Flooding of the creeks, which led to water flowing into the open pits and hence to the under-
ground mine workings and consequently to washout of the wastes from the bulk headed 
stopes.   

 Failure of the concrete bulkheads leading to a discharge of the wastes. 
 Excessive groundwater seepage into the caverns and hence seepage of dissolved constituents 
from the waste to deeper workings and the regional groundwater. 
A five-point scale to rank probabilities and consequences was applied and the results used to 

establish risk numbers. It was concluded that the highest risk of failure was spring freshette 
flooding in the creeks. Should a big snowmelt flood come down a creek still blocked by ice, the 
overtopping could flow into the open pit and into to the wastes, washing them out of the stope. 
This potential failure mode was controlled by implementing a spring snow and ice removal pro-
gram for the creeks.  
6.3 Mine Waste Examples 
The authors have frequently been involved in conducting risk analyses for various types of mine 
waste management units. The table below describes the typical failure modes and contributing 
factors. This information can be used as a starting point for performing specific analyses. 

 
Tailings Impoundment Failure Mechanisms 

TYPE FAILURE MODE CONTRIBUTING FACTORS 
Downstream centerline 
or upstream  
construction 

Water pond overtopping 
Seepage and piping 
Slope failure or deformation 
Penstock failure 
Excessive poor quality seepage 

Pool too large 
Too high a K value   
Low conductivity 
Inadequate drains  
Poor pipe placement method 
Pore pressure buildup in embankment 
Weak tailings or soils  
Deep foundation failure  
Inadequate  flow capacity of risers 
Differential consolidation 
Improper decant tower sealing 

Earth or rockfill  
embankment 

Shell cracking 
Core cracking 
Excessive seepage  
Slope failure 
Penstock failure 
Foundation seepage 
Liner failure 
Impacted surface water 
Impacted groundwater 

Foundation settlement 
Embankment overtopping 
Drain blockage 
Inadequate filtering  
Liquefaction 
Thawing of permafront  
 
 

 
 

Waste Rock Pile Failures Mechanisms  
FAILURE MODE CONTRIBUTING FACTORS 

Slope failure 
Drainage failure 
Leachate formation (acid or salt) 
Erosion 
Surface water impact 
Groundwater Impacts 

Seismic events 
Inadequate under-drain construction 
Over-steep slopes 
Poor surface drainage 
Inadequate acid rock encapsulation 
Weak clay layers 
Permeable or weak foundation material 
Permeable closure cap 
Erodible closure cap  
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Heap Leach Pile 
FAILURE MODE CONTRIBUTING FACTORS 

Slope failure 
Drainage failure 
Liner Leakage 
Erosion Damage  
Water quality impact 
Excessive Rinsing  
Long-term impacted leachate  

Seismic events 
Inadequate ore permeability 
Inadequate drain construction 
Over-steep slopes 
Poor surfaces drainage 
Inadequate liner design 
Poor liner construction 

 
 
Waste Ponds  

FAILURE MODE CONTRIBUTING FACTORS 
Embankment failure 
Liner leakage 
Groundwater impact 
Overtopping 

Weak construction materials 
Inadequate liner design 
Poor liner construction 
Inadequate capacity 
Poor liquids level management 

7 STATISTICAL ANALYSES 

7.1 Approach 
In general, statistical analyses are those in which uncertainty is recognized and where a proba-
bility distribution is used instead of a single value (such as the average value or a value selected 
arbitrarily smaller [resistance] or larger [load] than the average value).  Such approaches are typ-
ically applied to cost estimates and design calculations such as embankment stability analyses, 
seepage and attenuation analyses and water balance assessments. 

In developing cost estimates, the normal deterministic method of estimating quantities and 
unit costs is initially conducted.  Overlaying a statistical approach is then relatively easily done 
by specifying minimum, maximum and most likely values for each of the major quantity and 
unit cost items.  You can also define a likely value and specify a distribution such as a normal or 
log normal.  There are relatively inexpensive tools available that allow you to overlay the prob-
ability distributions to an excel spreadsheet, for example. 

The available software packages typically run what is called Monte-Carlo simulations to de-
velop probability curves.  For example, the computer would perform the basic calculations 
1,000 or 10,000 times, while each time selecting a different combination of parameter values, 
randomly generated, but consistent with the defined input probability distributions. 

There is an art to selecting the probability functions, so choose them carefully.  Where there is 
a higher probability that unit costs or volumes will increase than decrease, use distributions such 
as log normal and include a long tail to the right, i.e. small probabilities of very high costs or 
volumes. 

The same approach can be used when conducting design calculations.  For example, when 
conducting slope stability analyses, probability distributions can be assigned to the various unit 
weight and strength parameters (such as the friction angle and cohesion). In seepage calculations 
in particular, probability distributions with wide ranges are appropriate for the hydraulic conduc-
tivity values, which are inherently difficult to determine.  In water balance calculations, the vari-
able rainfall conditions are represented statistically. 

One significant advantage of performing these “integrated” types of risk calculations is that 
they provide for reasonable maximum and minimum values, which is difficult in a deterministic 
approach. 

The results are typically expressed as a probability distribution or a bell shaped probability 
density curve, as shown in the figures below.  The authors have found it more useful to use the 
probability distribution curve as it allows one to determine what the probability is of exceeding a 
specific cost estimate, or the probability of a slope stability failure occurring. 

Specific uses of statistical cost estimating are as follows: 
 Provide realistic minimum and maximum values.  
 Provides most likely estimates. 
 Allow estimates at a specific level of confidence to be prepared. 
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 Allows one to focus on those items responsible for potential maximum costs and consequent-
ly to conduct additional work to reduce the potential for these cost increases. 
Specific uses of statistical design calculations are as follows: 
 Avoids the potential false sense of security with deterministic analyses.  While a determinis-
tic analysis only indicates a factor of safety, a statistical analysis may indicate that the proba-
bility of a Factor of Safety (FOS) below 1.0 is finite and possibly too large. 

 Identifies those parameters that are the main cause of the probability of an unacceptable re-
sult so that further focused evaluations can be conducted.  

 Allows for statistically-based sizing of key components.  For example, the sizing of a pond to 
contain poor quality runoff below a waste rock disposal facility can be based on a specific ex-
ceedance probability.  

The decision tree analysis described in Section 4 can also be used in conjunction with the prob-
ability analyses described here to incorporate both the project scope uncertainties and the project 
cost uncertainties. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7.2 Case History 
To support the design of a tailings embankment geotechnical investigations were carried out and 
included sufficient sampling and testing to determine the statistical characteristics (i.e. mini-
mum, average, and maximum) of the geomechanical parameters of the materials under the foot-
print of the dam and those to be used to build the dam.  Using these results, probability densities 
were assigned to each geomechanical parameter.  Using slope stability analysis software and a 
Monte Carlo simulator, the probability distribution of the FOS was established as shown by 
curve 1 on the figure below.  The probability of the FOS being less than one was determined to 
be 19 percent. 

This probability was judged to be too high.  The options were to either flatten the embank-
ment slope, a costly option, or to perform additional testing (a less costly option, but still a sig-
nificant effort) to see if the uncertainty of the design parameters could be reduced.  It was decid-
ed to conduct additional borings, test pitting, geologic mapping, sampling and shear strength 
testing.  This testing was done in two phases (represented by curves 2 and 3 on the figure) and 
allowed the variability of the shear strength parameters to be reduced and the probability of a 
FOS to be reduced to10 percent initially, and then finally to three percent. 
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8 ROOT CAUSE ANALYSES 

8.1 Approach 
The primary aim of a root cause analysis (RCA) is to identify the factors (including human, en-
vironmental, technical and others) that resulted in a harmful event.  Such events can include a 
tailings embankment failure, stability or liner failure on a heap leach pad, or a slide on a waste 
rock disposal facility.  (See the risks described in Section 6.3).  The results of the RCA are the 
“lessons learned” and are used to identify what behaviors, actions, inactions, or conditions need 
to be changed to prevent the reoccurrence of a similar harmful event. 

RCAs can be used to implement site operation improvements.  More importantly such analy-
sis can help transform a reactive culture into a forward-looking culture that solves problems be-
fore they occur or escalate.  RCAs also reduce the frequency of problems occurring over time. 

To be effective a RCA must be performed systematically, usually by a team.  There may be 
more than one root cause for an event. Some simple steps to completing a RCA are: 
 Describe the problem or event factually. 
 Gather data that describes the circumstances preceding the event and the actions or inactions 
by the various parties involved. 

 Determine the factors that led directly to the event. 
 Classify these factors into root causes (that if eliminated would prevent the event) and “caus-
al factors” that influence conditions that lead to the event. 

 Identify corrective action(s). 
 Implement corrective action(s). 
 Observe implementation of the corrective actions. 

Tools that can be used in performing the above evaluation include: 
 Re-enactments by participants. 
 Re-enactments using computer models. 
 Failure Modes Effects Analysis. 
 Fault Tree Analyses. 

The basic elements of an RCA should consider the following: 
 Design defects. 
 Defective materials and/or construction methods. 
 Man Power: compatibility, skill, stress. 
 Equipment: appropriateness, maintenance. 
 Environment: work layout, forces of nature (extreme weather conditions). 
 Management: level of attention, demands, communication. 
 Operations, monitoring and maintenance plans: adequacy, practices versus written proce-
dures. 

 Management system: training, hazard recognition, identified hazards. 
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8.2 Case History 
The failure of the Bafokeng slimes dam in 1974 in South Africa has been much debated.  There 
is still no consensus on the ultimate cause of failure.  Possible causes include: 
 Overtopping by the pool that came too close to the crest, with subsequent erosion and wash-
out. 

 High water flow from the pool along the outside of the penstock causing piping of material 
near the toe of the slope. 

 Failure along the weak foundation clay exacerbated by high pore pressures resulting from the 
pool located close to the crest. 

 Piping through sand layers between clay layers.  The piping was made more likely because 
of the proximity of the pool to the crest. 

 Liquefaction of the sands of the perimeter berm caused by vibrations from a bulldozer used 
to raise the outer berm. 

 Poor operation by the bulldozer, which may have scooped up too much tailing and made an 
opening through which the pool overflowed.   
This detailed examination of causes of failure establishes the following guidelines for em-

bankments constructed from tailings: 
 Failure may result from one or a combination of factors. Any one or combination of the 
above factors could have led to the failure. 

 Keeping the pool as far away from and as far below the crest as possible. This is just good 
practice and can prevent overtopping and erosion of the crest of the embankment. 

 Provide drains within the embankment to control seepage. This is good practice and can 
avoid pore pressure buildup and liquefaction, which were some of the potential failure modes. 

 Avoid the use of penstocks.  Rather use a barge. Penstocks create potential seepage pathways 
which can lead to material piping.  If used, measures such as seepage prevention, collars, 
need to be installed. 

 Remove weak foundation layers and compact the outer tailings if possible. This can prevent 
the potential for liquefaction. 

9 CONCLUSIONS 

There are many other names used for one form or another of formal decision making.  In our 
opinion they all boil down to very much the same thing.  All involve a formal examination of a 
system or component by identifying what it does, what it performs, how it could fail, and then 
ranking events or components in order to learn where the system strengths and weaknesses lie.   

In the context on mine waste disposal facility planning, operation, and closure, all the deci-
sion-making methods discussed here are available, documented, used, and useful in the pursuit 
of better, more cost effective, and longer-lasting waste management facilities.   

10 REFERENCES 

Caldwell, Jack (2011)  Mine Closure: The basics of Success.  An EduMine on-line course avai 
 able at this link: http://www.edumine.com/xutility/html/menu.asp?category=xcourse&course=Xclosure 
Caldwell, Jack (2012)  Tailings Facility Design, Operation, and Closure.  An EduMine on-line  
 course available at this link: http://www.edumine.com/xutility/html/menu.asp?category=xcourse&course=Xtailings  

Mill tailings

94



1 INTRODUCTION 
 
This paper shows the deployment of a method developed in over twenty years of world-wide 
Risk Management practice, called Optimum Risk Estimates (ORE)© Oboni Riskope Associates 
Inc. ORE can solve difficulties and liabilities brought to Tailings Management Systems by Risk 
Management approaches using “Risk Matrices”, Probability-Impact Graphs, and “Heat Maps”. 
We will use the acronym “PIGs” generically, to include risk matrices and heat maps. PIGs are 
indeed applied ubiquitously by Risk practitioners, despite critical and potentially damaging in-
trinsic problems flawing them.  

Riskope is not the only entity to reckon this. Academia, other consultants around the world 
are indeed starting to or have already published papers going in the same direction (See next 
Section). As a result, we can affirm that “PIGs do not fly”; they are misleading and could get 
their users straight in front of a Judge in a Court of Law. The benefits brought by using the 
ORE methodology are explained in this paper using real life Tailings Risk Assessments for ex-
isting mining operations. With Oboni Risk Associate's ORE it is possible to upgrade an existing 
corporate Risk Register steering operations and projects toward a rational, defensible and 
transparent stance. 

Is it true that PIGs fly when evaluating risks of tailings 
management systems? 

F. Oboni 
Oboni Riskope Associates Inc., Vancouver, British Columbia, Canada 

C. Oboni 
Oboni Riskope Associates Inc., Vancouver, British Columbia, Canada 

ABSTRACT: In many cases risk assessment of complex tailings systems leads to: 1) Manage-
ment being overwhelmed by so many “medium/orange” risks and 2) Management not receiving 
proper guidance in the allotment of mitigative funds to new and old scenarios. “Risk Matrices”, 
Probability-Impact Graphs (PIGs), and “Heat Maps” generally used in mining Risk Assess-
ments, present critical and potentially damaging intrinsic problems, recognized now by Aca-
demia and consultants from different countries, including the authors. When looking at Risk 
Assessments of operations, plants and networks, this paper shows that PIGs (we will use the 
acronym generically, to also include risk matrices and heat maps) do not fly. They are mislead-
ing and actually constitute a liability. In the paper we show first the fallacies of PIGs, (“Risk 
Matrices”, Probability-Impact Graphs (PIGs), and “Heat Maps”) when used for mining waste or 
tailings management, then we describe two mining case studies where the rational approach 
called Optimum Risk Estimates (ORE) has been used. Optimum Risk Estimates (ORE) over-
come the problems and fallacies of PIGs. The results are discussed in detail, showing how all 
the intrinsic problems and liabilities of PIGs are solved by upgrading existing corporate Risk 
Register, and how the ORE approach covers management requirements and allows steering op-
erations, projects and corporations toward a rational, defensible and transparent mitigative 
stance. ORE are the first and most important step in increasing the resilience of complex sys-
tems, they have been deployed in mining, but also to nation/system-wide risk management ap-
proaches in Europe. 
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2 OUR JUDGEMENTS ARE CLOUDED BY PREJUDICES AND MISCONCEPTIONS 
2.1 Limitations and Flaws of Common Approaches 
Over the last five decades or so, the risk management community has settled on representing the 
results of Risk Assessments with PIGs. PIGs are ubiquitous, but have a number of staggering in-
trinsic conceptual errors, with potentially dramatic negative consequences on their users. 

In the last decade technical literature has begun to specifically address PIGs logical and math-
ematical limitations (Cox et al. 2005, Cox 2008, Cresswell, Hubbard 2009, Chapman & Ward 
2011). Reportedly, the debate has recently found its way to the UK’s Association for Project 
Management Risk Special Interest Group; Chapman and Ward discuss this debate in their book. 
The quoted literature shows that little research rigorously validates PIGs performance at improv-
ing risk management decisions and exposes PIGs poor resolution and errors. Typical risk matrices 
can only correctly and unambiguously compare a small fraction, reportedly less than 10%, of ran-
domly selected pairs of hazards. Furthermore, they can assign identical ratings to quantitatively 
very different risks, a phenomena often referred to as “range compression” and can mistakenly 
assign higher qualitative ratings to quantitatively smaller risks. These inaccuracies can lead to mis-
taken resource allocation. 

It also appears that the meaning of a risk matrix may be far from transparent, despite its simple 
appearance. In general, risk comparisons in a risk matrix require explanations—seldom or never 
provided in practice—about the risk attitude and subjective judgments used by those who con-
structed it. In particular, as consequences are generally random variables with a large range, then 
there may be no guarantee that risks receiving higher risk ratings in a risk matrix are actually 
greater than risks that receive lower ratings. That is most likely why NASA (NASA 2007) stated 
in their Systems Engineering Handbook that risk matrices are not an assessment tool, but can fa-
cilitate risk discussions and help track the status and effects of risk handling efforts, and com-
municate risk status information. NASA then quotes more than five limitations similar to those 
described above.  

2.2 A Glimpse into Behavioural Sciences 

The continued “main stream” reliance of using inappropriate techniques like PIGs, and being 
satisfied with their results, or, using intuition to correct PIGs' evident fallacies, is simply anoth-
er manifestation of what Kahneman and Tversky explored when they examined the ways Hu-
mans have found to introduce irrelevant criteria in decision-making (Kahneman & Tversky 
1979, quoted in Oboni & Oboni 2007). 

As a matter of fact Kahneman and Tversky have explored in detail how human judgment can 
be distorted when making decisions under uncertainty: humans tend to be risk-averse when fac-
ing the prospect of a gain, and paradoxically risk-prone when facing the prospect of a loss (even 
if the loss is almost certain to occur)! So, using improper methods like PIGs, which almost sure-
ly will lead to confusion, losses, and poor planning sits well with “main stream” human nature, 
as does disregarding what a reputable scientific group like NASA spells very clearly in a manu-
al that allowed Man to go to the Moon. 

Once we realize that using PIGs is no more than a help for discussions, is not an assessment 
tool, (NASA, 2007) and using them leads at best to wasting precious mitigative funds (Cox 
2008, Hubbard 2009, Chapman & Ward 2011), the whole idea of being able to correct existing 
PIGs, as they stand in most industries, comes out as a clear winner: by deploying rational pri-
oritization we give a rest to our scientifically proven fallacious intuition, and allow our rational 
ego to make better informed decisions. 

3 ARBITRARY SELECTIONS IN RISK MANAGEMENT ARE A LIABILITY 

Based on the discussion above, we can foresee that soon cases will be challenged in Courts of 
Law against companies using PIGs for their risk assessments and the resulting decisions. The 
questions that could be asked to those companies will be horribly embarrassing and very dam-
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aging, as they will tend to prove that the approach constituted a professional negligence, due to 
blatant breach of the Duty of Care. Here are a few summarized examples of questions that 
could be asked (See http://foboni.wordpress.com/2012/03/01/arbitrary-selections-in-risk-
management-are-a-liability/ for a complete discussion on this subject.): 

1. So, on which basis did you decide that the probability of the event was “medium”, or 
whatever your PIG shows, and more importantly, why did you neglect to use any of the 
methods, published from the ’80s on about (subjective, expert driven) approximations 
of probabilities? 

2. What is the basis for defining consequence (loss) classes in your PIG? ... 
3. Which studies did you develop to define the various class limits of likelihood, and loss-

es? On which basis did you select those limits? 
4. Why did you limit the highest class to -x- casualties and -y- millions? ... 
5. So, did you use PIGs just because every one uses them? ... 
6. Which criteria did you use to select the colours of your cells, which correspond to vari-

ous levels of criticality? What criteria did you use to define those levels of criticality? 
7. There are tolerability criteria published since the mid ’60s. How come your colour 

threshold does not match any known tolerability criteria, ....? 
8. Using “credible scenario” is a censoring decision. How come you felt entitled to censor 

your analysis? ... 
9. Using “average p, C (loss)” is a biasing decision. .... 

We doubt a PIGs user will be feeling in a strong position to further argue the case. The next 
sections will show how to avoid these pitfalls and their unpleasant consequences. 

4 CASE STUDY 1 

We will use, for this first Case Study, Operation Ten (OT) belonging to our client AAA Inc. 
(AAA) (names, locations and risk names have been altered to respect client's confidentiality), a 
medium sized mining operation. Geographic location, mining type and product do not matter 
for this discussion. 

OT's Management formulated an explicit request to the Authors to deliver a risk based deci-
sion making (RBDM) support study: “The assessment will consider the particular environment, 
specific location and activities of OT to envision mitigating its risks to a tolerable level and to 
establish a conceptual framework to support decisions regarding its future conditions. In partic-
ular, the Action Plan will be mainly targeted to OT's decision makers and should answer practi-
cal questions... ”. 

The study started by analyzing the Status Quo, including the level of awareness, understand-
ing and sophistication of OT/AAA and concluded that they were at par with the international 
consensus in the area of risk assessment. OT was using PIGs and it became obvious that Man-
agement was not getting the guidance they were seeking. Riskope's ORE was deployed as de-
scribed in the following sections. 
4.1 Status Quo Analysis: PIGs Approach Before ORE Deployment 
OT used PIGs to prioritize risks compiled in a risk register (prepared with a commercial soft-
ware) in view of their management. OT's PIG was a 5x5 classes (frequency x severity) matrix 
defined as follows.  
 
Classification   Level   Characterization 
Frequency     1     1 failure in over 100 years 
         2     1 failure in 10 to 100 years 
         3     1 failure in 5 to 10 years 
         4     1 failure in 1 to 5 years 
         5     more than 1 failure per year 
 
Severity     1     $0 to $1,000,000 in costs 
         2     $1,000,000 to $5,000,000 in costs 
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         3     $5,000,000 to $15,000,000 in costs 
         4     $15,000,000 to $50,000,000 in costs 
         5     more than $50,000,000 in costs 

 
OT had selected four stepped thresholds of attention (criticality) for risks in the matrix: Se-

vere, High, Medium, Low. A rule based on the value of the multiplication between the frequen-
cy and the severity indexes had been established as follows. 

 
       Min  Max   Risk Rating   Freq * Severity 
Severe  S  20   25    S = Severe   > 19 
High   H  10   19    H = High    10 TO 19 
Medium M  4   9    M = Medium  4 TO 9 
Low   L  0   3    L = Low     < 4 

 
OT's 50 extant risks scenarios had been prioritized as follows: 0 Severe, 14 High, 25 Medium 

and 11 Low risks. Do you remember the old saying that you should “never cry wolf”? Well, 
with 14 High, 25 Medium, Management's reaction was to say: “too many to cope, let's wait or 
let's give equal attention to all”, which was intrinsically hazardous because it gave a “false 
completeness” sense of security. As discussed earlier, PIGs do not have the ability to deliver 
clear guidance in the selection of risks priorities, or to test the adequacy of mitigation plans 
(See http://foboni.wordpress.com/2010/06/08/bp-crisis-rational-analysis-what-bp-did-not-
perform/ for more details.). As a matter of fact, the problem of expenditure on safety measures 
is one of allocation of resources and cost-effectiveness which has to be based on the whole 
spectrum of possible events, instead of the Maximum Credible Event, ALE (Annual Loss Ex-
pected) or some other deterministic parameter (Lees, 1980).  

This inappropriate funds allotment becomes even more problematic when, as it happens in 
economic downturns, mitigative budgets tend to shrink. 

4.2 ORE Deployment: Converting Risk Register Data into Usable Data 
A series of four proprietary questions was used in a facilitated workshop with key personnel to 
allow the definition of tolerability. Then OT's matrix frequencies' indexes were converted into 
probabilities and the consequences indexes were turned back into monetary losses. Once the 
indexes were eliminated it became possible to evaluate “real” risks, as the product of probabil-
ity and consequences, expressed in monetary terms, and plot them in a probability-
Consequences (Losses) diagram. 

 

 
Figure 1. The original matrix cells are shown on a log-log probability-consequences plot, together with the 
newly developed OT's tolerability curve. 
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That diagram (Probability (vertical axis, a number between nil and one)- Consequences (hor-
izontal axis, dollars)) is displayed in Figure 1, and the newly defined tolerability curve plugged 
in. As it can be noted, the curve follows the steps of the matrix threshold (yellow-red limit) 
with classes displayed here in a log-log scale. The “total” risk for each scenario can be calculat-
ed, and when applicable, it is possible to evaluate which portion of that risk lies above the tol-
erability as depicted in Figure 2.  

 

 
Figure 2. When probability and consequences of a scenario are evaluated, the total risk is equal to (p*C). 
The blue area is the tolerable part of that scenario, the orange part is the intolerable portion. NB: the log-
log scale requires some attention when interpreting the relative size of surfaces. 

 
The bar graph in Figure 3 shows, as an example, a small portion of the risks from OT's origi-

nal Risk Register, with the tolerable part in blue, the intolerable part in orange, and the total 
risk equal to the sum of the blue and orange bars for each scenario. 

If we plot risks from highest down to lowest, Figure 4 shows the top 20 risks. We can see 
that even though some risks scenarios are overall higher (blue and orange bar), the size of the 
intolerable part (orange bar) may lead to a completely different prioritization, resulting, of 
course, in a different respective allocation of mitigative resources. 

 

 
Figure 3. A small part of OT's original Risk Register, with, for each scenario, a tolerable and intolerable 
risk partition. 

4.3 Rational Prioritization of Risks 
Rational and transparent prioritization is achieved when risks (above tolerability) are ranked in 
decreasing order of the intolerable portion (only the orange bars), even if the overall risk is 
higher, leading to the graph displayed in Figure 5. 
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Figure 4. OT's largest total risks, in decreasing order from left to right. 

 
At this point it becomes interesting to compare the relative value of the risks' intolerable part 

for the allocation of resources regarding mitigations measures. 
We can see from Figure 6 that five OT's scenarios count for 83% of the total intolerable 

risks. We could therefore state, at first sight, that for every dollar spend for mitigations approx-
imately 80 cents should be spent in relative proportions for the 5 “top intolerable” risks, then 
the remaining 20 cents should be split amongst the next 15 risks. 

 

 
Figure 5. OT's Risk Register risks are now ranked in decreasing order (from left to right) of their intolera-
ble part. 
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Figure 6. Relative values of the intolerable part of OT's risks. 

 
The remaining 30 scenarios should not even be considered at this time. In other words, 

among the 50 risks scenario present in OT's Risk Register, 5 should be allotted 80 % of the re-
sources and 15 others should employ 20% while the remaining 30 should not even be consid-
ered before the first 20 are not brought below the tolerability curve. 

When the risk panorama will change because of implemented measures, the prioritization 
will change and it will be very easy to rationally and transparently update OT's ORE rankings.  

4.4 Summary of Results and Benefits 
From OT/AAA's original rating of 50 risks which split into 0 Severe, 14 High, 25 Medium, and 
11 Low risks, by using a newly developed OT tolerability curve, and using the intolerable part 
of risks as a rating parameter, we determined a new rating which allows for more rational al-
lotment of capital and effort. Following the new rating it can be seen that among those 50 risks, 
5 should be allotted 80 % of the resources and 15 others should employ 20% while the remain-
ing 30 should not even be considered before the first 20 are not brought below a tolerable level.  
 
 Comparing these values to those generated using PIGs, ORE defines 5 risks that should share 
80% of the available resources, whereas PIGs finds 14 (or more?) sharing an unspecified per-
centage of the available resources. Or 15 risks sharing 20% of the available resources, instead 
than 25 sharing an unspecified percentage of the same. One other way of seeing it? Well, if 
Management has to mitigate 5 risks instead of 14, they will be keener to do so, and it will be 
done faster! 

ORE benefits brought to OT can be summarized as follows: 
 The prevalent critical risks were brought forward in a clear, rational and defensible 

way. 
 The number of critical issues was shown to be smaller than originally evaluated. 
 The insurance portfolio (including self-insurance policies) was shown to be poorly bal-

anced and adjustments were proposed. 
 The new priority list let Management make better mitigative investments' allotments 

and freed moneys that could be better allocated elsewhere in the Operation. 

5 CASE STUDY 2 

This case study bears on a complex tailings pond system, as described in Figure 7. 
Each number in the Figure represents a Tailings Dam, a Spillway or a scenario. The study 

lead to the definition of the risk for each element (from hazards such as Stability, Erosion, 
Overtopping, Vandalism & Sabotage, Internal erosion, Concrete Failure, etc.). Elements are 
numbered 1 to 17 (Figure 7). Complex domino scenarios from multiple failure were considered.  

Proceedings Tailings and Mine Waste 2012  |  Keystone, Colorado, USA  |  October 14-17, 2012

101



Figure 7. Tailings pond system. 
 
As in Case Study 1, the Tolerability Curve was first developed for the client. 
The intolerable bar of each element was then computed, leading to a better understanding of 

the risk environment as shown in Figure 9. Note that as only 6 Risks were intolerable, the re-
maining 13 were set aside for the short term. 

If we were to proceed without ORE, i.e. only look at risks as displayed in Figure 8 (Total 
Risk per element), we would prioritize as shown in Figure 10 (Pre-ORE, Left). The same Figure 
10 shows on the right the ORE prioritization.  

 

 
Figure 8. Total Risk per element. Each Appendix corresponds to the risk assessment of the corresponding 
element 1 to 17 (Figure 7). 

 
It becomes obvious that the total risk prioritization (Pre-ORE, Left) would lead us to consid-

er the elements described in Appendix 3,4,6 as the main drivers of the Tailings System risks, 
covering 88% of the total exposure. 
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Figure 9. Intolerable Risk per element as discriminant. 

 
Including the next three largest risks (Appendix 3 smaller scenario, 11b, 2) would lead to 

covering 97% of the total exposure. Again, like in other commonly used approaches, the total 
risk prioritization lacks definition, leads to poor allocation of funds and causes managers to be 
overwhelmed by the number risks that all appear to have the same level of concern. 

 
If we focus now the attention on the ORE prioritization (Right) we see that 87% of the total 

intolerable exposure is shared by Appendix 3 (small and large scenario), and 11b, but 17, 9 and 
11a come next (Appendix 4, 6 have vanished because their risks are tolerable). It becomes ap-
parent now that the pre-ORE prioritization would have triggered mitigative investments toward 
two elements that are not critical (Appendix 4, 6). 

Appendix 17 and Appendix 9 which, from a Total Risk point of view, were considered neg-
ligible, are actually intolerable and following the ORE prioritization will receive due attention. 

 

 
Figure 10. Pre-ORE relative Risk per element as discriminant (Left). ORE Intolerable Risk per element as 
discriminant (Right). 

 
As for the elements with two different scenarios (Appendix 3,11), they were recognized as 

more critical than previously imagined as even their lower risk scenarios are actually intolera-
ble. 
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6 A DEFENSIBLE APPROACH 

In this section we show a summary of the replies that ORE users can give if asked to justify 
their doing (See http://foboni.wordpress.com/2012/03/22/avoid-liabilities-by-using-optimum-
risk-estimates/ for full discussion.): 

1. We did not define classes, rather we ranked risks by looking at their possible intolera-
ble part for the specific case.  

2. Probabilities were defined by methods which are applicable to available data sets, by 
selecting the most appropriate methodology for each scenario. Inevitable uncertainties 
were given due consideration ... 

3. We did not need to define consequences classes.  
4. We did not need to arbitrarily select “the worse” between a physical loss or human 

losses, or environmental losses. ... 
5. We decided to use ORE because we understand the limitation and gross conceptual 

mistakes lined to using PIGs, and we refuse to do what everyone does as we recognize 
that common practice is not an excuse for negligent approaches. 

6. Our tolerability criteria was established using repeatable methods specifically for the 
client's operation under consideration. 

7. There are no cells in our ORE, no colors, and our tolerability criteria either matches 
well-known societal thresholds, or uses a specifically developed threshold (for physical 
losses) which suits client's organization needs and requirements. 

8. We did not need to censor our scenarios.  
9. We used a likelihood threshold of 10-5 to 10-6 for credibility, which is compliant with 

best practices in highly regulated industries, like, for example, chemical processing. 

7 CONCLUSIONS 

This paper shows how “standard” risk approaches, PIGs (risk assessments, risk register, ERM), 
can be enhanced using ORE. OREs offer a cutting-edge competitive advantage, freeing capital 
for business and production development, leading to more easily defensible, and justifiable de-
cisions. In other words, the mantra is: stop wasting money and effort in mitigative measures 
that do not pay off, over-investing in some mitigations and probably under investing in others, 
with, in both cases, potentially devastating unjustified consequences. ORE prioritization is con-
sistent, unambiguous, and provides context for better understanding organizations' risks. 

ORE can be applied to projects (Project Risk Assessment), at the Pre-feasibility or Feasibil-
ity stage, or to a thriving Operation (Operational Risk Assessment), and is scalable and updata-
ble in transparent and justifiable ways.  

 
The benefits yielded by the approach an be summarized as follows : 

 The prevalent critical risks are brought forward in a clear, rational and defensible way. 
 The number of critical issues is generally shown to be smaller than originally thought. 
 The insurance program is often shown to be unbalanced and adjustments can be pro-

posed. 
 The new priority list lets Management make better decisions regarding mitigative in-

vestments allotments and frees moneys that could be better allocated elsewhere in the 
Operation.  

 The methodology allows rational updating of the probabilities when new data are gath-
ered.  

ORE can reuse most of the work already developed to establish PIGs. With ORE it is possi-
ble to upgrade existing corporate Risk Registers and to steer toward a rational, defensible and 
transparent stance. 
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1 INTRODUCTION 

LaRonde mine (LaRonde), owned by Agnico-Eagle Mines Ltd (AEM), is located approximately 
50 km from the town of Val d’Or in northwestern part of the province of Quebec in Canada 
(Figure 1). The mine has been exploiting a poly-metallic deposit (gold, silver, copper and zinc) 
for 24 years. Since the beginning of the operations, the mine has undergone several development 
and expansion stages. From a production rate at its debut of 1,810 tonnes per day (tpd) for a to-
tal planned tonnage of 4.97 Mt, the mine has gradually reached a daily production rate of 
7,200 tpd and a total tonnage to be mined of 29.01 Mt in 2010.  

LaRonde mine tailings pond development – a case study of 
innovation and benefits of a close collaboration between the 
design and operating teams 
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ABSTRACT: LaRonde mine is located in Abitibi, in northwestern Quebec, approximately 
60 km away from the town of Val D’Or. The mine has been exploiting a poly-metallic deposit 
(gold, silver, copper, zinc and lead) since 1988 and has gone through a continuous increase of 
its production rate from 1,810 tonnes per day (tpd) to about 7,200 tpd today. From 1988 to De-
cember 31, 2007, LaRonde mine had produced about 25.0 Mt of ore and the proven and proba-
ble reserves had gradually increased to about 34.9 Mt at the end of 2007. The constant increase 
in reserves has required a constant increase in tailings and water storage capacity. Starting with 
a small tailings pond built in the late 80’s and a limited extension built in the late 90’s, the mine 
with the assistance of Golder Associates started a new capacity increase study in 2004 resulting 
in a design that allowed extending the life of the tailings pond while remaining on the same 
footprint. The decision to develop the tailings pond using the Engineered and Controlled Se-
quential Raises on Tailings (ECSERT) method was dictated by technical, environmental and so-
cial concerns. The ECSERT method of design, construction, monitoring and back analyses al-
lowed raising the pond 7 m higher than originally planned (9 m to be reached in 2013)  by 
maintaining a good equilibrium between an increase of the hydraulic gradient and stability con-
sidering the liquefaction potential of the tailings. 
 In 2008, a new life of mine (LOM) showed that the tailings pond capacity would be insuffi-
cient. A new study was then initiated for the site selection and design of a new tailings pond in 
accordance with the new version of Directive 019 (Directive 019, 2005).  One of the key com-
ponents of this study was the detailed site selection, which took into account environmental, so-
cial and economical aspects of the project, and the hydrogeological modelling to assess the 
compliance of the seepage rates from the tailings pond with the new Directive 019 criteria. The 
new basin received its approval early 2010 and was constructed the same year.  
 This article thus presents the development process of this complex project over a period of 
more than 10 years.  While such a project is quite typical in the mining industry, this one was 
characterized by a close collaboration between Agnico-Eagle Mines, the owner of LaRonde 
mine, and Golder Associates that benefited the overall project outcome.   
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Figure 1. LaRonde mine location map. 

 
Tailings generated by the mill process are deposited in the LaRonde tailings storage facility 

(TSF) covering a total surface area of 230 ha. The original TSF was built in the late 80’s and is 
confined by Dykes 1 and  2 as shown in Figure 2. The East extension, confined by Dyke 7 as 
shown in Figure 2, was built in the late 90’s. Dyke 10 limits the newly built extension (see New 
Extension on Figure 2). The tailings supernatant water is transferred to the environment through 
a system of polishing ponds and water treatment plants located west of the TSF. 

2 HISTORICAL DEVELOPMENT AND CHALLENGES 

Since 1999, the LaRonde TSF has been confronted with two major problems of storage capaci-
ty. The first one is the result of the normal evolution of the mine plan over the years. The 
LaRonde mine, as many other modern mines, has gradually increased its reserves and produc-
tion rate thus needing larger storage capacity for the tailings and process water. In addition the 
TSF had to accommodate the tailings originating from another mine, the Lapa mine, bringing 
another level of complexity to the management of the tailings and water. 

The second major issue that LaRonde mine had to face is the result of the increased challeng-
es with time related to water management at the site. After 1999, the mine accumulated signifi-
cant water volumes in the TSF following the decision to limit water discharge if water effluent 
with unacceptable toxicity levels until an appropriate water treatment plant was operational. 
Therefore, during the period between 1999 and 2004, when an appropriate water treatment unit 
was operational, water accumulated in the system. In 2004, AEM commissioned a biological 
treatment unit to treat the mine effluent and allowing LaRonde mine to discharge water to the 
environment and gradually decrease the accumulated water volumes in the ponds. However, op-
timization of the treatment unit required time and effort, thus contributing further to a temporary 
increase in water volumes stored in the pond.  

Therefore, the storage capacity of the TSF had to take into account not only the new tailings 
tonnages but also the water storage requirements to allow the mine to meet its environmental ob-
jectives. 

In 2002, a first storage capacity increase study was completed to help the mine accommodate 
the need to store water and to process the new reserves. This study focused on increasing the ca-
pacity of the existing pond. The choice to remain on the same footprint was made mainly for 
environmental reasons even though increasing the storage capacity of this confined area brought 
several challenges, especially considering the stability of the confining structures. It was decided 
that it appeared preferable to maximize the use of the already impacted area by raising the pond 
to the ultimate elevation of 352.0 m rather than expanding in new area. The choice of elevation 
352.0 was mainly dictated by issues of visual integration to the surrounding topography. 
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In 2008, a new mine plan revealed that the total TSF capacity, according to its development 
scheme, would be insufficient to meet the new needs. A new study was performed to assess dif-
ferent options and complete the design for the selected option according to the criteria of the 
new Quebec regulations (MDDEP, 2005). 

This article presents the approach followed by LaRonde mine with the need of capacity in-
crease of its TSF. The project has spanned over 10 years and highlights the main challenges 
faced during its development. It first presents the proposed design to increase the capacity of the 
existing TSF in the first development phase. It then presents key considerations of the design for 
the new expansion of the TSF built during the second development phase of the TSF. 

3 FIRST DEVELOPMENT PHASE 

3.1 Description of the existing TSF according to its 2002 configuration 
In 2002, the LaRonde TSF had the configuration shown in Figure 2. 

 

Figure 2. Plan view configuration of the LaRonde TSF at the beginning of the first develop-
ment phase. 

 
Dykes 1 and 7 confine the pond to the east and to the west respectively. The former Dyke 2, 

originating from the very first late 80’s TSF, separates the pond in two. 
1. Dyke 1, built approximately to the elevation of 337.0 m in 1988, is a semi-permeable 

structure consisting of an acid generating waste rock body with an upstream 2 m thick 
clayey till core liner and geotextile as a transition layer. The dyke has been raised 
twice. The raise was designed to extend the low permeability section to the new crest 
elevation. The dyke’s final elevation is at 343.0 m corresponding to approximately 15 
to 20 m in height. 

2. Similar to Dyke 1, Dyke 7 has been built in several stages. This dyke represents the 
confining structure built in 1998 to the east and consists of a low permeability central 
core with a system of continuous filter drain and finger drains. Dyke 7 has been 
raised twice to reach the elevation of 343.0 m. 

 
 
 
 

Dyke 1 

Polishing 

Ponds 

Cross-section location 
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Figure 3: Typical cross-section for Dyke 1. 
 

 

Figure 4: Typical cross-section for Dyke 7. 

3.2 Capacity increase 
After an assessment of the different possibilities, it was decided in 2002 by AEM in consultation 
with Golder Associates to increase the existing pond capacity rather than develop a new storage 
area. Beside the lesser impact on new areas, this approach also offered other advantages. In par-
ticular, it met the operational and environmental objectives of the mine: 

 Rapidly increasing the water storage capacity to respond to the complex water man-
agement situation until an appropriate water treatment until was operational. 

 Maximize the use of the already impacted area and, delay the use of non-impacted 
lands. 

 Allow progressive rehabilitation of the TSF. 
 Develop an economical solution allowing an acceptable compromise between con-

struction costs and capacity increase. 
The proposed capacity increase scheme was progressively assessed and a filling scheme was 

developed. The filling scheme is a very important component of any tailings pond study and 
should precede any detailed design effort. Often, the filling scheme might be the driver behind 
the construction sequence of the raises and their configuration, in particular if tailings beaches 
are to be used as foundations. The filling scheme developed estimated that an additional 23 Mt 
could be accommodated in the existing tailings pond if its height could be increased to elevation 
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352.0 m, i.e. 9.0 m above the crest of Dykes 1 and 7. Figure 5 provides an example of the filling 
scheme developed for the site at elevation 352.0 m. 

 
 

Figure 5: Filling scheme, final configuration, pond at elevation 352.0 m. 

3.2.1 Raising scheme 
It is important to mention that the proposed raising scheme was driven by key technical consid-
erations. Several different raising schemes were developed before choosing the one presented 
hereafter. It quickly appeared that any raises requiring the increase in height of a low permeabil-
ity element could result in unacceptable long term risk and could be constrained by borrow ma-
terials availability.  

Central raise was not considered feasible from the beginning for Dyke 1 as it could result in 
an important increase in hydraulic gradients in the dyke body. Taking into account dyke 1 be-
haviour and its configuration, it was decided that hydraulic gradients should not be increased 
significantly beyond their actual magnitude. 

Center line raise was considered feasible for Dyke 7. However, in the long term, it was also 
felt that it could have resulted in unnecessary gradient increase unaccounted in the initial design. 
Therefore, the main consideration for the selected raising method was the need to decrease or at 
least maintain the gradients at their 2002 level in the long term. 

The Engineered and Controlled Sequential Raises on Tailings (ECSERT) method (Julien 
2011) was considered in 2004 as a potential method to increase the capacity of existing TSF 
while stabilizing hydraulic gradients. This method relies on extensive characterization, model-
ling and back-analysis, and should not be associated to the common upstream raising method 
widely used in the past and often criticized. This approach was considered the most viable from 
an hydrogeological and economical point of view. Nevertheless, it was also recognized from the 
early stages that this design method had its challenges, especially considering the liquefaction 
potential of the tailings at LaRonde mine. A CPT field investigation completed in 2001 demon-
strated that the LaRonde tailings were susceptible to liquefaction. A detailed study was under-
taken to study this aspect and to develop an approach to reduce the risks associated with this is-
sue. The study concluded that the raises on the tailings beaches could be safely done if special 
elements were included to reduce porewater pressure build-up during liquefaction.  

3.2.2 Challenges and design approach 
The most important challenges during the design phase were related to proposing a robust and 
safe construction method. Upstream constructions have often been associated with failures and 
has left negative impressions over the years. Failures have occurred during construction, opera-

Tailings Pond 

East Extension Dyke 7 

Dyke 1 

Dyke 1 North 

Dyke 1 

Dyke 7 North 

Elev. 352.0 m 

Elev. 352.0 m 

Dyke 2 
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tion and closure. The engineering studies undertaken for the design of the sequentially spaced 
vertical raises took into account the various aspects of the TSF (liquefaction potential of tailings, 
hydrogeology and stability analyses of the TSF) to increase the performance of the design and to 
reduce short and long term risks. 

Re-assessment of the liquefaction potential of the tailings using results from the CPT field in-
vestigation confirmed their susceptibility to liquefaction. The analyses were completed using the 
NCEER 1996 and 1998 guidelines (Youd, 2001) comparing the cyclic resistance ratio (CRR) to 
the induced cyclic stress (CSR). Figure 6 shows typical results indicating that the tailings are 
susceptible to dynamic liquefaction. 

 

Figure 6: Liquefaction assesment: typical example of results. 
 
From these results, it was concluded that liquefaction had to be the key design controlling cri-

teria. From the different analyses, it became clear that the position of the phreatic surface was 
the most critical element. The importance of predicting it correctly and conservatively, while al-
so carrying out back analysis during operation to recalibrate the model became obvious during 
the design process and is the core of the ECSERT design process. 

3.2.3 Seepage and stability analyses 
A series of seepage and stability analyses were conducted using coupled models constructed 
with SEEP/W and SLOPE/W (Geostudio, 2007) to define the optimal configuration meeting 
typical minimum factors of safety for such structures.  

The main goal of the modelling was to establish the offset distance, the need for berms be-
tween the sequential raises and also to define the configuration of the raises in order to obtain a 
maximum phreatic surface drawdown. The final configuration for Dyke 1, with offset varying 
between 15 and 25 m, is presented in Figure 7. 

 

Figure 7: Typical cross-section of the proposed raising scheme proposed. 
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The proposed configuration allowed achieving the main design consideration of not further 
increasing hydraulic gradient on perimeter dykes. The hydrogeological analyses showed that the 
hydraulic gradient in the dyke core stabilized and could even be lowered despite the fact that the 
water level in the tailings pond was constantly increasing. Figures 10 and 11 present an example 
of seepage analysis results. Starting with these encouraging results, a series of stability analyses 
was performed for different conditions. Meeting the criteria set for static and pseudo-static con-
ditions was relatively simple; meeting the criteria set for post-liquefaction condition was more 
difficult to achieve and required introduction of special design elements. 

 

 
Figure 8. Example, dyke 1 – crest at 343.0 m and pond water level at 341 m, gradient higher than 4 devel-
oping in the core of the dyke, cross-section B-B’. 

 

 
Figure 9. Example, dyke 1- with vertical raise and pond water level at 350 m, gradient lower than 1 in the 
dyke core despite a 9 m raise in the pond water level, cross-section B-B’.  

 
The following conceptual model was developed for the stability analyses done for post-

liquefaction condition: 
 Tailings were modelled as low strength material, having a residual friction angle of 

about 5°. Given that post-liquefaction is a temporary condition and that the pore pres-
sure should dissipate, a factor of safety of 1.0 was selected, meaning it was accepted 
that the system could be temporarily close to a state of limit equilibrium 

 It was also considered that the layers of tailings above the phreatic surface would be 
in an unsaturated condition and therefore should develop some residual strength asso-
ciated with the suction. It was felt that given this condition, the tailings could be able 
to sustain larger loads. In the model, a friction angle related to the unsaturated condi-
tions of 15° was attributed to the tailings resulting in some increase in strength above 
the water table. 
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3.3 Instrumentation, Monitoring and Back Analyses 
The 2 m raises were built in 2004, 2005, 2007, 2009 and 2011. The most recent raise brought 
the TSF to elevation 350 m. It should be mentioned that the raises were all completed success-
fully without any foundation failure during construction. LaRonde tailings were allowing for a 
rapid dissipation of excess pore pressure. Following construction, Casagrande piezometers were 
installed along six cross-sections passing through the main dyke and raises to monitor water lev-
el in the tailings. The locations of the cross-sections are shown on Figure 2.  

Personnel at the LaRonde mine monitor the piezometers on a regular basis. The objective is 
to monitor the evolution of the water level in the tailings near the main dyke and raises as the 
TSF evolves to design the subsequent raises. 

3.3.1 Water Level Evolution 
Piezometer monitoring indicates that even though the pond water level has increased throughout 
the years, the phreatic surface appears to be dropping toward the dykes to reach levels close to 
the ones observed before and directly after the first two raises. Figure 10 presents an example of 
the evolution of water level measurements along cross-section B-B’ located on Dyke 1. Piezom-
eters PZ-05-04 and PZ-05-05 located close to Dyke 1 show a small increase in water level 
through time (less than a metre), while the pond water level increased by about 4 m. 

 

Figure 10. Example of evolution of water level measurements. Piezometer monitoring along cross-section 
B-B’. 

3.3.2 Back Analyses 
Hydrogeological back analyses of Dykes 1 and 7 were performed prior to each raising. In 2010, 
as part of the design studies for the raise at elevation 350 m a full review was carried out. The 
back analyses aimed at comparing the predicted and observed phreatic surface, re-evaluate the 
hydraulic gradient developed in the dykes’ cores and to be used as input data to perform the sta-
bility analyses. The following describes the steps of the back analyses study.  

Hydrogeological models used in 2004 were updated to reflect the evolution of the TSF. Dyke 
and foundations hydraulic conductivities used in the models were based on field and laboratory 
measurements from previous studies at the site. They were kept constant throughout the model-
ling process. Modelling trials were run on tailings hydraulic conductivities until modelling re-
sults closely matched the observed average water level measurements.  

The tailings mass was divided into several regions with different hydraulic conductivities to 
represent the variability of this parameter along the tailings beach. By including a variability of 
this parameter, the phreatic surface modelled resulted in a closer match to the field measure-
ments. It is well known that tailings beaches may exhibit a quite large variability in terms of hy-
draulic conductivities. Tailings hydraulic conductivity varied between 9x10-7 m/s and 5x10-5 m/s 
with an anisotropy (kv/kh) ranging from 0.1 to 1. Figure 11 presents a comparison between mod-
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elling results and average water level measurements along cross-section B-B’. The difference 
between average measurements in the field and the modelled phreatic surfaces was less 0.5 m 
for the four sections modelled as shown in Figure 12. 

 

Figure 11. Example of modelling results, cross-section B-B’ (dashed blue line represents the 
predicted phreatic surface, black solid line is measured). 

 

Figure 12. Average water level measurements vs modelling results for the cross-sections modelled. 
 
Figure 13 presents the hydraulic gradient distribution resulting from the seepage back analy-

sis. Hydraulic gradients modelled in Dyke 1 for an average pond water level of 345.6 m are 
lower than the ones predicted for a pond water level at 341.5 m and water ponding close to the 
dyke (see Figure 10).  

By using the ECSERT method, an increase in the total capacity of the TSF was made possi-
ble. This allowed increasing the TSF elevation while stabilizing the hydraulic gradients on pe-
rimeter structures and meeting the environmental objective of limiting the footprint.  

 

Figure 13. Example, dyke 1- back analysis result for hydraulic gradient, cross-section B-B’.  

Water  Level  

in  Pond  1  

PZ-‐05-‐4  
Berms  and  raises  
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4 SECOND DEVELOPMENT PHASE 

In 2008, a review of the TSF deposition plan and total remaining capacity combined with a new 
LOM lead to the conclusion that additional storage capacity, in the order of 3.5 Mm3 of tailings, 
was needed. Capacity increase of the existing TSF was limited both physically and technically 
as the gain in storage capacity decreased with each raise. The expansion of the TSF was found 
necessary. 

LaRonde mine mandated Golder to develop a new TSF while continuing the development of 
the existing one as planned in the 2004 study using the ECSERT method. This second phase in-
cluded a site selection study, a field investigation, the design of the storage facility which all 
lead ultimately to the construction of the new TSF and its commissioning in 2010. The site se-
lection and TSF design were done in accordance with the 2005 version of Directive 019 
(MDDEP, 2005) which includes guidelines on the TSF environmental performance. This section 
describes the some of the main aspects of this study: the site selection study and the hydrogeo-
logical modelling done to assess the compliance of the seepage rates from the TSF with the Di-
rective 019 criteria. 

4.1 Site Selection Study 
The LaRonde mine is located less than 3 km north of the town of Cadillac and 5 km south of the 
town of Preissac. Lakes Preissac and Chassignole located directly to the north are used for sport 
fishing and are surrounded by cottages. An outfitter is located on Lake Chassignole. As most 
mining projects, the social aspects were considered as important as the environmental aspects 
for this particular study.  

This study was completed through a series of stages involving the LaRonde mine personnel 
from the beginning:  

 Pre-selection of potential sites based on a nominal capacity, pre-screening criteria and 
the LaRonde mine operational considerations. 

 Development of evaluation criteria and scoring scheme for this project. 
 Assessment of the potential sites. 
 Evaluation and selection of a site for further development. 

 
The site selection process followed in this 2008 study is similar to the one proposed in the 
‘‘Guidelines for the Assessment of Alternatives for Mine Waste’’ by Environment Canada dated 
March 2011 (Environment Canada 2011). 

4.1.1 Pre-selection  
A series of meetings were held with the LaRonde mine personnel to determine the pre-screening 
criteria such as: 

 Nominal capacity required; 
 Presence of lakes, river or wetlands inside the planned TSF footprint 
 Presence of mineralized zone 
 Mine property or claims 

After establishing the list of pre-screening criteria, an area of about 10 km in radius around 
the mine was evaluated for potential sites. Five potential sites were identified during this pre-
selection process. They are presented in Figure 14. Meetings with key stakeholders were orga-
nized to present the results of this first part of the site selection study and the next stages of the 
works that would be undertaken such as the determination of the evaluation criteria and the site 
assessment.  
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Figure 14. Potential sites selected for further study after the pre-screening meeting. 

4.1.2 Evaluation Criteria and Site Assessment 
A preliminary set of evaluation criteria along with scoring schemes were developed. They took 
into account the environmental, social, economical and technical aspects of the project. Then, 
the environmental and social characteristics of each potential site were assessed along with their 
basic geometrical characteristics on which relies most of the technical and economical evalua-
tion. The preliminary criteria and scoring scheme were then reviewed in light of the site assess-
ment and adjusted, if necessary, to better capture the specificities of the project setting. 

Each site was then evaluated. This evaluation showed that the site A4 was the best option 
with a balanced score between the different aspects of the project compared to the other sites. 
This site was selected for further development and was characterized with a detailed geotech-
nical and hydrogeological investigation. Results of the investigation were used for the design of 
the TSF which took place in 2009. One of the key aspects of the design was the evaluation of 
the seepage rate from the facility. 

4.2 TSF Design and Seepage Analysis 
According to the 2005 Directive 019, the daily exfiltration rate from a TSF had to be 3.3 l/m2 or 
less if tailings were classified as potentially acid generating, as it is the case with the LaRonde 
mine tailings. This daily rate is based on a conceptual model consisting of a 3 m thick layer of 
10-6 cm/s clay under a 10 m hydraulic head. A seepage analysis was required to assess the com-
pliance of the seepage rate from the TSF with the Directive 019 criteria. 

The seepage rate from the TSF was evaluated at the perimeter of the facility. In doing so, mit-
igation measures like cut-off walls and grouting had to be added to the design to achieve the re-
quired goals for seepage. 

4.2.1 2D Model 
A 2D model was used to evaluate the exfiltration rate from the TSF. Groundwater flow was 
modelled along four typical sections representing the different soil conditions encountered dur-
ing the investigation and the mitigation measures planned in the design. The locations of the 
sections are presented in Figure 15. The seepage analysis was done for the following three oper-
ating conditions: the TSF filled with water, the TSF filled with tailings and the TSF raised and 
filled with tailings. 

Material properties for the soil and bedrock layers were based on the test results from the field 
investigation. Material properties for the dyke materials and tailings were based on laboratory 
test results and past experience. The bedrock was modelled as two layers: a permeable 5 m thick 
layer representing the fractured and altered shallow portion of the bedrock overlying the low 
permeability fresh bedrock. Boundary conditions representing either the elevation of the existing 
pond water level or piezometric levels measured away from the TSF were set at each end of the 
model. 

LaRonde  

TSF 
Site  A4 

Site  N5 

Site  E3 

Site  O 
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A verification of the model was conducted on section E-E’ running north south across the 
TSF before evaluating the exfiltration rate. This model was run without tailings or water in the 
TSF area to verify if it could reproduce the water levels measured in the field along section E-
E’. The phreatic surface modelled was close to the one observed with the piezometers along 
cross-section E-E’ and supported the conceptual model presented in Figure 16. 

 

Figure 15. Location of sections for the seepage analysis. 
 

4.2.2 Sensitivity Analysis and Exfiltration Rate 
A sensitivity analysis was run on the modelled section E-E’ to evaluate the influence of different 
parameters on the exfiltration rate results. The sensitivity analysis looked at the permeability of 
materials, depth of permeable bedrock layer and depth of the mitigation measures (grout cur-
tain).  

Results indicated that the model was sensitive to the depth of the permeable bedrock layer 
and the hydraulic conductivity of the soil layers. Unit flow from the TSF increased by about 
50% by doubling the thickness of the permeable bedrock layer or by changing the hydraulic 
conductivity of the soil layer. The presence of the grout curtain reduced the unit flow by 22% if 
it was halfway across the permeable bedrock layer, and 80% when it went all the way through.  

Modelling results indicated that the exfiltration from the TSF mostly flowed through the up-
per permeable bedrock layer. Most of the exfiltration (up to 80%) were reduced by establishing 
mitigation measures such as a grout curtain. The estimated daily exfiltration rate resulting from 
the seepage analysis varied between 0.9 and 0.56 L/m2 depending on the operation scenario 
modelled. The overall infiltration rate was back-calculated and was found to be in compliance 
with the Directive 019 criteria.  
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Figure 16. Conceptual configuration for seepage modelling for section E-E’. 
 

5 CONCLUSIONS 

This article presents a project that has evolved over more than 10 years and was characterized 
by a very close collaboration between AEM, the owner of LaRonde mine, and Golder Associ-
ates. The TSF (phase I) is currently successfully under operation and is planned to reach its final 
elevation in 2015. The new basin (phase II) received approval and was constructed in 2010 and 
has been operating so far according to design. The close collaboration between designers and 
operators has allowed the development of a design approach that met the immediate needs of the 
mine but also preserved the existing infrastructures from unnecessary additional hydraulic gra-
dients increase while maximizing available footprint. It also allowed to regularly proceed to 
back analysis and adjust the design accordingly. Similarly for the A4 site, this close collabora-
tion was found instrumental in developing a design that could meet the expected environmental 
performance criteria while having alignment on possible mitigation measures to be implemented 
in the foundations. 
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1 INTRODUCTION 
 
Over the last ten to twenty years there has been an increased focus on closure plans, and conse-
quently, a need to develop these plans more fully before detailed design of the mine and facili-
ties.  There are instances now where mine development plans are being modified to provide a 
more reasonable and environmentally acceptable closure and to avoid costly long-term post-
closure active care. 

This paper attempts to systematically outline a framework for conducting integrated mine de-
velopment and mine closure planning. It takes a look at a mine that was put into production in 
the 1980s without adequate evaluation and planning, and consequently now has costly long-
term active post-closure requirements.  Taking advantage of this knowledge, the development 
and layout of this mine has been replanned and presented here as an example of what could 
have been achieved.  It also describes how mine planning for closure has been achieved.   

The emphasis of this paper is not solely on mine waste disposal but also the closure of open 
pit or underground mines. For purposes of this paper, mine site planning includes the site selec-
tion and scoping of all the necessary facilities such as mining types, access and haul roads, pro-
cessing facilities, waste management units and other support facilities.  

2 PLANNING FOR CLOSURE 
 
Mine planning for closure means that when mine development plans are established, the closure 
plans are also developed and the closure and post-closure costs are considered as well.  This is 
particularly relevant to mine waste disposal facilities, which include tailings, waste rock and 
leached ore. 

This integrated type of approach to planning, design and operations is intended to assure that, 
for example, the waste rock is not placed in a valley where it will generate poor quality leachate 
in perpetuity, cover material needed for a heap leach pile cover is not buried under the pile and 
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thus not available at closure, and that it is unnecessary for millions of tons of waste rock or tail-
ings to be be graded at significant cost to provide positive surface drainage on closure.   

When planning a mine one needs to consider that what remains after a mine closes are the 
waste management units and the mine itself and that these need to be stabilized with minimal 
environmental impact for hundreds of years or in perpetuity. Consequently, the planning, design 
and operation of these facilities often warrants considerably more attention than it receives. 

The following sections describe how closure planning and design can affect mine site plan-
ning, design and operations.  Table 1 summarizes where there are potential conflicts between a 
cost-effective mine site plan and a closure plan that minimizes long-term active care require-
ments at a typical tailings disposal facility.  These conflicts need to be confronted early on and 
resolved.  Table 1 also provides examples of how these issues may be resolved. Similar con-
flicts and resolutions apply to waste rock disposal piles and heap leach residue piles. 

3 MINE SITE PLANNING 
 
3.1 Approach 

The main consideration during the mine site-planning phase is where the waste management 
units are to be located and how the ore body will be mined.  From a cost and mine operations 
perspective, waste rock disposal usually occurs close to and downslope from the mine, the heap 
leach pad is located close to the mine in a relatively flat area and the tailings are located in a 
valley that is close by.  Mining is usually conducted by the most cost-effective method, whether 
that is open pit or underground, with or without backfill. 

From a closure perspective the objectives are different.  Waste rock, particularly if it is acid 
generating, should be placed away from surface drainages, should be kept as dry as possible 
throughout operations, and covered as much as possible by inert waste rock both during opera-
tions and after closure.  Heap leach piles should be located where they can be constructed with 
stable slopes especially if an impermeable closure cover is required, they should be graded to 
drain, run-on and run-off should be controlled and drain down and leachate should be collected 
and disposed of.  Tailings impoundments should be located outside of large surface drainages, 
amongst other requirements.  Mining methods, particularly if the remaining rock in the mine is 
acid generating, should be such that the mine can be sealed to allow for re-flooding with the 
sealing preventing any poor quality water seepage or overflow. 

In many cases locations can be selected which meet both sets of objectives.  Problems arise 
when different locations are needed to meet the two sets of objectives.  In these cases, more 
thorough study and evaluation needs to be given to considering alternatives that provide the best 
compromise, or making a decision which of the operational considerations or closure considera-
tions will dominate. 

It is important, when attempting to resolve the above differences, that the following steps be 
undertaken: 
 Several alternatives should be considered, including a least three that meet the operations 
and closure objectives. 

 Full life-cycle engineering and cost analyses of the alternatives should be carried out. This 
includes from initial construction, through operations and decades or even in perpetuity for 
the post-closure period. 

 The companies’ objectives should be defined and the alternatives evaluated in the light of 
these objectives. 
As part of these proceedings, the authors have published a paper that describes a useful for-

malized technique that can be used to accomplish the above comparative analysis of such alter-
natives.  

3.2 Case History Examples 

3.2.1  Mine A 
Mine A was constructed and operated in the 1980s.  It was closed after six years of operation 

and has been under closure for 15 years mainly due to water quality control issues that include: 
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 Leachate from the waste rock piles that cannot be discharged to natural drainages as its qual-
ity exceeds standards. 

 Leachate collected by the Leachate Collection and Removal System (LCRS) from a clay- 
lined tailings facility that also cannot be discharged. 

 An open pit that is filled with water and which would spill poor quality water during wet pe-
riods. 
As a result, closure has had to include: 

 Vegetated soil caps over the waste rock piles.  Impermeable caps were rejected because they 
did not address the whole problem since poor quality groundwater seepage also contributed 
to the leachate, and because of the extremely high costs. 

 A vegetated soil cap over the tailings and the potential construction of evaporation ponds on 
the surface.  An impermeable cap was rejected because of the high cost and the uncertainty 
that it would prevent surface seeps.  Groundwater likely enters the deposited tailings through 
upward hydraulic pressure across the underlying clay liner. 

 Sumps, pumps, and pipelines to convey waste rock and tailings leachate and seepages to one 
of the pit lakes thereby avoiding discharges. 

 A jurisdictional earth-fill dam constructed at the low point of the pit lake perimeter in order 
to increase the pit’s storage capacity. 

 An automated system of valves and pipes that allow pit lake water to be discharged during 
high stream-flows in order to meet water quality standards. 
A waste rock pile was placed over a spring with a high salt load.  This spring, which is now 

seeping from beneath the waste rock pile is considered by the regulators to be the responsibility 
of the mine and cannot be discharged. The current condition will likely require active care for a 
very long period. 

The drain down of the two tailings impoundments and the accumulation of 80 acre feet of 
process water were not adequately planned for, resulting in treatment and evaporation tests hav-
ing to be conducted during closure and extending the closure period and increasing costs.   

Plans to dispose of or eliminate wastewater streams should be formulated during mine plan-
ning and design and not left until closure when the options to deal with these liquids may be-
come more costly.  

An alternative mine site layout may have avoided the need for the potential perpetuity active 
care of the closed mine.  Features of a revised layout include the following: 
 Waste rock piles located outside of the major surface drainages and importantly not located 
over natural springs.   

 Engineered groundwater drains underlying the waste rock. 
 Closure of the tailings facility as an internally draining evaporation system. Alternatively, 
dry stacked tailings could have been considered. 
Implementation of the above mine site layout could potentially have resulted in the following 

modified closure plan:  
 Covered waste rock piles that did not require seepage collection. 
 Closure of the lowest elevation pit as a non-discharging lake.   
 A tailings impoundment that did not require leachate management. 

The closure plans and costs shown on Table 2 provide further insight into the closure con-
siderations for Mine A, and demonstrate that closure planning can be complex.  As it has 
evolved with all the additional water management requirements, closure is currently estimated 
at 180% of the initial pre-mining estimate.  There is an important caveat to this cost in that there 
is still a risk that at some time in the future the pit lake discharge system may have to be re-
placed by a complex water treatment system, boosting closure costs to over 240%.  Conforming 
strictly to the prescriptive closure requirements of the state in which the mine is located would 
have increased closure costs to 360%.  In hindsight, designing the mine for closure and mini-
mum long term active care, may have resulted in a 210% cost.  This is less than the prescriptive 
closure, but more than the current approach, without its associated risk costs.  This demon-
strates there is a fine balance between spending capital dollars to minimize active care and the 
cost of active care when considering it from a NPV point of view. 
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3.2.2 Mine B 
Mine B was originally conceived as a series of open pits with processing facilities close by 

(crushing, grinding, and carbon-in-leach precious metal recovery) and a tailings impoundment 
and waste rock pile located in valleys close to the mine.  The mine site is located in mountain-
ous terrain and subject to humid climate.  Some of the rock is acid generating. 

The closure plan associated with this mine included abandoning the pits as lakes and “pas-
sively” treating during long-term overflows, capping the waste rock piles with low permeability 
materials, and placing an impermeable cap on the tailings impoundment.  Subjecting this clo-
sure plan to a Failure Modes Effect Analysis revealed several costly risks that included having 
to actively treat pit lake water, rather than in a more passive bio-chemical reactor, having to col-
lect and treat leachate from the waste rock pile, and potential significant delays in obtaining 
governmental approvals due to the relatively large areas of disturbance. 

These closure considerations were partly responsible for the abandonment of the open pit 
concept for an underground mine even though this decreased the metal reserves that could be 
mined.  Other operational considerations, new regulations and community pressure, combined 
with these closure concerns, required the mining company to completely revise its overall plans 
and to come up with a much less intrusive mine plan that includes: 
 An underground mine designed so that it can be sealed on closure, thereby minimizing any 
residual acid seepage. 

 An off-site processing and tailings disposal area several tens of kilometers from the mine site 
where the drier climate provides for lower environmental risks and less visibility.  Ore is 
trucked from the mine’s backfill.  A dry stacked tailings facility on a gentle hillside provides 
for much safer long-term disposal. 

 Backfill for the mine comes from back-hauled sand and gravel and from local limestone 
suppliers. This reduces the risk of acid formation in the closed mine and provides local busi-
ness opportunities. 

4 MINE FACILITIES DESIGN  
4.1 Approach 
Establish a closure plan during the detailed design and specifications stages for the construc-

tion of new mine facilities.  There are several closure considerations that impact how site prepa-
ration is conducted for the new facilities and how these should be designed.  Some of the more 
important considerations are: 
 The materials needed for mine closure may be located underneath the new mine facilities to 
be constructed. 

 The seismic and flood design criteria will likely be different for the mine design and closure 
design phases.  Since closure extends into hundreds of years, extreme earthquakes and flood 
events are more likely to occur.  Therefore, larger, less frequent events would need to be con-
sidered for all those facilities that are to be retained after closure, i.e. tailings embankment, 
heap leach residue and waste rock piles. In some cases it may also be necessary to consider 
displacements caused by earthquakes that are smaller than the design event. 

 The period of durability of construction materials such as geomembranes will likely be much 
longer for closure than for the operations phases. 

4.2 Case Histories 
Mine C is a proposed heap leach operation located in an arid climate, which is infrequently sub-
jected to extreme flooding.  It is also located in a moderate seismic area.  The following closure 
requirements were incorporated in the initial design and site preparation: 
 A burrow recovery and stockpiling program was proposed to assure that enough of the right 
kind of silty material could be recovered from under the heap leach pad and waste rock piles 
to construct an effective evapotranspiration type cover over the heap leach residue on clo-
sure. 
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 The heap leach pad was constructed with several separately draining cells.  This improved 
control over the leaching operations and allowed rinsing of the residue to start several years 
before leaching and processing is complete, thus saving both time and money during closure. 

 Instead of a one in 500 year seismic event, a one in 5000 year seismic event was used to de-
sign heap leach pile and waste rock slopes not intended to be regraded and flattened as part 
of closure. 

 Flood erosion protection measures were designed for the 10,000-year flood event rather than 
the usual 100-year event.  Where possible, 100-year event erosion protection was designed to 
allow enhancement to a 10,000-year event design in order to defer cash flow. 

5 MINE OPERATIONS 

5.1 Approach 
The relationship between mine operations and closure generally revolves around placement of 
the ore and waste materials in such fashion that closure grading is minimized and potential dou-
ble hauling of materials is avoided. 

5.2 Case Histories 
The tailings deposition pattern was changed in Mine A during the last three years of operation 
in order to generate a surface that sloped to the low point at which a spillway was to be con-
structed during closure. This significantly reduced the amount of tailings grading needed for 
closure. The deposited tailings surface was adjusted to allow for future consolidation.  

In Mine C, plans were developed to place the waste rock in a manner that softened the usual 
sharp corners and top edges, and provided drainable top surfaces.  While this may impose some 
additional controls on where haul trucks can dump and require additional dump planning, it will 
more than pay for itself in reduced closure grading costs. 

The heap leach pad-stacking plan was also developed with closure in mind.  Various lifts are 
stacked and leached on a schedule and in a pattern that allows for certain pad cells to be com-
pleted and for closure rinsing to be started while ore in other cells is still being leached.  Since 
rinsing is one of the longer duration activities for a heap leach closure operation, this approach 
can reduce the closure period by 40% (several years in this case). 

Mine C is also planned for a “close as you go” approach.  The waste rock piles will be closed 
by mine operations as they are constructed.  Slopes and areas that are not planned for additional 
waste rock disposal will be graded, then topsoil will be placed on them and they will be vege-
tated during mining.  Under this plan, one of the waste rock disposal sites of 20 million tons 
will be completely closed during mine operations and will require no further work upon mine 
closure. 

6 CONCLUSIONS 

This paper outlines a few examples of how mine life-cycle management can be improved and 
how consequently the total return from mine investment can be improved.  Paying early atten-
tion to mine closure plans and considering closure during the mine site planning, design, con-
struction and operational phases makes sense.  Many companies are now investing planning and 
design effort into the closure and post-closure period, which can extend into the hundreds of 
years and result in a substantial financial drain to the company. 

Other considerations that emerged from the above evaluations include: 
 It is critical to define pre-mining groundwater and surface water quality at mine sites, partic-
ularly those in wetter climates.  Without this information, the mine’s closure plan may end up 
having to manage any naturally poor quality water in perpetuity. 

 It is important to assure that waste characterization testing is carried out thoroughly and is 
representative of the type of ore and waste that will be mined over the long term.  Underesti-
mating the potential of waste to impact water quality can severely complicate mine closure. 

Proceedings Tailings and Mine Waste 2012  |  Keystone, Colorado, USA  |  October 14-17, 2012

125



 Materials needed for closure can very likely be manufactured during mining at a lower cost 
than importation following mining.  For example, riprap needed for closure drainage features 
can be made during mining from inert waste rock (if available) and stockpiled for future use.  
As waste disposal sites are expanded, topsoil can be stripped and stockpiled for future use.  
Similarly, when silts and clay materials that may be useful for closure covers are encoun-
tered, they should be identified and stockpiled by mine operations.  

 Re-vegetation plans should be developed during mine planning. The amount of topsoil re-
quired should be calculated and available quantities and the source for any shortfall evaluat-
ed.  It may be that manufacture of additional topsoil will be needed and this can be done dur-
ing mining at a more cost effective price than import or manufacture after mine closure.  
Again life-cycle cost analysis can indicate the most beneficial approach. 
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Table 2.  Mine A Closure Plan Alternatives 
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Open pits Flow through Retaining dam  
Discharge system 

Water treatment & 
Discharge 
 

Retaining Dam 

Water  
transferring  
between WMUs 
& Pit 

None From waste rock piles 
to pit 

From waste rock piles 
to pit 

None 

Site operations, 
monitoring and 
regulatory 
interaction 
 

Limited More extensive  
Interaction &  
Monitoring 

More extensive Inter-
action & Monitoring 

Controlled Interaction 
& Monitoring 

Total  
NPV2 Cost 
(% of pre-
mining plan 
costs) 

100% 180% 
(plus treatment risk at 
60%) 

360% 210% 

(1) Waste Management Units 
(2) Net Present Value 
(3) Flexible membrane liner 
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1 INTRODUCTION 
1.1 Project Overview 
Gold Fields La Cima S.A.A. (GFLC), a subsidiary of Gold Fields Limited, owns and operates 
the copper and gold bearing Cerro Corona mine. Average grades of ore include 1.0 gram per 
tonne of gold and 0.5% copper. The diorite porphyry deposit has an estimated gold equivalent 
mineral reserve of 5.5 million ounces and has been in production since 2008. The life of mine is 
anticipated to continue through 2024. Since 2006, MWH has been providing design and con-
struction support services to GFLC.  

As presented in Figure 1, the mine is located in the Northern Highlands region in the prov-
ince of Cajamarca, Peru, approximately 615 kilometers north-northwest of Lima, 45 kilometers 
north of Cajamarca (regional capital), and 15 kilometers southwest of Bambamarca (provincial 
capital). By road, the mine is approximately 80 kilometers from Cajamarca.  

 
Figure 1: Cerro Corona Location in Cajamarca, Perú 

Modeling, testing and observations for tailing beach deposition 

C. Krautmann, R.A. Rodriguez, and J. Rogers 
MWH Peru S.A., Lima, Peru 

J. Gutierrez 
Gold Fields La Cima, Lima, Peru 

ABSTRACT: Gold Fields La Cima (GFLC) owns and operates the Cerro Corona gold and cop-
per mine in northern Peru. Ore processing and tailing production commenced in August of 2008 
and is anticipated to continue through 2024. Due to a limited site area, the Cerro Corona Tailing 
Storage Facility (TSF) includes a centerline constructed rockfill dam with a low permeability 
core zone. The upstream stability of the dam relies on the strength of the tailing to support cen-
terline construction. Due to a net positive water balance, significant efforts have been made to 
control the clear water pond volume and maintain a sub-aerial tailing beach to properly support 
dam construction. Work has also been performed to characterize the impounded tailing materi-
als. 

To forecast future TSF conditions such as pond size and beach length, tailing deposition and 
water balance modeling were performed. Tailing deposition modeling was calibrated using the 
results of bathymetry surveys, which were performed to characterize the surface of the deposit-
ed tailing material. Field observations have been performed to record the development, length, 
and slope of the tailing beach, and this data has been used to confirm and calibrate the results of 
the tailing deposition modeling, providing a continually improving model. This paper presents a 
summary of the modeling, testing and observations of the impounded tailing material to date 
and the proposed components to future forecasting of the beach.  
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1.2 Design and Construction History 
The mine property lies within a 1,200 hectare area. Due to the small size of the property, the 

engineering team was challenged to exploit tailing storage space within two valleys that report 
to the offsite Tingo River. In order to maximize the dam efficiency and reduce tailing storage 
capacity loss, a centerline constructed rockfill dam with a low-permeability core zone has been 
implemented for the Tailing Storage Facility (TSF). The TSF dam crosses both the Aguilas and 
Gordas valleys with an east northeast strike and its downstream toe (to the North) is dictated by 
the Tingo River (Figure 2). Each valley also contains a secondary seepage collection system be-
tween the toe of the dam and the Tingo River. The design consists of starter dams in both val-
leys that reach vertical heights of approximately 80 meters and a proposed centerline construc-
tion method to bring the ultimate dam height to 175 meters.  

 

Figure 2: Tailing Storage Facility Layout 
 

Figure 3 illustrates a typical section of the proposed ultimate TSF dam in the Aguilas valley. 
The Gordas starter dam was completed by August of 2008 in order to initiate mine production 
and recycling of process water. The Aguilas starter dam was then constructed and connected to 
the Gordas dam to impound tailing in both valleys. After that time, the dams were raised simul-
taneously. Above the 3732 masl level of the dam, the design is based on centerline construction. 
The centerline design concept relies on the sub-aerial tailing beach to support the upstream por-
tion of the TSF Dam and resist driving forces of the dam into the pond.    

1.3 Construction Sequencing 
The design parameters for the dam include a two (2) meter freeboard between the crest of the 
dam and the surface of the pond after the occurrence of a Probable Maximum Flood (PMF). The 
PMF for the facility is approximately 1,000,000 m3 during a 24-hour event, which currently is 
equivalent to approximately 1.6 meters of vertical elevation in the TSF. Therefore the minimum 
vertical distance between the pond and the TSF crest at any given time is the design freeboard 
plus the PMF (ie. 3.6 meters). Considering slope stability requirements for the upstream face of 
the dam, the maximum freeboard has been calculated to be approximately nine (9) meters. A 
construction schedule which generally consists of annual six (6) meter raises has been devel-
oped for the TSF considering the rate of rise of the tailing material, which is approximately six 
(6) meters per year until the final few years of operation where the rate of rise slows due to the 
larger filling area of the TSF. 
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Figure 3: Typical Section of Ultimate Dam Design (Aguilas Valley) 

2 TAILING MATERIAL 
2.1 Tailing Production and Deposition 
GFLC’s tailing deposition system separates the rougher scavenger tailing (RST) and cleaner 
scavenger tailing (CST) at the plant site before they are conveyed to the TSF pond using HDPE 
pipelines. The current production of the plant produces on average 18,000 tonnes per day of tail-
ing. The RST is created from the rougher flotation cells after a scavenging stage and comprises 
the majority of tailing produced. Approximately 93% of the tailing stream consists of RST. The 
CST is created from cleaner flotation cells after a scavenging stage and has a finer gradation as 
it is passed through a regrind stage. It has an average depositional solids content of 10% and is 
deposited sub-aqueously from a single discharge point on the south side of the pond to mitigate 
acid generation. The RST is deposited sub-aerially along the face of the dam at an average sol-
ids content of 50%.   

GFLC has utilized a variety of methods for tailing discharge along the face of the dam to suc-
cessfully deposit and maintain a sub-aerial beach. The current system, which has been devel-
oped based on experience at the site, appears to be the most effective and is comprised of 30 
HDPE spigots that have a spacing of approximately 25 meters along the alignment of the dam. 
Deposition is commonly performed from approximately 10 consecutive spigots at a time. Typi-
cally after three days during the wet season (October through April) and 7 days during the dry 
season (May through September), deposition is cycled to another section of the dam and the 
process begins again to maintain similar beach length across the TSF. This method appears to 
provide better beach development, allowing for the development of a sub-aerial beach which in-
creases segregation and results in coarser particle deposition near the face of the dam.  

2.2 Tailing Investigation Programs and Testing 
Two tailing investigation programs and one tailing sampling and testing program have been per-
formed within the Gordas Valley of the Cerro Corona TSF. To date, a detailed investigation 
program has not been performed in the Aguilas Valley although a thorough investigation of the 
entire TSF is planned to commence in September 2012. The previous testing performed includ-
ed Cone Penetrometer Testing with pore water pressure measurements (CPTU), CPT testing 
with no pore water pressure measurements (Dutch CPT), flow penetrometer testing, and vane 
shear testing (VST). In-situ density of the deposited tailing materials was performed on the 
well-consolidated beach. Index testing has also been performed on the sub-aerial beach and in-
cludes grain size analyses, Atterberg limits, standard proctor testing and specific gravity.  
 At the time of the initial tailing investigation program, the tailing beach was generally suba-
queous and relatively weak. Investigations during this time were performed using a floating 
barge. At the time of the second tailing investigation program, the strength and extents of the 
beach had increased and the tailing was investigated from rigs which utilized access roads con-
structed on the beach. 
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 The laboratory test results from samples obtained during the tailing investigation program in-
dicate that the tailing materials sampled can generally be classified as low plasticity silts and 
clays and silty sands. The Atterberg Limits results indicate that the materials encountered are 
generally non-plastic to low plasticity, with liquid limit values less than 35. The measured spe-
cific gravities of the tailing materials range from 2.64 to 2.83.   
 The laboratory results from grain size analyses performed on tailing samples obtained from 
the two investigation programs indicates a change in the characteristics of the tailing beach ma-
terial. The results from the first program indicate limited variation in particle gradation with dis-
tance from the dam. This is thought to be reasonable as the beach development at the time of 
this investigation program was relatively poor and much of the tailing deposition was subaque-
ous, reducing the potential for the tailing material to segregate. The grain size results from the 
second program indicate a notable correlation between the tailing gradation and distance from 
the Las Gordas Dam face, with the percentage of clay and silt increasing with distance from the 
dam face and the percentage of sand decreasing with distance from the dam face (Figure 4). 
These results correspond with field observations, as a relatively large sub-aerial beach had 
formed at the time of the investigation, which is conducive to segregation. 
 

 
Figure 4: Las Gordas Percentage of Clay, Silt and Sand versus Beach Length. 

2.3 Seepage Induced Consolidation Testing and Large Strain Consolidation Modeling 

Large strain consolidation modeling was performed to estimate the capacity of the Cerro Corona 
TSF with time in terms of tailing tonnage. The modeling was executed at the University of Col-
orado at Boulder (CU-Boulder) and provides an estimate of the average dry unit weight of the 
impounded tailing material with time during the filling of the TSF (Znidarcic, 2011a). Large 
strain consolidation describes consolidation which involves large strains and nonlinear soil 
properties. The tailing consolidation model used is a computer based model that was developed 
at CU-Boulder based on Gibson’s theory (Gibson, 1967) and produces both upper bound and 
lower bound solutions (Gjerapic et al., 2008). Inputs to the large strain consolidation model in-
clude the tailing deposition rate, impoundment geometry, specific gravity of the tailing material, 
and consolidation characteristics. 
 The consolidation characteristics of the tailing material were evaluated by performing Seep-
age Induced Consolidation Testing (SICT) at CU-Boulder. SICT is an experimental procedure 
used to determine the consolidation characteristics of soft soils and soil-like materials (Abu-
Hejleh and Znidarcic, 1996). The consolidation characteristics of the material obtained from 
SICT are expressed as compressibility and permeability functions which are used as inputs to 
the large strain consolidation model. To date, SICT has been performed on three samples of tail-
ing material from the Cerro Corona processing plant. 
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To evaluate the accuracy of the large-strain consolidation analyses and provide a basis for 
model calibration, the model results have been compared to the field densities, measured as a 
part of the water balance calculations. This comparison indicates that the analysis results are 
bounding the measured tailing densities, although the three different SICT samples indicate rela-
tively significant variations in estimated densities with time. Additional work has been proposed 
to evaluate these variations and calibrate the large-strain consolidation model to better reflect 
site-specific conditions and better forecast long-term depositional environments.  

3 FIELD OBSERVATIONS 

The sub-aerial tailing beach has changed in location, dimensions and consistency throughout the 
four years of mine production. During initial deposition, when the TSF was contained within the 
Gordas Valley, a sub-aerial beach was not observed until a year after production started. Once a 
sub-aerial beach was observed, it would appear for a few days as a depositional mound and then 
recede back below the water surface, in what appeared to be shear failure of the weak beach. 
Figure 5 is a photograph of the initial beaches that were seen in Gordas Valley, taken approxi-
mately one year after the initial filling of the TSF.  The beaches which had formed at this time 
only consisted of depositional cones near their spigot locations and had limited lateral extent 
and continuity. 
 

Figure 5: September 2009 Gordas TSF with Initial Beach (Depositional Cones) Forming 
 

In 2010, when construction of the Aguilas Starter dam was completed, the discharge of tail-
ing was dedicated to the Aguilas Valley for five months. During this period, when the Gordas 
beach remained undisturbed from tailing discharge, large desiccation cracks were observed and 
the beach appeared to become much better consolidated, as presented in Figure 6. Note the 
rockfill access roads that were constructed over the sub-aerial Gordas beach to allow access for 
the second tailing investigation program. 

Figure 6: October 2010 Gordas TSF with Desiccated Sub-aerial Tailing Beach 
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 The current characteristics of the sub-aerial beach have changed considerably. As presented 
in Figure 7, the current beach is continuous along the entire upstream face of the TSF dam. The 
current beach lengths range from approximately 70 to 100 meters with slopes varying from 
0.7% to 2.0%, as measured by surveyors who utilize Trimble R6 RTK rovers. The steepest 
measured slope is approximately 2.0% in Gordas basin. This is attributed to the fact that the 
sub-aerial tailing beach has been exposed in this area for the longest period of time, allowing the 
most significant segregation of any of the portions of the beach. In the Aguilas valley portion of 
the TSF, the sub-aerial tailing beach slopes are approximately 0.7% to 1.0% and appear similar 
to the beaches observed during the early stages of the Gordas valley formation.  The beach in 
this area appears to be less segregated. 

Figure 7: June 2012 Gordas and Aguilas TSF with wet Sub-aerial Tailing Beach 
 

Topographic distinctions between the Aguilas and Gordas Valleys have created separate dep-
ositional environments which have made for unique beach scenarios in each basin. The Gordas 
Valley is relatively flat along its base and has received tailing discharge for approximately four 
years. The impounded tailing in the valley has had more time to consolidate and dissipate pore 
pressures than the other portions of the TSF and the observed beaches tend to form more quick-
ly and have steeper slopes, between 1.5 to 2% (Figure 7). The Aguilas Valley however has a 
much steeper basin shape, resulting in a higher rate of rise, rapidly filled with tailing and pro-
cess water. Soon after tailing discharge began in this valley, tailing material with a low density 
‘slurry-like’ appearance that appeared to float upon the pond surface was observed in the area. 
The presence of this material is attributed to the rapid rate of rise, which did not allow the tail-
ing to consolidate into a more ‘soil-like’ material. Over time this material disappeared and a typ-
ical sub-aerial beach, similar to that observed in the Gordas valley portion of the TSF, was ob-
served forming in the Aguilas valley. 

4 MODELING/FORECASTING TAILING BEACH 
4.1 Water Balance 
The TSF water balance has a significant impact on tailing deposition modeling and is consid-
ered a high priority to the Operation Team. Water balance model runs are performed on a bi-
weekly basis and have been contracted to an external consultant that uses a probabilistic Gold-
Sim model. The results from 50th percentile simulations are used for general construction 
planning, although the results from the 95th percentile values are used for sensitivity analyses 
and regarded as conservative models for wet years. Due to a positive water balance for the TSF, 
appropriate measures must be taken to stabilize the water balance, as too much water can inun-
date the tailing beaches,  resulting in sub-aqueous tailing deposition which can decrease the seg-
regation, density and thus strength characteristics of the tailing material near the TSF Dam.  

GFLC performs internal bathymetric surveys of the deposited tailing material on a weekly 
basis and uses an external contractor to perform a more detailed survey every one or two months 
using a portable echo sounder. The survey results are then combined with tailing deposition rec-
ords to calculate the density of the tailing material impounded within the TSF. The calculated 

Aguilas Beach, 
0.7% slope and 
100 m. length 

Gordas Beach, 
2.0% slope and 70 
m. length 
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densities are then included in the water balance model and are recorded as consolidated tailings 
and low density tailings.  

The low density tailings lie below the supernatant water surface and form a layer that sits on 
top of the consolidated tailing.  At Cerro Corona we have termed this material Extra Fine Tail-
ing (EFT).  The EFT volumes have fluctuations that appear to trend with the wet and dry sea-
sons although the total estimated volume of this material over the past four years has not de-
clined.  As a result, for modeling purposes it has been assumed that a certain volume of EFT 
will remain in the pond through the life of mine.  
4.2 Rift TD Model and Inputs 
Rift TD (Rift, 2010) is a three-dimensional Digital Terrain Model (DTM) specifically developed 
to model tailing deposition. The software allows for the use of user-specified tailing deposition 
point locations and deposition rates which can be varied over time. Beach profile characteristics 
can also be input into the software, allowing for the use of linear and non-linear deposition 
slopes and the use of different sub-aerial and sub-aqueous slopes. These model inputs are 
combined with the site-specific topography and the facility geometry to produce predicted 
tailing deposition surfaces and pond locations. The software provides prompt assessment of 
depositional scenarios as well as impact on pond location, beach length, and impoundment 
capacity.  
 Model setup is straightforward and generally consists of importing terrain, bathymetry and 
dam facility design data from a .DXF file (or survey in ASCII). Then tailing deposition header 
lines, spigots/points, as well as sub-aerial and sub-aqueous beach slopes must be characterized 
within the model parameters.  Inputs to characterize the variations in tailing density are obtained 
from the Large Strain Consolidation model.  Tailing deposition rates are used from the plant site 
monitoring stations which differentiate RST and CST discharge. Once the model parameters 
have been entered and the modeling has been performed, the estimated tailing surface can be 
exported to Computer-Aided Design and Drafting (CADD) programs. Other useful outputs from 
the model include tailing volumes by incremental stage as well as estimates for the stage-storage 
curve. 

4.3 Historic Model Results 
As part of a previously performed Life of Mine (LOM) evaluation, a Rift model was developed 
for the Gordas valley (2010) to forecast the future TSF configuration. Prior to using the model 
for forecasting, the model was calibrated to reproduce the existing tailing beach configuration 
using bathymetry surveys from January and April 2010. These surveys were selected for cali-
bration due to consistencies in tailing deposition during this period, which provides less varia-
bility in the modeling inputs. The calibration process was performed by importing the bathyme-
try surveys into the model and using them as a basis for the calibration run. The process then 
became iterative as varying beach slopes, both sub-aerial and sub-aqueous, were evaluated to 
match the April 2010 bathymetry surfaces. After parameters that consistently matched the ba-
thymetry surfaces were obtained, they were selected for use in the forecasting model. Figure 8 
represents the beach slope parameters that were selected after the calibration stage for the April 
2010 bathymetry surface (Bathymetry Survey Number 22). 
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Figure 8: 2010 Calibrated Beach Geometry for RST and CST 

 
The RST sub-aerial tailing beach slopes selected from the calibration stage fell within the 0.5 

to 2% range reported in literature for most tailing types (Vick, 1990) and is similar to the recent-
ly surveyed beaches at the TSF. At the transition from the sub-aerial to sub-aqueous beach, the 
bathymetry surveys indicate that the tailing forms a lip where there is a steep drop; this area is 
modeled as non-linear (at an approximate linear slope of 20%) for an approximate vertical depth 
of four meters, after which point the tailing slope is relatively level. CST slopes were selected 
(with a steep subaqueous and a relatively flat sub-aerial slope) to approximate the anticipated 
characteristics of the high water content CST material. Figure 9 presents the TSF Impoundment 
surface after the completion of the calibration run, using the selected calibration parameters. 
Figure 10 presents a section through the TSF Impoundment showing the modeled calibration 
surface, the measured Bathymetry Survey Number 22 surface, and the Bathymetry Survey 
Number 17 surface.  

Figure 9: Calculated Tailing Surface in Rift TD & Cross Section Alignment for Calibration Verification, 
Deposition Nodes shown for RST and CST. 
 

Figure 10: Cross Section for Calibration Verification. Note similar surface between model and Bathyme-
try Surface Nº 22.  
 
 As noted in Figure 10, a closely matching calibration model was calculated when compared 
to the April 2010 bathymetry (Bathymetry 22), indicating that the model is well suited to repli-
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cate historic tailing deposition and providing more confidence in the use of the model for future 
TSF Impoundment forecasting.  The model parameters selected from this calibration run were 
used to develop a series of runs forecasting the beach and pond configuration at various eleva-
tions throughout mine life. Although the calibration model showed similar surfaces, it was ex-
pected that future calibrations would be needed through the LOM to account for changes in val-
ley configuration and to further improve the model accuracy. Therefore the forecasting run was 
deemed preliminary as it only considered the Gordas Valley and within a few years the pond 
would expand to the adjacent Aguilas Valley.  

4.4 Calibration of Rift Model 
To further optimize the predictive capabilities of the tailing deposition model, a new calibration 
was performed in June 2012 using bathymetry data from the period between January and May 
2012. It was anticipated that updated model parameters might be needed as the impoundment 
configuration had changed significantly since 2010, with the TSF Impoundment now spanning 
the Gordas and Aguilas valleys and an updated tailing deposition process now in use. Figure 11 
presents a comparison of the conditions in the TSF Impoundment at the approximate time of the 
completion of each of the bathymetry surveys used to calibrate the models (early 2010 and early 
2012). 
 

Figure 11: Separated Gordas and Aguilas Valley (top – early 2012), Joint Valleys (bottom – early 2012) 
 
 An iterative process similar to the one employed in the initial model calibration was carried 
out to select an updated set of parameters for use in forecasting with the model. For this calibra-
tion, the surface from Bathymetry Survey Number 42 was imported into the model and used as 
a base, while Bathymetry Survey Number 46 was used as the calibration surface. Note that this 
calibration was over a much larger area than the previous model, comprising both the Aguilas 
and Gordas valleys. Figure 12 presents a plan view of the TSF Impoundment from the tailing 
deposition model. Figures 13 and 14 illustrate cross sections through the Aguilas and Gordas 
valleys. The bathymetry surveys are compared to the modeled tailing depositional surface. The 
resulting model parameters were analogous to those obtained from the previous calibration, with 
the only significant difference being the selection of an RST sub-aerial slope of 1%, rather than 
the originally measured value of 1.5%. 
 

  Gordas valley 

  Gordas valley 

  Aguilas valley 

  Aguilas valley 
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Figure 12: Calculated Tailing Surface & Verification Section Lines for Both Aguilas & Gordas Valleys. 
 
 

Figure 13: Cross Section for Calibration Verification in Gordas Valley 
 

Figure 14: Cross Section for Calibration Verification in Aguilas Valley 
 
 As presented in Figure 13, the Gordas valley section does not correspond well with Bathyme-
try Survey Number 46. This appears to indicate that less tailing was actually deposited into the 
Gordas portion of the impoundment than was placed in that area in the tailing deposition model. 
Additional calibration work could be performed by varying the flow rate into the Gordas portion 
of the impoundment. The model results in the Aguilas valley are much more consistent with the 
Bathymetry Results (Figure 14). Figure 15 (which presents similar beach extents as the photo-
graph shown as Figure 7) illustrates this variation between the modeled surface and the sur-
veyed surface. 
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Figure 15: Surveyed Beach Limit versus the Modeled Beach Limits 

4.5 Forecasting with Rift Model 
The ultimate goal of the tailing deposition modeling performed at Cerro Corona is to accurately 
forecast future conditions of the pond and sub-aerial beach in the TSF.  Using the 2012 calibrat-
ed model, a comparison was made between the input parameters selected for the original 2010 
model (which was exclusively calibrated in the Gordas valley) and the input parameters selected 
for the 2012 model. Figure 16 presents a comparison of the results of modeling using the two 
sets of input parameters for an elevation of 3811.5 m (essentially the end of life of the TSF). 
The most noticeable difference in the models is the decreased pond volume of 500,000 m3 esti-
mated in the second (2012) model.  A decreased pond volume suggests additional tailing storage 
capacity which has significant implications to the life of mine production, as the available stor-
age capacity at the site is limited.  

 
Figure 16: Predicted LOM Pond & Beach Configurations using 2010 (left) & 2012 (right) Parameters  

5 CONCLUSIONS & RECOMMENDATIONS FOR FUTURE MODELING AND TESTING 

Based on experience at the Cerro Corona site to date, a few general conclusions and recom-
mendations can be made: 

1. The use of tailing deposition modeling can be an important component in mine plan-
ning, allowing greater confidence in predicting TSF Impoundment capacities and 
planning TSF Dam raises and construction campaigns. 

2. As tailing characteristics can vary with time (due to changes in the ore makeup or 
processing plant methods), continued testing of tailing samples may be needed during 
the life of a TSF to obtain results that are representative of the actual produced tailing 
material. 
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3. The configuration and characteristics of the sub-aerial beach at the Cerro Corona TSF 
has fluctuated considerably over time and appears to be primarily controlled by the 
geometry of the basin/s and the tailing deposition rate. Continued bathymetry and 
sub-aerial surveying of the tailing impoundment and updates to the tailing deposition 
model will provide insights as to the evolution of the deposited tailing characteristics. 

4. The use of site surveys to calibrate tailing deposition models is a critical factor in de-
veloping models that can be used with confidence for long term forecasting. As illus-
trated in Figure 16, the continual calibration of input parameters using survey data 
can significantly alter the results of tailing deposition models. 
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1 INTRODUCTION 

Tailings and waste rock management is essentially a risk management exercise. To manage risk, 
critical information must be obtained and analysed and the more complete the information, the 
easier it will be to identify risks. When the risks are known, the chance of designing a successful 
facility is increased because risks can then either be removed or managed. Risk management 
could include risk reduction, detailed operating procedures, monitoring and emergency prepar-
edness plans. In addition to risk management, consideration should be given to elimina-
tion/reduction of potential consequences where possible. 

The key strategy to identifying risks is experience and experience must come from multiple 
sources including the following: 
 Information from other operating mines in the area, 
 Experience of operators that have worked under similar conditions, 
 Engineering consultants that have worked on similar projects in similar environments, 

Tailings Deposition Strategy – how do you choose? 

I. Wislesky 
Golder Associates Ltd., Calgary, AB, Canada 

ABSTRACT: There are multiple means to dispose of tailings but many of the simpler ways of 
the past are, for the most part, no longer acceptable. Slurry deposition within existing water bod-
ies (lakes, streams and oceans) is frowned upon. Even slurry deposition in above ground facili-
ties, although generally most economical, is also losing acceptance as a result of the associated 
higher risks and long term maintenance costs. Some form of drying appears to be the trend in 
deposition because it has the potential to take away the long term liabilities associated with wet 
facilities. Although drying appears to remove some of the concerns, there are many issues that 
must be considered in the development of a tailings facility using some level of drying. Since 
every site is different, a clear set of criteria must be established to develop the best deposition 
methodology. The criteria could be developed under four main groupings: technical, environ-
mental, social and economic. Key considerations in the decision making process include: loca-
tion (climate, seismology, local culture, rare plants and animals, archaeology, topography, exist-
ing infrastructure, work force, local regulations, geology, hydrogeology, available construction 
equipment and materials, etc.), mine type (underground, open pit), ore type and extraction pro-
cess, production rate and mine life, property limitations (areas available for tailings disposal), 
tailings mineralogy and effluent quality. Additional considerations should include the need for 
underground backfill, the possibility of co-disposal or co-mingling of waste rock with tailings 
and the potential for in-pit disposal. Tailings deposition needs to be discussed at the initial stage 
of mine development because it can be affected by all aspects of the mining operation from the 
mining method to the extraction process and all the way through reclamation and closure. This 
paper includes a discussion on the selection of tailings deposition strategies as well as a discus-
sion on the various drying strategies that can be considered as part of the overall strategy. 
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 Local inhabitants familiar with local weather patterns, geology, hydrogeology, hydrology, etc.  
 Personnel familiar with local regulations, and 
 Local universities and research institutes. 
Clearly, consequences of a failed tailings facility must also be precisely identified in conjunc-

tion with risk management. It must be stressed that failure of a tailings facility does not only 
mean a catastrophic containment failure (see Figure 1), but also includes unacceptable perfor-
mance such as: failure to provide sufficient storage capacity for tailings and water; seepage or 
other losses of contaminated effluent; excessive dusting issues; excessive noise; lack of con-
struction materials to build the facility; potential for changes to regulations; failure to meet the 
needs of local populations; and others (see Figure 2 for examples). The main causes of tailings 
facility failure are: 
 Dam over topping (improper operation or an underestimate of the precipitation and flood 
flows,  

 Embankment failure (piping or liquefaction), and 
 Foundation failure (inadequate understanding of the foundation conditions). 
 

Figure 1. Catastrophic failures. 
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Figure 2. Unacceptable performance. 
 
It must also be stressed that the best design will not work if there is not buy-in and dedication 

from all team members including owners, mine personnel (management through all phases of 
operation), other stakeholders/NGOs, regulators and local populations (Figure 3). In the past, the 
importance of a tailings facility has not been fully recognized by the mining community. Envi-
ronmental and social issues are increasingly affecting the bottom line to the point where the tail-
ings management strategy is becoming as important as the ounces or barrels of product pro-
duced. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Buy-in diagram. 
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2 INFORMATION REQUIREMENTS 

To effectively design the optimum tailings facility for a mine, the information requirements are 
quite extensive. Information is required in the following broad categories: location, ore body, 
process, organization and design criteria. These information requirement categories include mul-
tiple components as follows: 
 Location: Country; Boundary conditions; Topography; Weather; Plant Site and Ore Body Lo-
cation; Communities/Social; Lakes and Rivers; Parks; Flora and Fauna; Politics; Regulations 
(air, noise, groundwater, surface water, closure, other); Infrastructure; Labour force/skills; 
Construction materials; Geology/foundation conditions; Hydro-geology; Archaeology 

 Ore Body: Open Pit / Underground/ Combined; Mining Method; Ore Mineralogy; Waste 
Rock Mineralogy; Tailings Mineralogy; Stripping Ratio; and Ore/Waste Rock Production 
Schedule. 

 Processing: Chemical Additives; Water Requirements; Grinding; Thickening; Tailings Chem-
istry; Effluent Chemistry; Waste Rock Size; Waste Rock Chemistry; and Quality Controls. 

 Organization: Ownership; Funding; Structure; and Stakeholders. 
 Design Criteria: Storm Event; Flood Event; Seismic Event; and Factors of Safety. 
 
The tailings management strategy is generally selected during the scoping level but this is 

highly dependent on the quantity and quality of information available in the above categories. In 
some cases, such as for flora and fauna, data must be gathered over an entire year so that sea-
sonal variations can be included in the decision making process. Often one should establish sev-
eral strategies at this point to provide flexibility if initial assumptions prove to be incorrect. In 
addition, at this point, even though most of the background information may be available and 
point to a preferred location, the selection of a site for tailings disposal still poses some risk until 
condemnation drilling takes place.  

More and more these days existing or abandoned mines are being considered for expansion or 
even reprocessing of existing tailings. This requires an additional level of understanding to de-
velop a tailings management strategy. 

3 TAILINGS DISPOSAL METHODOLOGIES 

Tailings disposal can be divided into four areas: Containment type, deposition method, reclama-
tion and what I consider most important, water management. For the purpose of this paper, tail-
ings deposition methodology encompasses all four areas.  Specific containment types and con-
struction methods are listed as follows: 
 Upstream construction method. 
 Downstream construction method. 
 Centreline construction method. 
 Lined or unlined (seepage barrier). 
 Central core. 
 Cross valley dam. 
 Dry stack. 
 In-pit. 
 Underground. 
A critical step to develop an appropriate tailings disposal method is to develop and under-

stand the performance objectives, some of which are listed below: 
 Solids retention. 
 Water retention. 
 Combined solids and water. 
 Seepage control. 
 Dust control. 
 Minimize footprint. 
 Progressive reclamation. 
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 An understanding of the quantity and quality of available construction materials and the po-
tential need to import or use manufactured materials is also an important aspect of the decision 
making process.  Possible construction material sources are as follows: 
 Tailings. 
 Natural borrow (sand, gravel, clay, till, etc.). 
 Waste rock. 
 Manufactured (concrete, HDPE, filter fabric, etc.). (this was previously 10 pt) 
 Other local materials/by-products. 

 
The key tailings facility design drivers are as follows: 

 Chemical stability – potential for acid generation and leachable contaminants 
 Mechanisms for contaminant transport – groundwater, surface water, air 
 Surface and groundwater protection – downstream users 
 Water management – minimize water taken from and returned to the environment 
 Erosion stability – from wind and runoff 
 Physical stability – static and dynamic (earthquake) 
 Aesthetics – especially in the closure mode 
 Footprint – minimize the area of disturbance and impact 
 Climate – dry, wet, freezing and seasonal variations 
 Topography – natural containment 
 Environmental and social constraints 
 Regulatory requirements 
 Decommissioning and closure – progressive and design for closure   
 
The deposition method includes the entire tailings cycle (thickening, transport, disposal 

method and location) as presented in Table 1. The control measures related to the performance 
objectives (mentioned above) for the tailings disposal facility are very important to consider in 
the design of the deposition method. The control measures can include instrumentation and 
monitoring, regular maintenance, construction control, routine inspections, etc. In this regard, it 
is important to prepare an operations, maintenance and surveillance (OMS) manual for the facil-
ity. A key input to the OMS is to list those responsible for every aspect of tailings management. 

 
Table 1. Deposition methodology components                                                                                                                      
Thickening/drying Transport  Disposal Location                            
In-line flocculant Pumps pipelines and spigots Slurry Sub-aerial 
Thin lift drying Trucks  Paste Underwater 
Thick lift Conveyors  Filtered Mine Backfill 
Alternating lifts Channels  Co-disposal In-Pit 
Thickener   Co-mingling Dry Stack 
Filter cake   Segregating 
Cyclone   Non-segregating 
Centrifuge                                                                                                                                                           
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Figure 4. Discharge methods. 
 

Tailings management in its simplest form is, for the most part, water management. If water 
can be removed from the equation, then the tailings facility would be far easier to manage and 
the risk and consequence of a failure would be drastically reduced. It is clear that wet tailings 
facilities have been and continue to be the highest risk and consequence structures and, unfortu-
nately, continue to fail despite the improvements in design and increased understanding of tail-
ings containment structures. It can be said that above ground tailings facilities that remain wet 
after closure have a 100 % probability of failure.  

Water management in itself can be quite complicated involving several of the features listed 
below.    

Water Management 
 Tailings dewatering 
 Diversions 
 Recycle 
 Seepage control 
 Downstream collection 
 Decants 
 Spillways 
 Pump houses or barges 
 Flooded Facility 
 Treatment 
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 Underdrains and Filters  
 Storm water event selection and controls. 
Dewatering of tailings by various means is gaining popularity as a way of managing water 

that can aid in the management of a tailings facility. There are methods of drying that can be ap-
plied both upstream and downstream of the tailings discharge point and these are listed above. 
In particular, dewatering prior to discharge into the facility has many benefits including reduc-
tion in water loss (more recycle water available and reduction in fresh water needs) and reduc-
tion in water management requirements in the tailings area (reduced treatment needs, lower 
dams, possible reduced footprint, etc.). 

4 HOW DO WE CHOOSE? 

The question of how do we choose the best tailings disposal method for a given mine site is 
clearly quite complicated. In Wislesky (2008) the design of tailings management systems are 
presented for two very different sites where local site conditions and economics were considered 
to optimize the design of the facilities.  It is very important to first grasp an understanding of the 
entire site starting with the location and the tonnage of material to be dealt with. Potential loca-
tions for a tailings facility and a clear set of design criteria must be established at the beginning. 
To this end, the criteria can be developed under four main groupings: technical, environmental, 
social and economic. These criteria can be further broken down into tailings processing, 
transport, deposition, facility management and closure/reclamation. It is important to understand 
the critical criteria that could be “show stoppers” if not addressed early such as lack of process 
water on site, insufficient area for tailings, local population concerns and others. A set of mitiga-
tion measures must be developed for each of these along with an agreed upon path forward. An-
alytical tools such as GoldSET and Kepner-Tregoe are available to help organize the criteria and 
data and then calculate and provide numeric and visual outputs to easily identify where gaps or 
issues occur and to help point the direction to choosing the best options for tailings manage-
ment. 

The most important step in the selection of a tailings deposition strategy is to bring together 
all the key personnel who will be involved with the mine development from mining to pro-
cessing to environmental controls to operation of all the key elements. It is my experience that 
“silos” are rampant at most mines and this complicates operation of a mine site. It is important 
to get everyone at the table to express their experience and concerns in an organized brain 
storming session with the consulting firm responsible for developing the tailings disposal strate-
gy. In this manner, the concerns of all can be heard and dealt with collectively. At these meet-
ings, the ground rules need to be clearly presented with a key emphasis on sustainability and co-
operation (do not just find fault, work together to find solutions). 

5 CONCLUSIONS 

Effective risk management is the key to a successful tailings management system. Current tail-
ings facility design trends to mitigate risk are as follows: 
 Reduce or eliminate ponded water on top of tailings 
 Thicken tailings to reduce water loss and other water management issues  
 Consider alternative disposal methods 

 Cyclone underflow sand dams 
 High density slurry beaches 
 Paste or filtered tailings stacks 
 Co-disposal and co-mingling with waste rock 
 Underground mine backfill 
 Disposal in mined out open pits 

In summary, it is important for the mining company to select a design consultant who is fa-
miliar with their site conditions and has experience with all the pertinent tailings deposition 
strategies. It is important to realize that there is not a single strategy that is best for all sites or 
even for sites in a similar local. Every site must be looked at with fresh eyes. It is also important 
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to note that a given mine site may be conducive to more than one strategy, however the econom-
ics and mitigation measures required to support them are important factors in the final selection 
decision.  

Selection and design of a tailings management system is very important, however construc-
tion and operation are also critical steps to an effective system. Management and operations per-
sonnel must understand and commit to the construction and operation of the facility as it is de-
signed and provide suitable and sufficient personnel to monitor the entire system. 
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Variation of tailings density in depth – A model 
 

C. Cacciuttolo          
Tailings Deposit Project Engineer, ARCADIS Chile 
     
S. Barrera                
Tailings Deposit Consultant, ARCADIS Chile  
 
     
  
 
ABSTRACT: The density of the tailings deposited is an important parameter in estimating the 
capacity of a tailings storage facility (TSF) and in estimating the amount of water retained in the 
tailings. The first factor defines the height of the TSF for final capacity and the second is one of 
the most important factors in calculating water losses in tailings management. 
The estimate of the average density expected in a TSF depends on several factors difficult to 
control or predict, including: geometry, disposal scheme, rate of rise,  the clear water pond size, 
particle size distribution, solids content, specific gravity of the tailings, etc. There are studies 
that provide a first estimate of the average density but none provide an approach to establishing 
the density variation in depth. 
 Based on topographic surveys of the TSF growth and tailings productions during the 
operation, it is possible to estimate: (i) the average density; (ii) the increasing density over time; 
and (iii) the density variation in depth. Using different models, it is possible to estimate the 
pattern of this variation. This analysis is complemented by consolidation tests on tailings 
samples which enable one to compare these results with the values of the model and thus select 
the most appropriate values. 
 The aim of this paper is to describe the analysis of a TSF of maximum height of almost 200 
m in order to: (i) to calculate the average density of tailings deposited during the operation and 
the variation of this with depth; and (ii) to propose a law of density versus depth based on the 
results of the consolidation tests (oedometer test). 
 
1 INTRODUCTION 

The increased interest in developing large, low-grade ore deposits has led to the need to build 
equally large Tailing Storage Facilities (TSFs). The commissioning of new, larger, and more 
efficient milling and process equipment enables the use of high production rates. This leads to 
the requirement to construct TSFs that are not only large in terms of capacity and size, but also 
in rate of rise, especially in steep mountainous areas.  

The majority of the large ore deposits in the central zone in Chile are located in the Andes 
Mountains. The abrupt topography of this area together with a very active hydrology and 
geodynamics limit the capacity for tailings disposal (see Figure 1). The vast ore reserves and the 
convenience of disposal, whenever possible, at a single impoundment site have resulted in  
impoundments which  have dams of higher than  100 m, and, in some cases, more than 200 m 
high (Alarcon &Barrera, 2003). In fact, in Chile and within the last years, there are already 
TSFs in operation or being built with these characteristics. There are some mines with ore 
reserves greater than 1 billion tons; the result is a huge amount of mining waste to be handled 
and stored in a safe technical and environmental way and at low cost. 
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Figure 1: Geography, Principal Mine Operations and Los Pelambres Mine Location at Chile 

 
Los Quillayes is one of the TSFs of the Los Pelambres sulfide copper mine in Chile.  The 

mine is located about 200 km north of Santiago City in the Andes range. The mine is owned by 
Compañía Minera los Pelambres.  The concentrator plant treated at the beginning 115,000 tpd 
of ore. The Los Quillayes TSF is immediately downstream of the concentrator in the drainage 
area of the Cuncumén river, and is at an average elevation of 2,000 m above sea level (m a.s.l.), 
in a highly seismic area. 

The engineering studies determining that the optimal technical, environmental and cost 
solution was to dispose of the tailings by separation of the coarse tailings fraction (sand) and the 
fine tailings fraction (slimes) using cyclones; and hence to build an embankment and storage 
respectively. Considering the topography arrangement, the TSF required two dams, a main 
downstream dam constructed of compacted cyclone tailings sand, and a 50-m high embankment 
dam at the backend of the TSF, in order to close a narrow valley. 

The operation of the TSF started in 1999 with a planned capacity of 257 millions tons (Mt) of 
slurried tailings.  The starter dam for the TSF was 70 m high and was constructed of compacted 
gravelly clayey sand (see Figure 2).  
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Figure 2: Los Quillayes TSF Starter Dam  

 
Two cyclone stations with 22 units each one produce tailings sand with no more than 18% 

fines (material passing ASTM 200 mesh) which is used to build the TSF main dam that is raised 
above the starter dam crest using downstream construction method.  The tailings sands are 
placed hydraulically in lifts and compacted.  

The dam was raised daily through hydraulic deposition of tailings sands and compaction of 
the inclined deposition surfaces with bulldozers and smooth vibratory rollers, using the 
downstream method of construction with H:V = 4:1 downstream slopes (see figure 3). This 
approach follows general Chilean practice over the past 20 years (Valenzuela, Barrera, & 
Campaña, 2011). The main dam reached a height of 198 m above the downstream toe in 2008. 

 
Figure 3: Los Quillayes TSF Main Dam 
  

The final capacity of a TSF is a function of the tailings density. In general, in hydraulic 
tailings deposition, the deposition density is generally low, but in a TSF with a high 
embankment (above 100 m), the  consolidation/compaction phenomena  means that there is an  
increase of tailings density with  depth at any cross section at the impoundment; the result  is an 
increase in the “average” tailings density. This results in an increased capacity and increased 
water release at the TSF. Considering the Los Quillayes TSF as it is at present, in particular the: 
(i) higher tailings production rates; (ii) higher embankment (dam) and impoundment depths; and 
(iii) higher TSF raising rates, an analysis was undertaken in order to create a model that 
characterizes the geometry and the variation of density during the operation of the Los Quillayes 
TSF. This analysis considers the density – depth profile and the variation of density with time at 
the TSF. 
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The analysis incorporated information recorded during the operation.  Hence it was possible 
to compare densities calculated from deposition records to the variation of the density obtained 
from consolidation tests performed on samples of tailings from Los Quillayes TSF.  Hence, it 
was possible to validate the results of the calibration of the model. 

2 METHODOLOGY 

Tailings are usually hydraulically transported from the concentrator plant to the TSF. Tailings 
thus disposed undergo deposition and retain part of the water used for transportation in 
interstitial voids. The rest of the water is released, and it is then accumulated in clear-water 
ponds, from where it is usually recirculated back to the concentrator plant.  

Within the tailings beach area of a deposit three zones can be distinguished: (i) a dry tailings 
beach; (ii) a wet tailings beach; and (iii) a clear-water pond. The tailings densities at each one of 
these points are different, so it would be necessary to measure densities at every point and at 
different depths to be able to integrate the information and finally obtain an average density for 
the deposit (Barrera, 1998).  

Estimating the deposited density of tailings involves formulating models of the tailings that 
are deposited by superimposing layers of reducing thickness. In order to do this, one way is to 
establish the geometrical TSF characteristics, the production and disposal scheme of tailings, 
and the TSF rate of rise  A different way is to directly analyze the consolidation characteristics 
of the tailings, obtained by a TSF data recorder model or oedometer tests on integral tailings 
that are stored in the TSF. 

2.1 TSF Operation Recorder Data 
For these reasons, in Chile, the method most commonly used to quickly and simply determine 

the average density of the deposited tailings, involves periodically surveying the tailings surface 
and the bottom of the clear water pond. This information, together with the topography of the 
natural soil and the tonnage of tailings deposited, makes it possible to establish average in situ 
densities. 

Periodic execution of these topographic and bathymetric surveys at the TSF during operation, 
usually once or twice a year, and the tailings tonnage production record, makes it possible to 
monitor the evolution of density over time. 

By recording data during the operation of the TSF such as: maximum TSF depth; tailings 
tonnage disposal in TSF; and the geometrical parameters set out above, it is possible to simulate 
the placement of successive layers of tailings and to model the filling of a TSF over time and 
hence to estimate its final capacity.   

The TSF operators have to program or schedule the tailings discharge into the basin, the 
construction of the dam embankment, and control of the freeboard to meet regulations and the 
values set down in the permit approval. For these reasons it is very important to have a model of 
the growth and filling of a TSF.  

The capacity curve of the impoundment assuming a tailings beach slope of 0.25% (typical 
average value during operation) was approximated through a regression as shown in Table 1.  

 
Table 1: Storage Capacity TSF Curve 

Storage Capacity TSF Curve with Slimes 
Disposal Slope 0.25 % 

V (P(m)) = Av P3 + Bv P2 + Cv P + Dv (m3) 
Av 28.6 
Bv 1929.9 
Cv -59.2 
Dv 486.9 

Where: 

:P  Maximum impoundment depth in operation time ][m . 
:)(PiV Tailings volume at P ][ 3m . 
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Density of freshly deposited tailings is assumed of o=1.21 t/m3 for the model. 
 
The data presented in Table 2 was recorded during the TSF operation starting 2000 until 2007 

and is the input of the model. 
 

Table 2: TSF Geometry and Recorded TSF Slimes Deposition Tonnage 

 
Note: Upstream dam slope: 2/1(H:V)H  
 
2.2 TSF Geometric Modeling 
 

The TSF geometry has been represented by assuming the simplified geometry depicted in 
Figures 4 and 5. This simplification has the advantage of facilitating the analysis of the impact 
on the final TSF capacity and of incorporating the laws of density variation with depth. The 
input geometrical parameters are represented by: (i) outstanding lateral side of the contours of 
the basin; (ii) the longitudinal baseline gradient of the TSF basin; (iii) the slope of the upstream 
slope of the embankment; (iv) the TSF width at the dam; (v) the TSF depth; and (vi) the TSF 
length. 

The following figures (see Figure 4, 5 and 6) show the modeled geometry of the TSF through 
three typical sections: (i) Plan view; (ii) Longitudinal view; and (iii) Cross section view, which 
are dynamic and vary as the TSF is filled.  

 

 
Figure 4: Plan View Tailings Storage Facility Geometrical Model 
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Figure 5: Longitudinal Section Tailings Storage Facility Geometrical Model 
 

 

Figure 6: Cross Section Tailings Storage Facility Geometrical Model 
 

The following equations show the geometry model fundamentals: 
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Where: 

mL : Dam length ][m . 

qL : TSF length ][m . 
:B  Tailings beach maximum width ][m . 

:)(zA  Tailings horizontal surface at any z depth ][ 2m . 
:P  Maximum impoundment depth in operation time ][m . 
:z  Vertical distance between the tailings beach surface and a tailings level ][m . 

:)(PiV Tailings volume at maximum impoundment depth in operation time ][ 3m . 
:qi  Longitudinal valley slope [%]. 

:mi  Dam upstream face slope [%]. 
 :Li Valley side slope [%]. 
 :b Tailings beach minimum width at the rear of TSF ][m  . 

2.3 TSF Density – Depth Law Modeling 
The following equations describe the linear and non-linear density – depth law:  

)1()( n
o zz      (Eq. 2)         
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Where: 
:o  Tailings density at beach surface without consolidation (as discharge) ]/[ 3mTon . 

:)(zL  Linear dry density – depth profile function of z ]/[ 3mTon . 
:)(zNL  Non-linear dry density – depth profile function of z ]/[ 3mTon . 

:  Density parameter (  n-linear model) ][ 1m . 

:n  Curve parameter (1.0 for linear model and 0.5 for non-linear model). 
 
The Linear Tailings Density – Depth Profile was defined considering the Robertson 

Experiences and Density Results (Robertson, 1987): 
 

)1()( zz oL      (Eq. 3)         

The Non-Linear Tailings Density – Depth Profile was defined considering the Mittal and 
Morgenstern Experiences and Density Results No Linear Tailings Density – Depth Profile 
(Mittal & Morgenstern, 1976) 
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1
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     (Eq. 4)         

2.4 TSF Geometric Model Calibration 
The following models are calibrated by performing a regression of the least squares method: 
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Applying this method, it was possible to obtain the b and c geometrical models parameters.  

2.5 TSF Dry Density – Depth Law Model Calibration 
The following linear density model is calibrated by performing a regression of the least 

squares method: 
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Where :)( iL PT  Linear tonnage function of Pi ][Ton . 
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The following non-linear density model is calibrated by performing a regression of the least 

squares method: 
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Where :)( iNL PT  No linear tonnage function of Pi ][Ton . 
 
For estimating the linear and non-linear average density in the TSF, the model is calibrated 

by using the mean value theorem: 

)13.()(
)(

1),(;)12.()(
)(

1),( Eqdzz
AB

BAEqdzz
AB

BA
B

A
NLNL

B

A
LL

 

  )
2

1()( i
oiL

PP   (Eq. 14) 

 )
3
21()( 2

1

ioiNL PP  (Eq. 15) 

2.6 Geotechnical Tailings Characterization 

The following table shows the PSD and specific gravity for the slimes and total tailings as 
analyzed: 
 
Table 3: Slimes and Total Tailings Grain Size Distribution and Specific Gravity 

 
 
Oedometer tests were undertaken in order to estimate the densification and consolidation 

behavior of the tailings due to the increase of the load (stress) with depth. The following table 
shows the PSD and specific gravity for the slimes and total tailings analyzed: 

 

 
Figure 7: Slimes Consolidation and Total Tailings Consolidation (Void Ratio vs Pressure) Curve 
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3 ANALYSES OF RESULTS 

3.1 TSF Geometrical Model Calibration Results 
The following graph shows the correlation coefficients for different TSF capacities that 

reflect the quality or accuracy of the adjustment made to find the parameters b and c of the 
geometry model: 

 

 
Figure 8: Linear and No Linear Geometry Model Calibration Accuracy 

 
The results indicate that for both models (applied to linear and non-linear density models) the 

correlation coefficients are 0.99 achieving good accuracy in the model. 

3.2 TSF Dry Density – Depth Law Model Calibration Results 
The following graphs show the results for the tailings dry density – depth profile, and the 

tailings average dry density evolution with time: 
 

 
Figure 9: Model Tailings Dry Density-Depth Profile, and Average Tailings Dry Density Time Evolution 
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The following graph shows that the correlation coefficients can reflect the quality or accuracy 
of the adjustment made to r and non-linear density 
models. 

 

 
Figure 10: Linear and No Linear Dry Density Model Calibration Accuracy 
 

The results indicate that for both models the correlation coefficients are 0.99 reflecting good 
accuracy in the models. 

 
4 TSF DRY DENSITY – DEPTH LAW MODEL RESULTS VALIDATION 

     The following formulas are using to determinate the density – depth tailings profile 
considering the consolidation test results of total tailings and slimes samples: 
 

                                 
)1( e

Gs    (Eq. 16)                  hP    (Eq. 17) 

Where:  
:   Tailings dry density.   

Gs: Tailings specific gravity. 
e:   Void ratio. 
P:  Total vertical pressure or principal normal stress.       
h:  TSF depth . 
 
The following graphs show the tailings dry density – depth profile and the tailings dry average 
density – time evolution considering the calibration model and the oedometer test results: 
 

 
Figure 11:  Tailings Dry Density – Depth Profile and Tailings Dry Average Density – Time Evolution 
Comparative Results 
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Note: (*) The Average Operation Density is an estimation considering the tailings tonnage 
produced at the concentrator plant and an approximate estimation of the filling volume of 
tailings during the operation at the TSF. 
 
     The density increase with depth represents an increase in the final TSF capacity. This 
capacity increment is greater when the TSF height increases. In the Los Quillayes TSF, the 
average tailings dry density adopted in the design engineering phase was 1.3t/m3. Doing 
operation, the average tailings dry density was greater that the value projected at the design 
phase. The average dry tailings density values function of TSF depth obtained by the model and 
the data operation estimation are show at the next table: 
 
Table 4: Average Dry Tailings Density in function of depth of TSF 

 
Note:  During the first year operation at TSF cannot take accuracy 
data, and cannot make a good de average density estimate. 

 
This table shows that the average dry tailings density increases with height of the TSF. 

5 CONCLUSIONS 

The study results are conclusive in showing that in a high rise TSF, there is a significant 
variation in tailings density with depth. This thesis was tested using two different models of 
density variation in depth (linear and no linear) and by undertaking oedometer tailings tests. 
    By comparing the results of linear and non-linear models with the results of consolidation 
tests, it is concluded that the non-linear model better approaches the actual densification 
behavior obtained during deposition of tailings. 

The available data on the filling and growth of the TSF were limited to the first years of 
operation.  Thus it is not possible to verify conclusively which of the two models is most 
appropriate for a study of this type. In any case, the results of the oedometer tests on slimes and 
total tailings samples suggest that the non-linear density model is the most appropriate. 

The non-linear model is applicable for a TSF over 100-m high located on watersheds with 
steep topography. Obviously, these values will be different for other TSF configuration (wide 
and open valley).  For the Los Quillayes topography with deep and narrow valley characteristics 
the approach is considered to be adequate. 
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The increase in density with depth represents an increase of the final capacity of Los 
Quillayes TSF. In this particular case, it means a greater capacity with respect to the design 
capacity, namely, 1 % more of capacity for a 100 m dam height, and 3% more capacity for a 
198-m dam height. 

This analysis show that a 0.02 t/m3 increase of average dry tailings density from 1.30 t/m3 to 
1.32 t/m3 resulted in a tailings upper surface that is approximately 3 m lower than the ultimate 
dam height. Considering a 198-m high  cycloned tailings sand dam with a downstream slope  of 
H:V = 4: 1,and  using the downstream construction method, a 3 m height reduction corresponds 
to a 1.5 % of the 198 m of height.  This decrease in dam height resulted in a 5 % reduction of 
the total dam volume. Analyzing this issue from an economic and geotechnical point of view, 
this means a saving in the construction of the dam, and a lower dam height that decreases the 
risk of instability. 
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1 INTRODUCTION 
 
Investing in mines and mining companies is a risky business.  Many have made money; many 
have lost.  Many are the factors that make a mine profitable; and many are the risks that may 
render a mine unprofitable.  In this paper we look at some of the factors related to mine waste 
disposal facilities that may make a mine successful or conversely unsuccessful.   

Nothing written here should be considered investment advice.  Nothing said here is intended 
to support investment in any mine or mining company.  Nothing said here should be interpreted 
as a recommendation to sell or not invest in a particular mine or company. 

Perforce, we talk of real mines and mining companies.  If we did not, this would be merely a 
theoretical thesis of no real value or interest.  The stories we tell are of the time of writing this 
paper, late May 2012.  Things change fast in the world of investing.  By the time this paper is 
published, nothing may be the same.  Therefore, please check facts as they are at the time you 
make your investment decisions based on news of a mine’s tailings facilities, waste rock dumps, 
and spent heap leach pads. 

2 BACKGROUND 
 
The following are some factors that make a mine a financial success or failure—and we rec-
ommend you consider them all when investing in a mine: 

Waste management considerations in mine investment decisions 

J.A. Caldwell, P.E. 
Robertson GeoConsultants, Vancouver, BC, Canada 

ABSTRACT: Investing in mines and mining companies is inherently a risky business.  One in 
ten junior mining companies will go on to make money.   Some mid-sized mining companies 
grow, but others fade and die.  The big mining companies are generally steady, but too are sub-
ject to risks that may affect the investment decisions of the ordinary person.   The information 
available to the average investor about new and existing mines generally focusses on what is in 
the ground and how it can be taken out and processed at a profit.  Almost never do we see in-
formation about the mine’s waste disposal facilities: the tailings impoundment, the waste rock 
dump, or the spent heap leach pad.   Yet malfunction and failure of such mine waste facilities 
has led to significant financial loss to many investors on many mines.   This paper sets out some 
of the basic principles that can be applied when deciding to invest in a mine whose fortunes 
may be affected by the ups and downs of its waste facilities.  Many case histories are presented 
to illustrate and reinforce the basic investment rules suggested.    . 
. 
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2.1 Company 
Is the deposit being developed by a Junior Mining Company, a mid-level mining company, or 
one of the five or so big, international companies?  Keep in mind that the Junior seeks to find a 
deposit, prove its worth, and sell for a profit to a bigger company.  The mid-level seeks to de-
velop the ore body, maybe assemble a number of such properties, and avoid being taken over 
because of spectacular success.  The big companies have to make big profits; they like to focus 
on big mines; and they shed the smaller, less profitable entities. 

Companies, big and small, are run by people.  Some are wise and prudent.  Some are greedy 
and venial.  Some are downright dishonest.  Establish who runs the mining company you seek 
to invest in.  Check out their track record of success or failure.  There are many examples of re-
peat performance out there.   

2.2 Commodity 
Commodity is everything.  Right now iron ore is the favorite.  Diamonds are out of favor.  Rare 
earths, although not that rare, are the promise of the day.   Uranium swings as accidents happen 
or are forgotten.  Copper depends on a seemingly mysterious Chinese demand that some say is 
insatiable and others say is a bubble waiting to burst.   

2.3 Country 
There are many respected publications that annually rank the best and worst countries in which 
to mine.  The annual publication by the Vancouver-based Fraser Institute is probably the most 
read and quoted.  They list countries by almost all conceivable criteria from ore deposits 
through political risk and time to permit a new mine.  They do not rank countries by laws and 
regulations that affect mine waste disposal.   

3 CASE HISTORY 1:  BELLA VISTA, COSTA RICA 
 
This ex-mine is the subject of litigation in three countries; therefore I stick to what is readily 
available on the internet.  When the mine was opened, it was hailed as a new era in mining in 
Costa Rica, a generally mining-unfriendly country.  I am told by those who should know, that 
those involved in developing the mine were skilled, hard-working, and deserving of success. 

The heap leach pad was constructed on a hillside.  At the toe of the pad is a return-water 
pond.  Above the pad, on the same hillside is the waste rock dump.  All was going well.  The 
heap leach pad was well-developed.  There was a long rainy season.  Then news came of insta-
bility of the heap leach pad.  Cracks appeared at the bottom corner of the pad.   

The mine issued reassuring statements that all was under control and that the experts were on 
their way.   

When all was said and done, the heap leach pad and hillside were moving, nothing could be 
done, the mine was closed, and the mining company went bankrupt.  Now only the lawyers are 
making money.  Although last I read, there were attempts being made to reopen the mine.   

From an investment point of view, the only lesson to be learnt from this case history is this:  
At the first report of instability of a mine waste facility, sell.   

4 CASE HISTORY 2: PEBBLE MINE, ALASKA 
 
The share price of this mine has gone high and come down low as the news of support for and 
opposition to the mine has waxed and waned.   

The deposit is reputedly one of the biggest and would, over a nearly a one-hundred-year life, 
produce much gold and copper.  The deposit occurs above Bristol Bay, one of the most produc-
tive fishing areas of Alaska.  And this fact is the source of the fluctuation in share price. 
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No definitive report has been issued, but the news is of a nine-mile long tailings facilities ris-
ing seven-hundred feet high.  If the metric system were used, a ten kilometer embankment a 
mere two-hundred meters high would not sound so bad.   

Opposition to the mine is intense.  At the time of writing this paper, the U.S. EPA has just is-
sued a draft report that finds that failure of the tailings facilities could wipe out fishing in the 
bay for “decades.”  The EPA puts the probability of failure of the tailings at between one in ten 
thousand and one in a million.  Pretty standard numbers if you are familiar with the statistics of 
tailings facility failure.   

We have no way of telling how this story will play out.  But a lesson learnt is this:  Opposi-
tion to a mine’s waste disposal facilities, however well or badly founded, may profoundly affect 
share value.   

5 CASE HISTORY 3:  BOTSWANA 
 
As an investor wary of the potential impact of the influence of mine waste disposal planning on 
share price, what should you do?  One possibility is to choose only investments in mines in 
places where it is possible to cost-effectively dispose of the mine’s waste.   At its most simple, 
that means dry places far from water bodies.   

Hence consider investing in mines in Nevada, southern Arizona, Northern Chile, and vast 
swaths of Australia.  If the climate is dry, there is less likelihood of infiltration to the wastes, 
less exfiltration to seep to affect groundwater, and less precipitation to cause unwanted erosion 
during operation and in the long term post-closure.   

Many years ago at a mine in Botswana, I looked over the mine’s waste facilities and asked 
how they would reclaim them.    

“Fear not,” was the reply.  “They are so dry; the wind will eventually blow them away to re-
turn the sand to the desert.” 

Not a good basis for investing, but insightful enough in the overall context of perpetual. 

6 CASE HISTORY 4:  ROSEMONT COPPER, ARIZONA 
 
Water is scarce south of Tucson.  Opposition is intense from the retirement communities of the 
area, from places with names like Green Valley, only people over 55 need apply.   

The mine developers propose filter-pressed, dry-stack tailings.  I thought this a perfect solu-
tion: low water consumption; great flexibility in placement; and easy, ongoing reclamation.  
The shares were costly, success just over the horizon.  Yet opposition has wiped out any gains.  
Last I heard, things were on hold pending resolution of issues of water use, environmental im-
pact, and more investment money.  

As with the Pebble Mine, we have no way of telling how this story will play out.  But be sure 
the rule is: Until the mine can prove cost-effective, environmentally sound tailings disposal, sit 
on your investment dollars.   

7 CASE HISTORY 5: GREENS CREEK, ALASKA 
 
Mines in wet, cold places can be successful.  Many, many years ago, I spent two summers in the 
Cannery of Hawk Inlet on Admiralty Island.  We located and drilled a site for the tailing facili-
ty.  A rich ore body, the difficulty of coping with excess precipitation, and concern for big 
earthquakes, persuaded the miners to go for filter-pressed, dry-stack tailings disposal. 

This tailings facility is about to be expanded for the seventh time.  For the geologists say 
there are still forty years of ore left to be mined.   

Now mines such as the Marlin Mine in Guatemala, the Eleonore Mine in Quebec, and the 
Escobal Mine in Guatemala are moving ahead with filter-pressed tailings stacks.  

In spite of the story of Rosemont Copper, we may postulate this investment rule:  If the min-
ers know they can afford filter-pressed tailings, they probably know they have a profitable ore 
body.  Invest.   
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8 CASE HISTORY 6: NORTHERN CHILE 
 
Some mines are in places so dry that they have to desalinate sea water and pump it three hun-
dred kilometers and three-thousand meters up to the mines.  Such water for tailings operations 
may cost upward of two to three dollars a cubic meter.  The mines that reduce water consump-
tion (loss) at the tailings facility may make more profit than those that are profligate water us-
ers.   

It is no secret that the greater part of the water consumed at a tailings facility is the water en-
trained in the tailings.  Of course some is lost by seepage downwards to dry, permeable founda-
tions soils; some is lost to evaporation from the beach and the pond.  But the fact remains that 
most water is lost in tailing void space entrainment.   

There is little you can do to retrieve water seeping to the foundations.  There are deposition 
techniques to limit the size of the active beach and the extent of the pool.  But the best way to 
reduce water consumption is to reduce the volume of water-entraining tailings.  How to do this 
and maintain production rates? 

One possibility is to cyclone the tailings.  Take the cyclone underflow sand and deposit it in a 
lined, underdrained sand stack.  Take the cyclone overflow, thicken it as much as possible 
(commensurate with the ability to keep it moving into the tailings facility reservoir), and deposit 
it behind an embankment dam of borrow materials that need little water to get proper compac-
tion densities.   

Hence you may reduce consumption from upward of 0.7 cubic meters of water for each ton 
of ore deposited as tailings to as little as 0.3 overall.   

Thus our investment rule:  Look for innovative mines that implement smart ways to reduce 
water consumption in dry places.   

9 CASE HISTORY 7: WESTERN ALASKA 
 
The Rock Creek mine was started near Nome, Alaska amidst much fanfare.  They had a lined 
tailings facility and deep-cone thickeners to make a tailings paste.   Many millions spent and a 
few months into production, the mine was closed.  I do not understand such things mechanical, 
but the thickeners were not thickening and the tailings were flowing out as a watery fluid.   

There were probably other factors at play.  But the mine is now in closure, or maybe trans-
fered to the Native Corporation on whose land it is located, and the shareholders are smarting.  

Hence my investment rule: Let others invest in mines where they say they will dispose of 
tailings by the paste method.   

10 CASE HISTORY 8: THE OIL SANDS MINES OF ALBERTA 
 
The idea of cyclone splitting of sand and slime is not new.  It has been practiced for a long time 
at the oil sands mines of Alberta.  Vast sand dikes surround vaster deposits of fine tailings, 
sometimes called Mature Fine Tailings (MFT).  For the fines are so fine that they do not like to 
come close to each other.  They may start out as a fluid of void ratio five, and “mature” over 
many years to void ratios of one, two and three.  They are not really a solid until the void ratio 
decreases to about 0.65.   That may take a very long time. 

The oil sands mines, individually and in consortium, are seeking new ways to deal with their 
tailings.  They are prompted by that awful Directive 74 which says the tailings shall have 
strength of 5kPa one year after deposition and 10kPa five years after deposition.   

Leaving aside the wisdom of investing in mines subject to vague, prescriptive rules, we note 
that many alternatives are under investigation.  Included are bigger cyclones, deeper thickeners, 
thin-lift drying, deep-layer consolidation, and polymer amendment.   

Suncor has successfully closed its tailings Pond 1 by replacing the MFT with CT.  This latter 
acronym stands for tailings to which sand and gypsum have been added to create a more “solid” 
material.   

Suncor is successfully reclaiming Pond 5 by constructing a floating coke cap.  In winter when 
the upper tailings are frozen, they lay out a geotextile and an overlying geogrid.  Then they 
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place waste coke to a depth sufficient to support heavy construction equipment.  When the tail-
ings thaw, the coke, being lighter than the tailings, floats and is kept together by the underlying 
geosynthetics.  Now wick drains are being installed to promote dewatering and hence consoli-
dation of the MFT and other high void ratio tailings in the pond.   

Polymer amendment of the MFT just before deposition is being evaluated.  The polymer in-
duces flocculation of the fine tailings into aggregates.  The overall mass has a higher permeabil-
ity than the clays alone.  Thus dewatering, drying, consolidation, and strength gain are promot-
ed.   

As an investor, all we can advise is this:  regardless of the technology, one or more of the oil 
sands mines will pull ahead in complying with Directive 74.  That is the company to watch and 
be prepared to invest in, at least on the basis of the criterion: can they cost-effectively deal with 
their tailings? 

11 CASE HISTORY 9: BRITANNIA BEACH, BRITISH COLUMBIA 
 
Once the biggest copper mines in the British Empire, now a fascinating tourist attraction, this 
mine involves  perpetual water treatment.  The plant is small and inconspicuous.  There is no 
reference to it in the tourist literature or pointing out of the plant by the tour guides.   

There is no tailings pile.  I am told the tailings were dumped into the inlet and now form the 
basis of the road on which we speed to Whistler and skiing.   

It is nigh on inconceivable that today a mine would be permitted to dump tailings into the 
ocean and plan on perpetual water treatment.  I have been excoriated for saying this is a shame, 
for in the goodness of perpetual time, geomorphology will prevail, and the tailings will proba-
bly erode down to the ocean.   

The issue is rightly this:  can the rate of erosion and the rate of dispersal of the tailings into 
the receiving waters be limited a “natural rate?”   By natural rate, I mean one that is sufficiently 
low that there is no or insignificant impact on receiving waters.  The mining company that gets 
that argument right, is the one to watch.   

As I write this I see this report on ocean disposal of tailings: 
“A coalition of environmental groups plan to file an appeal Wednesday to Indonesia' High 

Court/Supreme Court of an administrative court ruling that continues to allow PT Newmont 
Nusa Tenggara (PT NNT) to dispose of Batu Hijau mine tailings in Senunu Bay on the island 
of Sumbawa. On April 3, 2012, The Jakarta State Administrative Court (PTUN) rejected a 
lawsuit filed by the Coalition for the Restoration of Indonesian Seas challenging the decision 
of Indonesia's Environment Ministry to issue a permit to allow PT NNT to dispose of 
140,000 metric tons per day of tailings in Senunu Bay in Sumsubawa in the Province of East 
Nusa Tenggara.” 

Not sure which way I would direct investment dollars pending the finding of the High Court.  

12 CASE HISTORY 10: KENSINGTON MINE, SOUTHEAST ALASKA 
 
A short ferry ride from Juneau up through the blue waters and past the great glaciers brings you 
to the Kensington Mine.  They place their tailings in a lake.   

Generally I would advise avoiding putting you savings into a mine that proposes lake tailings 
disposal.  Consider the Kemess South story where the mine was stopped for that very reason. 

You would have needed extreme patience to wait out the start of the Kensington Mine.  They 
persisted all the way to the U.S. Supreme Court in order to get permission to lake-dispose of 
their tailings.  It all came down to the legal issue of whether the EPA or the Corps of Engineers 
has jurisdiction over placement of mine wastes into waters of the nation.   
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13 CASE HISTORY 11: EKATI MINE, NORTHWEST TERRITORIES, CANADA, AND 
OTHER OPEN PITS 
 
In the Tailings and Mine Waste 2011 conference, we presented a paper that describes plans to 
dispose of processed kimberlite into worked-out open pits.  Deposition will start soon.   

In California, the rule is that mine open pits must be backfilled at mine closure.  Some of the 
open pits of the now-closed Royal Mountain King mine near Copperopolis, California have 
been closed thus.   

I have seen filled open pits at the uranium mines of Saskatchewan.  They place a drain 
around the perimeter of the pit before placing the tailings.  The idea is to limit groundwater 
seepage to and from the filled pit.   

It is probably a stretch, but let us postulate this investment rule:  Seek out mines that can and 
do place their tailings in open pits.   

14 REWORKING THE MINE WASTE 
 
Reworking the tailings and waste rock dumps is not a new idea or investment opportunity.  All 
the slimes dams and sand dumps where I played growing up on the East Rand mines of South 
Africa are gone: reworked for gold and uranium left behind in the first processing.   

These days the news wires are replete with opportunities to invest in companies seeking to 
rework the mine waste.  Here, entirely randomly, is one such report that I find as I write: 

“Reprocessing mine tailings involves using modern extraction methods to remove minerals 
that are still present in the waste rock produced by operating or closed mines. This process 
lets miners eliminate the cost of mining minerals directly. Reprocessing also often provides 
an opportunity to clean up toxic tailings sites, reducing their impact on the environment. 
Higher resource prices can also spur interest in tailings reprocessing. Today, for example, 
there is particular interest in recovering gold from tailings. Canadian gold producer Eldorado 
Gold (TSX:ELD) provides an example: the company is currently working on a facility to ex-
tract gold from tailings at its Olympias project in Greece. Eldorado expects to produce more 
than 230,000 ounces of gold over 3.5 years from these tailings.” 
Although there are risks.  I also came across this report on the slimes dams at the old Groot-

vlei mine that bordered East Geduld where I grew up: 
“GOLD One International and Goliath Gold’s acquisition of the majority of Pamodzi 

Gold’s East Rand assets did not include the historic tailings dams of the properties. Neal 
Froneman, CEO of both Gold One and Goliath Gold, told Miningmx the dams were of no 
strategic interest to them.  Buying these dumps would’ve necessarily entailed acquiring the 
associated environmental liability; an issue that Froneman was keen to avoid in the way the 
deal for the remainder of the assets was structured.” 
There are companies who know how to make a profit and deal with the environmental liabili-

ties, as noted in the report from which I quote above and which continues: 
“A seemingly natural fit for these dumps would be DRDGOLD’s Ergo surface operations. 

Ergo’s current focus is the retreatment of the Elsburg tailings complex, and it owns the sur-
face rights to access another 600 million tonnes of surface tailings across the eastern, central 
and western Witwatersrand.” 

15 MINE CLOSURE 
 
There is much written on mine closure and the prudence of operating the mine in such a way 
that closure is ongoing during operation.  They say that leaves less expense to be borne on mine 
closure.  There is also much written on the inadequacy of funds to close most mines.  Important 
as these issues are to mining and society, they raise some interesting issues for the average in-
vestor. 

I had to search diligently through the very fine print of a big mining company’s annual report 
to get any idea of their mine closure obligations.  I found the data eventually.  Rather scary I 
thought.  Then I went back to their report from the preceding year.  Seems their closure obliga-
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tions had risen substantially from the first to the second annual report.  The stock price did not 
reflect this.  So maybe the closure obligation is small by comparison with profits.  But can this 
continue indefinitely?   Surely there is an end-game when the number of closed mines in the 
company’s portfolio is so big the costs overwhelm operating mine profits? 

No answers to this one.  But I must note this investment rule for future reference:  Sell when 
the closure costs are about to exceed the profits from operating mines.   

16 CONCLUSIONS 
 
The conclusions are obvious, as in all investing.  Watch the stories of mines, their waste dispos-
al practices and costs, and the direction of movement of share price.  Formulate your own in-
vestment rules on the basis of the stories.    

17 AN AFTERTHOUGHT 
 
In spite of company policy that there be at least two authors to each paper bearing the company 
name, I have refrained from seeking a co-author.  That is because the ideas and opinions in this 
paper are my own and I cannot pin the blame on anybody else.   

The stories and ideas in this paper have come not from working as an employee of the com-
pany brave enough to employ me.  Most of the stories and ideas have come while writing my 
blog I THINK MINING (www.ithinkmining.com ) and while compiling and updating the 
EduMine course An Introduction to Mining Investment – Understanding the Risks 
(http://www.edumine.com/xutility/html/menu.asp?category=xcourse&course=xinv101) 

I repeat my admonition: Do not take any of this as serous investment advice.  I have made 
more investing in properties.  Although  mining investing has been fun and will no doubt con-
tinue to be so.  Recall the basic mining investment rule: If you cannot afford to lose it all, do not 
invest it.   
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ABSTRACT: The last thirty years has witnessed the growth of tailings lines with pressures as high as 
1100 psi ranging from heterogeneous mixtures for oilsand, taconite and copper applications to pseudo-
homogeneous non-Newtonian mixtures for many gold mines. Transients in tailings pipelines can lead to 
very high pressures and damage to pumps and pipelines.  
 Most models attempt to simplify the problems of transient slurry flow to one of a single-phase with 
a bulk modulus based on the concentration of solids. While this may be valid for pseudo-homogeneous 
flows such as gold mines, these models do not account for stratification in more heterogeneous mixtures 
that are very common with tailings disposal pipelines for many minerals. 
 Recently a large mine in Nevada was completing an upgrade increase of their tailings facility by a 
new lift. The mine had been using a manual anti-surge system at start-up and shut-down and wanted to 
move towards an automatic protection system. 
  The new pipeline was a combination of rubber-lined and HDPE piping. The pipeline was modeled 
for steady state and transient flows. The model revealed important transients that had to be mitigated by 
rupture pins and air/vacuum combination valves. The pipeline was commissioned in April 2012.  
 
 
 

1 PROBLEM DESCRIPTION 
 
Fluor was approached to engineer the expansion of the tailings system of an existing gold mine in 
Nevada. The facility consisted of a common tank feeding three parallel tailings lines (two operational 
and one standby). The three lines discharge into a common tailings distribution tank, at the elevation of 
5,843 ft A.S.L. It was planned to raise the final discharge point to the elevation of 5,888 ft by expansion 
of the tailings system to stage 9. 
 The tailings starts at the cyanide destruction tank to which are installed three pipelines. Each train 
consists of three stages of centrifugal pumps in series in a common pump house with gland water 
pumps. 

The mine started with a single-stage  8”x6” slurry pump, but as more lifts were added and the mine 
expanded, two additional stages of 10”x8” high pressure slurry pumps were added for each line. With 
the expansion of the tailings system, transient problems were encountered. Although a rupture disk was 
installed, the mine preferred a manual procedure to protect the pumps and the line from water hammer 
effects during start-up and shut-down. The tailings system had been subject to a number of operational 
problems resulting in the development and adoption of a manual procedure to avoid transients at start-up 
and shut-downs.  

The manual anti-surge system consisted of a tee on the discharge of the 3rd pump leading to a 
recycle line to the cyanide destruction tank. A valve was installed in the recycle line.  It was opened for 
approximately 22 seconds before closing and shutoff of the 3rd stage pump. The latter took 63 seconds 
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before turning down the 2nd stage. The 2nd stage and 1st stages were simultaneously shut down.  The 1st 
and 2nd stage pumps, being of different sizes took respectively 65.7 seconds and 55.7 seconds to come to 
rest. 

The mine wished to switch to a fully-automated system in conjunction with the next anticipated 
expansion to lift 9, with the upgrade of the pipeline diameter for larger flows, higher static head, longer 
discharge lines and mitigation of water hammer effects.  Figure 1 depicts the process diagram for the 
tailings pipeline system. 
 
 
 

 
Figure 1 Process Diagram for Tailings Pipeline System 
 
The new pipeline consists of a combination of HDPE-lined carbon steel, 14” and 16” pipe and 20” 
HDPE DR-11 as per Table (1). 
 

 
Table (1) Pipeline Design 

  
Property Units Value 
Material Specification  ASTM Grade B Sch 40 from Station 

0+000 to 4+600 
Pipe Outside Diameter inch 14 Sch 40 
Steel Wall Thickness inch 0.4 
HDPE Liner Thickness inch 0.675 
Length ft 4,321 
From elevation ft 5,405 
To elevation ft 5,459 
Pipe Outside diameter inch 16 
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Steel Wall Thickness inch 0.375  
HDPE Liner Thickness inch 0.675 
Length ft 700 
From elevation ft 5,459 
To elevation ft 5,888 
Material Specification  PE 3408 - 20” HDPE DR 11  
Pipe Outside diameter “ 20 
Average Pipe ID “  16.38 
Length ft 8,050 
From elevation  5,888 
To elevation  5,888 
Pipeline linear roughness 20 m 
Design Temperature oC   

 

2 COMPUTER MODELING 
 
Water hammer or transients due to sudden power failure, sudden blockage of line due to accumulation 
of coarse solids can lead to a very dangerous situation. Figure 2 shows a thick casing of a GIW 16x14 
tailings pump cracked due to water hammer.   

There is currently no reliable software to model a stratified slurry flow undergoing a transient.  The 
problem is often treated by assuming that the tailings behave as a single-phase flow with a modified 
bulk modulus based on the volume concentration of solids. 

For slurries which are solid-liquid fluids, Wood & Kao and Bechteler & Vogel added a term to 
account for the presence of solids into the equation of motion and concluded with the following 
equation: 
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      (Eq.1) 

 
Where, a   = acoustic wave speed 
 CV = volumetric concentration of slurry 
 l  = liquid density 
 s = solids density 
 Kl = liquid bulk modulus of elasticity 
 Ks = solids bulk modulus of elasticity 
 D  = pipe diameter 
 e  =  pipe wall thickness 
 E  =  Modulus of elasticity 
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Figure 2 large crack in 16x14 hard metal casing due to water hammer at a Taconite mine  
 

 
Table 2 Acoustic Wave Speed Calculation 

 
 14” HDPE-

lined carbon 
steel 

16” HDPE-
lined carbon 

steel 

20” HDPE  
DR 11 

Cv =  volume  concentration of solids 19.8% 19.8% 19.8% 

l = liquid density, slugs 1.97 1.97 1.97 

s = solids density, slugs 5.22 5.22 5.22 

Kl = Water bulk modulus of elasticity, psi 3.03E+05 3.03E+05 3.03E+05 
Ks = Solids bulk modulus of elasticity, psi 2.32E+06 2.32E+06 2.32E+06 

D = pipe inner diameter, in 15 13.2 16.145 

e = pipe wall thickness, in 0.5 0.4 1.82 

E = pipe material Modulus, psi (*) 29,027,576 29,027,576 159,652 

Celerity (a) (ft/s) 4061 4116.2 1045.8 

(*)For HDPE value is obtained from AFT Fathom for Temperature of 21oC. 
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2.1 Slurry Rheology   
 
The tailings consisted of a very fine particle distribution and behaved as a non-Newtonian Bingham 
plastic with viscosity and yield stress as per Figure 3. 
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Figure 3 Rheology of Tailings 

 

2.2 Water Hammer Analysis and Surge Protection  
 
The software AFT Impulse was used to develop the model and analyze the transient behavior of the 
system due to it’s inclusion of a slurry module for analysis of Bingham plastic fluids. 

The AFT Impulse software uses the well known method of characteristics (MOC) to solve the 
equations for the pressure and velocity waves.  Detailed isometric drawings were available for the 
pipeline layouts from the cyanide destruction tank through the pump house and topographic data was 
available from the pump house to the discharge tank at the end of lift 9.  
 
2.3  Modeling considerations 
 
The method of characteristics is capable of producing detailed results, i.e. a fine space and time grid but 
at the cost of run time.  Given the relatively short distances from the cyanide destruction tank through 
the pump house contrasted with the long pipe runs from the pump house to the tailings discharge tank, 
one of the challenges was to skeletonize the model sufficiently so that we would have confidence in the 
accuracy of the model without having excessively long run times. 

The modeling effort was divided into four main parts:  Translating the physical layout of the system 
into the model including the actual pump curves, inputting the sequence of operations for the valve and 
pump operation, inputting the slurry rheology and locating vacuum relief and overpressure valves. 
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Figure (4) AFT Model of Pipeline with Rupture Pin represented as relief valve at Junction J6 and vacuum valves at 
J11 and J12 

 
The physical layout was straight forward due to having relatively accurate layout information, line sizes, 
schedules, lengths and pump curves.  Data was taken directly from the manufacturer’s pump curves for 
input into the model.  Suter curves were not developed for this analysis since reverse flow through the 
pumps was not modeled.  
  

 
Figure (5) Elevation and Head Gradient for Tailings Pipeline 
 
The valve and pump timing was based on field measurements.   

Slurry rheology was one of the key elements in the development of an accurate model of the system.  
The properties input into the Bingham plastic model and especially the fluid bulk modulus were of 
primary importance in tuning the model to give accurate results.   Wave celerity was a key indicator in 
tuning the model.  Adjusting the fluid properties to give a “reasonable” wave speed was the primary 
mechanism for tuning the model to give a good steady-state staring point prior to the transient 
simulation. The simulation was run multiple times to “tune” the model.  Initial simulations showed 
results in the HDPE portions of the pipeline with wave celerity that was approximately an order of 
magnitude larger than expected. The tuning effort consisted of adjusting Young’s Modulus for the 
HDPE portions of the pipeline until the celerity was in the range of approximately 5,000 to 6,000 ft/sec.  

Two operational scenarios were modeled. First was the simulation of the manual shut down using 
field measurements for the timing from start valve closure, pump shutdown initiation, valve closure and 
pump off with sequential shutdown of each stage of pumping. The second scenario modeled was 
simultaneous shutdown of all pumps with valve closure which was modeled in order to estimate the 
largest loads resulting from system shut down and conservatively size valves for overpressure and 
vacuum breaking.   
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Figure (6) Surge Pressure within the Pump Station showing upsurge and down surge. 
Maximum and Minimum Pressure profile in pump station from Hydraulic Transient. 
 

 
Figure (7) Surge Pressure for Entire Pipeline showing upsurge and down surge. 
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With simultaneous shut-down of all three pumps in series over 60 seconds, the pumps tend to slow down 
the upsurge wave as it covers the full pipeline in less than 4 seconds. The first stage pump is of the AH 
type with standard pressure rating and does face pressures higher than 150 psi. Stage 2 and 3 are of the 
AHP High pressure rating type. 
   

 
Figure (8) Time response for each section of pipe within the pump station due to Hydraulic Transient 
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Figure (9) Drop of pressure in pipeline vs. time outside the pump station. 
 
 

 
Average velocity vs. time 

 
Figure (10) Flow Reversal in pipeline due to surge vs. time. 
 
The accidental loss of power leading to simultaneous shut-down of all three pumps in series was 
examined. Due to the relative long time of 60 sec, the peak pressure in upsurge does not exceed 400 psi. 
However the down surge drops to atmospheric value at the pump discharge and in the 20” HDPE 
pipeline fairly fast. Considering the accuracy of the model, combination air/vacuum valves were 
recommended at the discharge of the pump station before the steep rise to loft 9, and at the peak of the 
pipeline before the changes from the 16” HDPE lined carbon steel pipe to the 20” HDPE pipe. 
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The accidental surge due to sedimentation in the pipeline was difficult to model as the rheology points to 
a Bingham plastic and non-settling. This accidental transient may occur due to a bad batch of coarse 
material. It is therefore recommended to install rupture pins at the discharge of the pump station on each 
train. 
 
3 CONCLUSION 
 
The analysis showed that it would be feasible to switch from a manual surge anticipation system to a 
hydraulic self-operated system by replacing the manual valve with a rupture pin system with isolating 
valves.  The mine implemented this solution to increase overall safety and reliability of the tailings 
system while saving on labor cost and providing a more automatic approach. 

The pipeline lift 9 was completed in 2012 and is currently operating. 
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5 NOMENCLATURE 

a Celerity or wavespeed of pressure wave (m/s) 
cv Volumetric concentration of solids 
cw Weight concentration of solids 
d50 Median particle size with 50% passing the diameter 
e Pipe thickness (m) 
E Young Modulus (Pa) 
fD Darcy Weisbach friction factor 
Kl Bulk modulus of elasticity  of water (Pa)  
Kl Bulk modulus of elasticity of solids (Pa)  

 Poisson Ratio 
L Density of carrier liquid  (kg/m3) 
m Density of slurry mixture (kg/m3) 
s Density of solids (kg/m3) 
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1 INTRODUCTION 

On October 4, 2004, during field measurements collected in trench LFG-008, a crack devel-
oped in the middle of the trench. This occurred during the destruction of the Goat Hill North 
(GHN) rock pile at the Questa site. Soil samples were currently being collected by New Mexico 
Tech as part of field and laboratory testing program for the Molycorp (Chevron) Waste Rock 
Pile Weathering Study. The purpose of the study was to determine how the stability of waste 
rock piles might change over time due to physical, chemical or biological processes. The crack 
varied in width up to a maximum of 100 mm and extended in an arc pattern around the pushed 
out section of the slope. 

The location of the crack, the lip of the slope, and the intersection point with the 2:1 slope 
was surveyed by Molycorp personnel. The crack was also widening at a rate that was measured 
by Molycorp personnel. The data was later transferred to the New Mexico Tech (NMT) data-
base. A plan view of the survey locations may be seen in Figure 1. 

The slope had been pushed in a convex arc out from the original slope of the mountain in or-
der to ultimately flatten the slope of the GHN pile and reduce a slope failure risk. Trenches were 
excavated  through undisturbed zones of the original rock pile during the slope destruction pro-
cess in order to provide insitu field testing / sampling opportunities for the Questa Waste Rock 
Pile Weathering Study. The crack formed an arc through the excavated trenches in a manner op-
posite to the lip of the slope. A view of the crack as highlighted from a position directly above 
the slope may be seen in Figure 2. The crack was marked with stakes for visualization purposes. 

Back analysis of the Goat Hill North slope failure 

M. Fredlund & R. Thode 
SoilVision Systems Ltd., Saskatoon, SK, Canada 

D. van Zyl 
University of British Columbia 

W. Wilson 
University of Alberta 

ABSTRACT: This paper presents the study of a crack that formed on the Goat Hill North Waste 
Rock Pile of the Molycorp Questa Site.  The crack formed during the re-grading of the slope 
and represented an excellent way to benchmark a numerical model to a failure condition at the 
site. With the back-analysis it was possible to use a geotechnical software package to back-
analyze material parameters based upon possible modes of failure.  The back-analysis of the 
slope failure indicated there are two possible modes of failure: i) a deep-seated failure through a 
relatively weak layer (rubble or colluvium layers) or ii) failure through the rock pile material.  It 
appears unlikely that the crack observed on October 2004 is due to a failure plane through rock 
pile material alone. If this were the case, the resulting model-determined soil parameters (  = 
18 , cohesion = 150 kPa) differ significantly from the in situ testing program.  It appears likely 
that the observed slope failure was the result of sliding along a deep-seated weak layer beneath 
the rock pile material and above the bedrock layers. The resulting material parameters needed to 
produce failure conditions are consistent with existing shear strength laboratory measurements 
when this hypothesis is considered. 
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The progression of the crack across the trench may be seen in Figure 3. The slope angle at the 
time of failure may be seen in Figure 4. A bulge at the base of the slope was observed but the 
precise location of the bulge was undetermined.  It was hypothesized that the bulge might be re-
lated to the toe kick-out of the slope failure. A photograph of the trench and some of the staked 
crack locations may be seen in Figure 1 through Figure 4. Figure 1 represents a plan view of the 
crack and shows the intersection with the original ground surface (orange squares), the location 
of the crack (red triangles), and the crest of the re-formed slope (triangles). The location of the 
2D slice utilized for this numerical modeling study followed through the trench (and resulting 
field data collected) at the center of the slope. 

From survey points and field photographs it was possible to accurately identify the geometry 
of the upper level of the rock pile on which the trench was situated. The average slope was de-
termined from photographs to be 40.5 degrees. 

 
Figure 1.  Plan view of the crest along with the location of the cross-section for 2D slope stability back 
calculations (UTM-Northing of 4062128). 

The crack was noted to extend downward in a vertical direction from the surface. The location 
of the exit point of the crack could not be accurately determined; however, from field observa-
tions of bulges on the slope it is estimated the crack exited at a distance greater than 150 ft. from 
the crest of the slope. The exact location of the exit point of the potential slip surface could not 
be measured accurately due to safety concerns at the mine site as a result of the slope move-
ment. 

Crack 

Crest 
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Figure 2  Location of the crack as viewed from up the 2:1 slope (crack highlighted by thick blue line) 

 
Figure 3 Approximate crack locations from the side of the slope (highlighted in blue) 
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The crack separated a horizontal distance of 0.15-0.24 ft. from October 1 to October 4, 2004 and 
a vertical distance of 0.6-0.8 ft. The measurements are graphically displayed in Figure 5. 

The purpose of the back analysis was to identify possible soil strata/soil property scenarios 
that would produce a slip surface and failure condition at the location measured in the field. The 
following analysis identifies possible soil parameters that could produce failure. For this analy-
sis it was assumed that the crack as observed in the field represents failure. It is noted the crack 
could possibly represent displacement that might not have ultimately represented failure condi-
tions. 

 
Figure 4  Photo showing the angle of the slope during crack formation 

 
Figure 5  Plot of crack separation versus time on October 2-4, 2004 for identified sampling locations S17, 
N19, and N17 close to the trench 
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2 SOIL PARAMETERS AND GEOMETRY 

An existing field and laboratory program had previously been performed as part of the weather-
ing study to evaluate the effects of weathering on waste rock pile stability. Shear strength data 
was provided by testing programs at Norwest, the University of British Columbia, and New 
Mexico Tech. The result of this testing was effective peak friction angles between 36 to 47 . 
The spread in friction angle values was estimated due to sampling location / composition and is 
not a reflection of the degree of weathering spatially throughout the pile. It was of interest i the 
back-analysis to discover if the back-calculated material properties would match with the la-
boratory shear-box determined values. 

For the purposes of the back analysis, it was assumed the shear strength of the rock pile mate-
rial is homogenous throughout the entire slope. It is also assumed that the slip surface does not 
go through bedrock and that the shear strength of the bedrock is significantly higher than that of 
the rock pile material. There is a weak soil layer between the bedrock and the rock pile material 
as reported in the Norwest (2004) report. It is assumed the shear strength of the rubble zone is 
less than that of the rock pile material. For the present analysis it is assumed that the colluvium 
and the rubble zone are combined into a single layer. The layers are combined because of the 
lack of data to justify a significant distinction between the layers. Combining the layers is also 
considered conservative in the present analysis. The finalized geometry utilized in the analysis 
may be seen in Figure 6.  

Tensiometer readings and gravimetric water contents were also taken along the crack on Oc-
tober 3, 2004. These readings illustrate moist conditions along the top of the crack at the time of 
failure (Figure 7). 

 

3 ANALYSIS 

Several scenarios were developed based on differing assumptions regarding the slope geometry 
of the rock pile. The various scenarios were analyzed using both the SVSLOPE  and the 
SLIDE  slope stability software packages. The models analyzed in each slope stability program 
were identical. The factor of safety results between the two software packages varied only in the 
third decimal place (Table 1) and is considered insignificant in this analysis. Only circular slip 
surfaces were considered in this analysis. 

 

Figure 6  Established geometry of the 2D cross-section through the center of the slope failure 
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Figure 7  Tensiometer readings taken along crack on October 3, 2004 

The four scenarios are described below. 
 

 Case 1:  Fixed Entry of Failure Surface - Strong rock pile material and weak rubble zone 
 Case 2:  Fixed Entry of Failure Surface - Homogeneous model 
 Case 3:  Variable Critical Slip Surface (CSS) location – Strong rock pile material and 

weak rubble zone 
 Case 4:  Variable Critical Slip Surface (CSS) location – Homogeneous model 

3.1 Case 1: Fixed Entry of Failure Surface - Strong rock pile material and weak rubble zone 
Measured peak strength friction angles for the rock pile material are between 36 to 47 . In the 
Case 1 scenario it is assumed that the rock pile material has strength values of cohesion = 15 
kPa and a friction angle = 36 . The strength of the rubble zone is then reduced until the factor of 
safety of the critical slip surface falls below 1.0. The General Limit Equilibrium (GLE) method 
of slices was used in this analysis. An entry and exit trial-and-error methodology was used to 
identify the location of the critical slip surface. The entry point of the slip surface is known from 
the survey data. The exit point is approximated based on a combination of field observations of 
a bulge at the toe as well as a sensitivity slope stability analysis regarding the likely location of 
the slip surface. The results of a typical analysis may be seen in Figure 8. 
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Figure 8  Typical results of analysis of a potential failure through the rubble zone (SVSLOPE) 

Table 1  Results of Morgenstern-Price calculations of failure through the rubble zone or colluvium 

Run # c Phi FoS(M-P) 
Slide SVSlope 

 
kPa Deg. 

 
Moment Force 

4 0 24.0 0.997 1.000 1.000 
7 5 23.5 0.990 0.993 0.993 
8 10 23.5 0.998 1.001 1.001 
9 15 23.0 0.992 0.994 0.994 

10 20 22.5 0.984 0.986 0.986 
11 30 22.0 0.985 0.987 0.987 
12 40 21.5 0.986 0.988 0.988 

 
The combinations of cohesion and friction angle which produce a factor of safety of 1.0 are pre-
sented in Table 1. All possible combinations of cohesion and friction angle are presented in Ta-
ble 1 regardless of whether or not the combinations appear to be reasonable. It is worth noting 
that not all combinations are reasonable based on the observed location of the slip surface. Giv-
en the deep location of the slip surface it appears unlikely that a cohesion value of less than 10 
kPa is possible since a reasonable amount of cohesion is needed to force the CSS to have rea-
sonable depth. The friction angle of approximately 22° is similar to the shear strength values of 
the colluvium as measured by Norwest. 

3.2 Case 2: Fixed Entry of Failure Surface - Homogeneous model 
In Case 2 scenario, it was assumed that the soil parameters of the rock pile material and the rub-
ble zone are the same. The entry and exit points of the slip surface were fixed and a circular slip 
surface was assumed. The radius and center of the assumed slip surface was allowed to vary 
based on a series of increments related to the assumed entry and exit points. For these scenarios, 
the Morgenstern-Price limit equilibrium method of slices was used in the analysis. 
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A series of model runs were performed in which the cohesion was assumed to be zero and the 
effective friction angle allowed to vary until a factor of safety just below 1.0 was achieved. Co-
hesion was subsequently added in the additional model runs and the effective friction angle var-
ied until failure conditions were achieved. An example of the critical slip surface may be seen in 
Figure 9. 

 
Figure 9  Example location of the critical slip surface for Case 2 (SVSLOPE) 

The series of model runs resulted in a relationship between cohesion and effective friction angle 
as presented in Figure 2. Since cohesion is needed for the slip surface to remain deep in the 
slope it is assumed that a minimum amount of cohesion is needed in this case. It is reasonable to 
assume that one of the combinations of the friction angle and the cohesion developed during the 
LFG-008 trench. 
 
Table 2  Results of homogeneous failure conditions for Case 3 (Morgenstern-Price method) 

Run # c Phi FoS(M-P) 
Slide SVSlope 

 
kPa Deg.  Moment Force 

1 0 33.0 0.982 0.981 0.981 
2 5 32.5 0.992 0.992 0.992 
3 10 31.5 0.984 0.984 0.984 
4 15 31.0 0.994 0.995 0.995 
5 20 30.0 0.986 0.988 0.988 
6 25 39.5 0.993 0.994 0.994 
7 30 29.0 0.988 1.000 1.000 
8 40 27.5 0.993 0.995 0.995 

 
 

What is problematic in this scenario is the fact the friction angle of the material is required to 
be between 27-33 degrees in order to achieve failure conditions. This range of friction angles is 
significantly different than the 36-47 degrees friction angle measured by Norwest, the Universi-
ty of British Columbia and New Mexico Tech. It is therefore considered unlikely this scenario is 
realistic. 
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3.3 Case 3: Variable CSS location – Strong rock pile material and weak rubble zone 
The previous two analyses assumed the location of the slip surface was fixed based on field 

observations. The attempt of the previous slope stability analysis was to determine reasonable 
shear strength parameters while fixing the location of the critical slip surface. It is worth noting 
that a slope stability analysis should be able to correctly identify the location of the slip surface 
if the model is correctly replicating field soil parameters and geometry. In the Case 3 and 4 
analyses the location of the potential slip surface is unrestrained. Material parameters for the an-
gle of internal friction and cohesion are then varied manually in order to cause the location of 
the critical slip surface (CSS) to replicate field observations.  

 
The selected slip surface location shown in Figure 10  is based on an approximate match of en-
try and exit points and results in the following material parameters: 
 
Rock Pile Material: 

Cohesion = 15 kPa 
Friction angle = 36 degrees 

 
Colluvium/Rubble: 

Cohesion = 7 kPa 
Friction angle = 24 degrees 
 
The identified material parameters are reasonable and provide a level of continuity with 

measured laboratory and field results. The measured friction angles for in situ tests showed a 
lower limit value of 36 degrees. The friction angle for the colluvium / rubble zone is also con-
sistent with the properties of the colluvium determined in the Norwest (2004) study. 

 
Figure 10  Location of slip surface for weak rubble / colluviums (SVSLOPE) 

3.4 Case 4: Variable CSS location – Homogeneous model 
Case 4 represents the scenario when the rock pile and rubble regions are given the same material 
parameters. The location of the critical slip surface is allowed to freely vary within the confines 
of the grid and radius search technique. The material parameters were adjusted until the upper 
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entry point of the critical slip surface location matched field observations and the calculated fac-
tor of safety was approximately equal to 1.0.  

The resulting critical slip surface is very similar in location to the critical slip surface deter-
mined in Case 3 and may be seen in Figure 11. The soil parameters used to achieve this critical 
slip surface are quite different than obtained for Case 3 and are given below: 
 
Rock Pile Material:  

Cohesion = 150 kPa 
Friction angle = 18 degrees 
 
These parameters are unrealistic in comparison to site-measured parameters. The high cohe-

sion values are needed in order to cause the CSS location to be deeper in the pile and match the 
observed exit point of the slip surface. It is reasonable to conclude the rock pile and rubble 
zones do not have the same material properties. 

 

 

4 CONCLUSIONS AND RECOMMENDATIONS  

The back-analysis of the slope failure at Goat Hill North in October, 2004 indicates that there 
are two possible modes of failure. These modes of failure are i) a deep-seated failure through a 
relatively weak layer of rubble or colluvium layers and ii) failure through the rock pile material. 
The results of the various failure cases analyzed is as follows. 

  
Case 1, 3: Strong rock pile material and weak rubble zone: If the observed failure surface was 

initiated by a deep weak layer then it is the indication of this analysis that reasonable material 
parameters of rubble/colluviums are as follows: 

 

Figure 11  Resulting slip surface from a homogeneous model (SVSLOPE) 
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CSS Location Fixed: 
Friction angle:   22.3 to 23.5  
Cohesion:    25 to 10 kPa. 
 
CSS Location Variable: In this case the rock pile material parameters are fixed with a friction 

angle of 36  and a cohesion value of 15 kPa. It is worthy of note that the colluvium/rubble prop-
erties are consistent with the properties obtained by Norwest (2004). The rubble properties ob-
tained for the assumed failure conditions are as follows: 

 
Friction angle:  24  
Cohesion:    7 kPa 
 
Case 2, 4: Homogeneous model: If the observed failure surface went entirely through the rock 

pile material then the reasonable properties of the rock pile material replicating assumed failure 
conditions are unrealistic. Therefore, this scenario is considered physically unrealistic. 

It is important to note that that the slip surface ultimately passes through both original rock 
pile material and material dozed over the crest of the rock pile. The center of the crack passed 
through original rock pile material. It is unclear as to whether the values for the shear strength 
properties calculated from these analyses are representative of peak or residual strength values.  

The following points summarize the findings: 
 

 It appears unlikely that the crack observed on October, 2004, is due to a failure plane 
through rock pile material alone. If this were the case, the resulting model-determined 
soil parameters (  = 18 , cohesion = 150kPa) differ significantly from the in situ testing 
program. 

 It appears likely that the observed slope failure was the result of sliding along a deep-
seated weak layer beneath the rock pile material and above the bedrock layers. When this 
hypothesis is considered, the resulting material parameters needed to produce failure 
conditions are consistent with existing field observations. 
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1 INTRODUCTION 
Waste rock is typically relatively dry when it is dumped, producing little or no seepage initially, 
and wets up due to rainfall infiltration over time leading to the emergence of seepage into the 
foundation or as toe seepage at topographic low points around the dump. The dump will gradu-
ally wet up over time, as a function of the climatic conditions, the rate of construction of the 
dump and the height it achieves, and the nature of the waste rock and how it breaks down with 
time. Closure strategies generally hinge on limiting net percolation through reactive waste rock 
to minimise the potential for contaminated seepage, and to reduce oxygen ingress. 

Conventional tailings deposition as a slurry inevitably leads to seepage, which will diminish 
after closure as the tailings drain down, while the capture and transport of surface contaminants 
by runoff can be ongoing. Closure strategies need to be directed towards reducing long-term 
contaminated seepage and runoff, including suspended sediment. 

1.1 Setting the scene 
Many ore bodies and the surrounding rock that extend below the groundwater table contain sul-
fides, often in the form of pyrite (Fe2O3). Surface WRDs that contain loose-dumped, potentially 
acid forming (PAF) sulfidic waste rock are essentially “oxidation reactors”, since they have a 
ready supply of oxygen, and are a “sponge” for rainfall infiltration that collects and flushes ox-
idation products, leading the generation of acid and metalliferous drainage (AMD). 

Rainfall infiltration into an uncovered surface WRD will be high. However, it will initially 
go largely into storage within the dumped waste rock. Hence, there is generally a time-lag of 
several years before the emergence of seepage and any AMD from low points around the toe of 
a surface WRD. This is a function of the cumulative rainfall infiltration and rate, the height of 
the dump, the particle size distribution of the waste rock and how this changes on weathering 

Closure of surface waste rock dumps and tailings storage facilities 
begins with first placement and ends with a cover 

D.J. Williams 
The University of Queensland, Brisbane, Queensland, Australia 

ABSTRACT: Surface waste rock dumps (WRDs) and tailings storage facilities (TSFs) may not 
appear to generate contaminated drainage from the start of their construction. However, the 
scene is set for potentially contaminated seepage and runoff as soon as the first reactive wastes 
are placed. Once reactive wastes are exposed to oxygen, oxidation reactions commence. Water 
is typically the means by which oxidation products and other contaminants are transported to 
the environment. The paper provides guidelines on the management and closure of surface 
WRDs and TSFs from the first placement of wastes to the eventual cover strategies. Examples 
of the emergence of somewhat arbitrary rehabilitation regulations, both written and verbal, in 
an effort to focus attention on the closure of surface WRDs and TSFs, are also briefly discussed 
and critiqued. 
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over time, the hydraulic conductivity of the foundation beneath the dump, and the topography 
of the natural surface beneath the dump. 

The higher the rainfall and its intensity, and the looser the surface of the dump, the greater 
will be the infiltration into the dump. The higher the dump, and the more quickly it is con-
structed to that height, the longer it will take for the dump to wet up due to rainfall infiltration 
leading to base seepage. The finer the particle size distribution of the waste rock, and the more 
prone to weathering it is, the more it will need to saturate before base seepage will emerge. The 
higher the hydraulic conductivity of the foundation beneath the dump, the greater will be the in-
filtration into the foundation, and the longer the delay before the emergence of seepage from 
the toe of the dump. The lower the hydraulic conductivity of the foundation, the sooner seepage 
and any AMD will emerge from the toe of the dump. The more pronounced the topography of 
the natural surface beneath the dump, the more base seepage will concentrate in buried chan-
nels and emerge from topographic low points around the toe of the dump. 

Tailings generated on processing the crushed and ground sulfidic ore will also contain sul-
fides. As they desiccate, sulfidic tailings will oxidise from the desiccating surface, generating 
oxidation products that can potentially be transported to the environment via seepage through 
the tailings and impoundment wall or foundation, or via runoff from the surface of the tailings. 

2 NATURAL RECHARGE RATES AND EXCESS RAINFALL CONDITIONS 
In arid and semi-arid regions, where many of the world’s mines are located, the groundwater is 
deep and is overlain by an unsaturated zone of very low hydraulic conductivity. Streams are pre-
dominantly ephemeral, often underlain by a perched underground stream in a sand or a gravel bed, 
which itself is underlain by an unsaturated zone above the groundwater table. The base of the un-
derground stream is effectively “sealed” by fine sediments, delivering limited water to the unsatu-
rated zone beneath and maintaining its unsaturated state and very low hydraulic conductivity. If 
this were not the case, all surface and near-surface water would rapidly disappear to the ground, 
which has ample porosity to store it. There may be a number of perched water tables or aquifers in 
the profile and in tight rock groundwater may be restricted to fracture zones. 
2.1 Natural recharge rates 
Groundwater recharge data reported by Beekmann et al. (1996) for arid and semi-arid Southern 
Africa highlight the effect of climate on recharge rates, as reproduced in Figure 1. For the average 
annual rainfall for Australia as a whole of 600 mm, Figure 1 implies an average annual natural re-
charge of about 70 mm (12% of average annual rainfall). This corresponds to an equivalent hy-
draulic conductivity of about 2 x 10-9 m/s. 

2.2 Rainfall versus actual evapotranspiration 
Based on Australian Bureau of Meteorology (www.bom.gov.au) and worldwide climatic data 
(www.blueplanetbiomes.org/climate.htm/ and www.worldweather.org/) for a range of major 
mine sites worldwide, the average annual rainfall and actual evapotranspiration have been com-
pared in Figure 2. Figure 2 shows a threshold average annual rainfall of about 250 mm/year 
(corresponding to the average annual rainfall of Kalgoorlie in Western Australia), above which 
net infiltration would be expected and below which net evaporation would be expected. How-
ever, extreme rainfall events would induce some net infiltration even for arid sites. 

The effect of surface WRDs on moisture excess is also shown in Figure 2. For the typical in-
filtration of 50% of rainfall into the top of an uncovered surface WRD, for the average annual 
rainfall for Australia of 600 mm the “sponge” effect of a WRD generates an effective 1.5-fold 
increase in excess moisture, as shown in Figure 2. Figure 2 also highlights the very dramatic 
impact of typical tailings slurry deposition on the amount of moisture excess generated, ex-
plaining why seepage from operating TSFs is almost inevitable. 
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Figure 1. Results of recharge studies from Southern Africa (after Beekmann et al., 1996). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Rainfall/Actual evapotranspiration versus rainfall, impact of typical tailings slurry deposition, 
and “sponge” effect of a typical surface waste rock dump. 

3 CONVENTIONAL SURFACE WASTE ROCK DUMPS 

Surface WRDs are conventionally constructed by end-dumping from haul trucks from a series 
of tip-heads to create a series of lifts with a vertical height of typically about 15 m. By main-
taining the benches between lifts as haul roads, the dump may be extended in any direction and 
at any elevation. End-dumping over a waste rock slope creates a continuous base rubble zone, 
and discontinuous, alternating angle of repose layers of fine and coarse-grained waste rock be-
tween the base rubble zone and the horizontally-bedded trafficked surface layer. 

The base rubble zone that inevitably forms due to the ravelling of coarse-particles to the toe 
of the dump on end-dumping delivers oxygen to the coarse-grained angle of repose layers 
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above, which then diffuses to the adjacent fine-grained layers that present a high reactive sur-
face area. There will also be some ingress of oxygen into the sides of the dump and a minor 
amount of diffusion of oxygen through then trafficked surfaces of the dump. 

Each lift is typically extended over the entire footprint of the dump, and the entire footprint 
is left exposed to oxygen ingress and rainfall infiltration for the life of the dump. On closure, 
the top surface of the dump is typically covered with relatively fine-grained non-acid forming 
(NAF) material designed to minimise net percolation into the underlying waste rock (including 
PAF waste rock), while the side slopes of the dump are typically dozed and covered with a 
growth medium. 

3.1 Physical characterisation of waste rock 
The particle size distribution of waste rock is a function of its degree of weathering of the rock 
in situ, and the blast pattern intensity and amount of explosives used. Weathered waste rock, 
representative of that excavated following blasting at shallow depth, above the groundwater ta-
ble, typically comprises about 55% gravel-size, 35% sand-size, 5% cobble-size and 5% silt-size. 
Fresh waste rock, representative of that excavated following blasting, from below the ground-
water table, typically comprises about 45% gravel-size, 20% cobble-size, 20% boulder-size and 
5% sand-size. 

3.2 Moisture state of waste rock dumps during operation 
In an arid or semi-arid environment, which describes the climate in which many of Australia’s 
mines operate, waste rock emerges from an open pit with a low gravimetric moisture content 
(mass of water/mass of solids, expressed as a percentage) of typically 2 to 5%, which equates to 
a volumetric water content (volume of water/total volume, expressed as a decimal) of 0.035 to 
0.09 (Williams, 2006). The precise moisture content depends on the degree of weathering of the 
waste rock and hence its particle size distribution and moisture retention characteristics. 

From the outset, a WRD constructed on the surface closes off evaporation (the amount of 
pan evaporation being several times that of rainfall in arid and semi-arid climates), while allow-
ing rainfall infiltration. Rainfall infiltration into loosely-dumped, initially relatively dry waste 
rock in a surface dump initially goes to wetting-up the surfaces of the rock particles and is 
largely held in storage within the dump. Any flow through the dump is via preferred pathways, 
with seepage only reaching the base of the dump following intense, heavy rainfall events, and 
amounting to at most a few percent of rainfall, equivalent to an average hydraulic conductivity 
of about 6 x 10-10 m/s or about 20 mm/year This early base seepage is a function of the cumula-
tive wetting-up of the dump, which is in turn a function of the cumulative rainfall infiltration 
into the dump since its construction commenced, the height of the dump, and the particle size 
distribution of the waste rock. 

As the cumulative rainfall increases, the size of rainfall event required to generate some base 
seepage reduces and the time-lag before base seepage occurs decreases. For the 15 m high, in-
strumented WRD constructed at Cadia Hill Gold Mine in New South Wales, Australia, the size 
of rainfall event required to generate some base seepage increased from 30 mm initially to 
3 mm after 750 mm of cumulative rainfall, and the time-lag reduced from about 12 days (equiv-
alent to a local hydraulic conductivity of about 1.4 x 10-5 m/s) initially to about 3 days (equiva-
lent to a local hydraulic conductivity of about 5.8 x 10-5 m/s; Williams and Rohde, 2008). 

Eventually the dump wets-up sufficiently to overcome the capillary tensions that form at par-
ticles contacts, and drain down of the dump commences, known as “continuum breakthrough”. 
At continuum breakthrough, the rate of seepage from the base of the WRD will match the rate 
of rainfall infiltration into the top of the dump, and this occurs at a degree of saturation of the 
waste rock that depends on its particle size distribution. Weathered waste rock must saturate to 
a degree of saturation (volume of water/volume of voids, expressed as a percentage) about 60% 
before continuum breakthrough occurs, while fresh waste rock need only saturate to about 25% 
to allow continuum breakthrough. At these degrees of saturation, the hydraulic conductivity of 
the respective waste rock materials rises to the rate of rainfall infiltration and allows break-
through. 
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Taking rainfall infiltration to be 50% of rainfall, for the average annual rainfall for Australia 
of 600 mm, the rate of rainfall infiltration and hence the hydraulic conductivity of the wet-up 
WRD would be equivalent to 300 mm/year or about 10-8 m/s. The rainfall infiltration rate will 
not be high enough to fully saturate the dump, since the hydraulic conductivity of the waste 
rock becomes too high to allow further storage. The saturated hydraulic conductivities of 
weathered and fresh waste rock would be of the order of 10-5 m/s and 10-3 m/s, respectively, or-
ders of magnitude higher than the rate of rainfall infiltration of about 10-8 m/s. Hence, the waste 
rock remains unsaturated. The rate of base seepage will increase following rainfall and reduce 
until the next rainfall event recharges the waste rock and initiates an increase in the base seep-
age rate. 

3.3 Moisture state of waste rock dumps post-closure 
If a low net percolation cover were constructed over the top of a WRD following closure, the 
dump would drain down to the rate of net percolation. The store and release cover system de-
veloped for the tops of the WRDs in the seasonal, dry climate of Kidston Gold Mine in north-
ern Queensland, Australia (Williams et al., 1997), has been shown to limit percolation to 1% 
(equivalent to about 7 mm/year) of average annual rainfall, and perhaps up to 5% (equivalent to 
about 35 mm/year) of unseasonally high annual rainfall totals (Williams et al., 2006). It is ex-
pected that the rainfall infiltration stored in the dumps during their 20-year operational life will 
continue to drain down for perhaps 20 years after the cover was placed in 2001. The seepage 
rate has been observed to be decreasing exponentially with time, along with the acidity load. 
Toe seepage and percolation into the foundation beneath the dumps should eventually approach 
the rate of net percolation through the cover. Any groundwater mounding beneath the dumps 
should also drop exponentially with time, eventually returning to its original elevation. 

For the side slopes of surface WRDs, no cost-effective and sustainable, low net percolation 
cover system has been developed. The side slopes of most dumps will remain prone to infiltra-
tion during heavy or continuous rainfall, and it is therefore essential that they be constructed of 
benign waste rock of sufficient thickness to produce clean runoff and seepage. 

4 CONVENTIONAL SURFACE TAILINGS STORAGE FACILITIES 
Surface TSFs are conventionally constructed in a series of lifts, with an initial starter dam, and 
raises constructed by the downstream, upstream or centreline method. Downstream construc-
tion typically uses clayey borrow material such as benign, weathered waste rock. Upstream and 
centreline construction can use borrow material, or tailings with a cover of benign rock. 

4.1 Physical characterisation of tailings 
The particle size distribution of tailings is a function of its degree of weathering of the ore in 
situ, and the extent of crushing and grinding to which the ore is subjected. Metalliferous tail-
ings typically comprise about 50% silt-size, 40% sand-size, and 10% clay-size. 

4.2 Moisture state of tailings 
Metalliferous tailings slurries are typically deposited at about an initial 50% solids by mass, 
settling rapidly to about 70% solids, while coal tailings slurries are typically deposited at about 
25% solids and settle to between 45% and 55% solids depending on their clay content. Settled 
tailings typically have a hydraulic conductivity of the order of 10-6 m/s, decreasing to the order 
of 10-8 m/s on consolidation, and decreasing further to the order of 10-10 m/s, or lower, on des-
iccation. 

5 COVER SYSTEMS 

Cover systems for the tops of WRDs are intended to limit oxygen ingress and net percolation. 
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The two most common cover types applied to the tops of WRDs are: (a) rainfall-shedding or 
barrier covers and, (b) store/release covers (Williams et al. 1997 and 2006), as shown schemati-
cally in Figure 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)                   (b) 
Figure 3. Most common cover types applied to tops of waste rock dumps: (a) rainfall-shedding and, (b) 
store and release. 

5.1 Rainfall-shedding covers 
Rainfall-shedding covers were developed for landfills, partly to limit the net percolation of 
rainfall into the potentially contaminating landfill, but also to accommodate the inevitable large 
total and differential settlements of the landfill. The key element of a rainfall-shedding cover is 
a barrier or sealing layer, comprising compacted clayey soil, a geomembrane, or a composite of 
the two, which is generally overlain by a growth medium. Rainfall-shedding covers are applied 
in wet climates, in which a vegetative cover can be sustained to limit erosion. 

5.2 Store and release covers 
The key elements of a store and release cover developed for seasonal, dry climates are: (i) a 
thick loose rocky soil mulch layer with an undulating surface to store the wet season rainfall 
without inducing runoff, (ii) an effective sealing layer at the base of the cover to “hold-up” 
rainfall infiltration and, (iii) the appropriate choice of sustainable vegetation to release the 
stored rainfall during the wet season, through evapotranspiration. The required thickness of 
rocky soil mulch will depend on the wet season rainfall pattern and the rooting depth of the 
vegetative cover, and is typically about 2 m thick. This thickness is in fact optimal. Too thin a 
mulch layer provides too little void space to store the wet season rainfall (a typical porosity of 
0.25 provides potential storage for 500 mm of rainfall infiltration). Too thick a mulch layer will 
allow the rainfall infiltration to penetrate too deep for plant roots to remove it through evapo-
transpiration, and it will pond on the sealing layer and promote net percolation into the underly-
ing waste rock. In wet climates in which a 2 m thick rocky soil mulch layer provides insuffi-
cient storage capacity for the wet season rainfall, a drainage layer sloped towards the final void 
may be included at the base of the mulch layer, above the sealing layer, to handle the excess 
rainfall infiltration. 

The sealing layer needs to ideally achieve a saturated hydraulic conductivity of less than 10-

8 m/s, so that in its usual unsaturated state its hydraulic conductivity will be less than 10-10 to 
10-9 m/s (less than 3 to 30 mm/year). In the absence of suitable or sufficient clayey soils, the 
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sealing layer may be formed by extending the heavy trafficking by loaded haul trucks over the 
entire top surface of the dump. The cover should cycle annually between wet and dry states 
without a net wetting up (which would lead to net percolation) or drying out (which would 
cause vegetation die-back and subsequent rainfall-induced erosion). In Australia’s generally ar-
id to semi-arid climate, a eucalypt tree cover represents the only sustainable means of achieving 
the required evapotranspiration rates from a store and release cover in the long-term. Since the 
rocky mulch layer is loose and granular, the trees are unlikely to promote cracking and the de-
velopment of preferred seepage pathways. 

5.3 Cover performance 
The performance of covers, mostly constructed on WRDs, is reported in Williams (2008). For 
relatively young covers in wet climates, or subjected to particularly wet years (greater than 
about 450 mm rainfall), both rainfall-shedding and store and release covers show relatively 
high net percolation as a percentage of average annual rainfall (up to 61% for rainfall-shedding 
covers and up to 13% for store and release covers). The highest net percolation corresponds to 
rainfall-shedding covers on slopes that do not incorporate a compacted sealing layer. 

In dry climates, relatively young rainfall-shedding covers show net percolation of about 5% 
of average annual rainfall, with a general exponential deterioration with time due to the loss of 
cover integrity, particularly after 10 years. In dry climates, store and release covers incorporat-
ing a sealing layer show good performance up to at least 10 years (the maximum age reported), 
with net percolation of generally less than 2% of average annual rainfall. 

6 GUIDELINES FOR IMPROVED MANAGEMENT OF WASTE ROCK 

The management of waste rock and the closure of a surface WRD are about much more than 
retrospectively constructing a cover on the top of the dump. Guidelines for the improved man-
agement of waste rock to achieve completion and to mimimise the potential for AMD are pre-
sented in the following sections. 

6.1 Climatic setting 
It is essential to understand the climatic setting in which the mine is located, including its po-
tential variability, and the impact this will have on the management of waste rock. The climatic 
setting is key to the performance of surface WRDs, both during mining operations and post-
closure. In particular, the wetter the climate, the more rapidly will the dump wet-up. Surface 
WRDs are sponge-like, allowing of the order of 50% of incident rainfall to infiltrate, potentially 
collecting and flushing any oxidation products, and leading to the eventual generation of AMD. 
For the average annual rainfall for Australia of 600 mm, this sponge effect generates an effec-
tive 1.5-fold increase in excess moisture compared to natural recharge rates. It is also essential 
to divert clean runoff to separate it from any surface expression of seepage from the WRDs. 

6.2 Waste rock characterisation 
Both geochemical and physical characterisation of the waste rock is required. Geochemical 
characterisation is required to identify the volumes and distribution of reactive PAF, benign 
NAF and alkaline waste rock, to allow the planning of the effective progressive encapsulation 
of the PAF waste rock by NAF or alkaline waste rock. The majority of the benign NAF waste 
rock will typically come from shallow depth above the groundwater table in the early stages of 
an open pit, unless the pit is developed by a series of deep cut-backs. As the open pit develops, 
the proportion of reactive PAF waste rock is likely to rise, as the pit extends below the water 
table. 

Materials beneficial for operations and rehabilitation, such as topsoil and benign, durable rip 
rap, should be separated and stockpiled for future use. Where progressive rehabilitation of sur-
face WRDs is possible, the beneficial materials can be utilised directly as they are excavated. 
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Physical characterisation of the waste rock and beneficial material streams will enable their 
bearing capacity, deformation and hydraulic conductivity to be determined. In addition, studies 
will be required to determine the potential of different materials to support the establishment 
and sustainability of eventual revegetation. 

6.3 Water management 
During operations, active water management should be undertaken, including the separation of 
clean from mine-affected waters, and the collection of mine-affected water. Post-closure, pas-
sive water management should be undertaken to minimise erosion, and sediment and contami-
nant transport to the environment. 

6.4 Selective placement and encapsulation of PAF waste rock 
Waste rock mining should be scheduled and the surface WRDs designed and stage-constructed 
to encapsulate PAF. A layer of benign NAF or alkaline waste rock should be placed at the base 
of WRDs and intermediate lifts, to handle the flowthrough of clean water from catchments and 
slopes upstream of the dump. The inclusion of alkaline waste rock has the added benefit of add-
ing alkalinity to neutralise potential AMD from any PAF waste rock stored above the base lay-
er. 

The proportion of reactive PAF waste rock compared with benign NAF waste rock, and the 
scheduling of the two waste rock streams, will dictate the balance between dump height, area 
and final side slope angle required to fully encapsulate the PAF waste rock beneath the flat top 
surface of the dump, throughout the mine life. Haulage costs will also influence the dump width 
and height, since the cost of vertical haulage is about four times that of horizontal haulage, and 
dozing costs will influence the final side slope angle adopted and the selection of post-mining 
land use. 

PAF waste rock should be placed in cells on a base of NAF or alkaline waste rock, and sur-
rounded with a wide encapsulation of NAF or alkaline waste rock, with no PAF waste rock lo-
cated beneath dump slopes or intermediate benches. The base layer will allow the flow through 
of clean water beneath each PAF cell. As a guide to ensuring that PAF waste rock will never be 
beneath dump slopes or intermediate benches, the PAF toe to be greater than 0.5 times the 
height of the last lift in from the final dump crest, both during operations and post-closure after 
any slope flattening; see Figure 4). 

The top surface of each PAF waste rock cell should be sloped to shed rainfall runoff during 
construction, and covered by benign or alkaline waste rock compacted by loaded haul trucks 
prior to each wet season to limit rainfall infiltration and reduce oxygen ingress, in much the 
same way as landfill is progressively covered. 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4. Construction of PAF waste rock encapsulation cells. 

6.5 Final waste rock dump landform 
The final surface WRD landform should mimic surrounding natural landforms and surface tex-
tures, incorporating ridges and bold rock-lined gullies, and avoiding excessive flattening of the 
outer slopes, to form “natural” and sustainable convexo-concave slope profiles. Ridges and 
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bold rock-lined gullies ensure the sustainable control of surface water and promote aesthetics 
(uniform slopes of any angle “look” unnatural). Flattening of the outer slopes buries and crush-
es coarse-grained material (increasing runoff and decreasing erosion resistance; see Fig. 5a), 
and enlarges the catchment for a given slope height, further increasing runoff. A more natural 
convexo-concave slope profile could be achieved by retaining upper lift(s) at the angle of re-
pose, and pushing out only the lower lift (see Fig. 5b). 

Erosion-resistant, durable NAF or alkaline waste rock should be placed on the outer slopes of 
WRDs in dry climates that do not support an adequate vegetation cover to limit erosion. A 
slope comprising durable rock will likely be geotechnically, as well as erosionally stable, at its 
angle of repose. On the top surface of the WRDs, a low net percolation cover should be con-
structed. This could involve a store and release cover, incorporating a drainage layer in wet 
climates, or a robust rainfall-shedding cover in wet climates. 
 
 
 
 
 
 
 
 
 
 

(a)                   (b) 
Figure 5. Guidelines for slope reprofiling: (a) avoid excessive slope flattening, and (b) create convexo-
concave profiles. 

7 GUIDELINES FOR IMPROVED MANAGEMENT OF TAILINGS 

The management of tailings and the closure of a surface TSF are also about much more than 
retrospectively constructing a cover on the top of the facility. Indeed, poor management of tail-
ings deposition can make the placement of a soil cover extremely difficult. Guidelines for the 
improved management of tailings to achieve completion and mimimise the potential for AMD 
are presented in the following sections. 

7.1 Climatic setting 
It is essential to understand the impact that the climate and its variability will have on the man-
agement of tailings, although the main water input in the conventional deposition of tailings as 
a slurry is the tailings water, particularly in dry climates. For the average annual rainfall for 
Australia of 600 mm, tailings water is likely to comprise the majority of the excess water during 
operations, but this will disappear on the cessation of tailings slurry deposition, as the tailings 
drain down at an exponentially decreasing rate with time, with periodic recharge by rainfall. 
The low hydraulic conductivity of the surficial tailings, particularly if it becomes desiccated, 
will limit the amount of rainfall infiltration and potential for ongoing seepage. In that case, any 
cover may not need to limit net percolation, but rather promote revegetation. It is also essential 
to divert clean runoff to separate it from any surface expression of tailings seepage. 

7.2 Tailings characterisation 
Both geochemical and physical characterisation of the tailings is required. Geochemical charac-
terisation is required to assess the potential for the tailings to generate salinity and/or AMD, 
and should also take into account the geochemistry of the process and tailings waters, and how 
the geochemistry may change over time; for example, due to desiccation of the surface and oxi-
dation of the exposed tailings. The geochemistry of the tailings will clearly be closely related to 
that of the ore. 

Flattened slope Angle of repose slope 
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Physical characterisation of the tailings will enable their bearing capacity, deformation and 
hydraulic conductivity to be determined, including the potential for the capillary rise of salts 
and AMD. In addition, studies will be required to determine the potential for the tailings them-
selves to support the establishment and sustainability of eventual revegetation. 

7.3 Optimising tailings deposition 
As a general rule, tailings should be pumped at as a high a % solids as possible for the selected 
pumping method, and decanting should minimise the amount of water retained on the tailings, 
thus maximising consolidation through desiccation, and maximising water recovery and recy-
cling to the plant. Consideration could be given to inline flocculation at the discharge point to 
improve beaching and settling of tailings, and potential for and speed of water recovery, if nec-
essary. An exception to the efficient removal of water from the tailings surface would be where 
the tailings are prone to oxidise, which would be minimised by retaining a water cover. 

Cycling between a series of separate storage cells, with dewatering and desiccation of the fal-
low cell(s), would optimise the available storage volume and facilitate the eventual placement 
of a soil cover for rehabilitation purposes. Consideration could be given to eventual in-pit dis-
posal, although the inevitable high rate of rise would exacerbate the problem of recovering wa-
ter and optimising consolidation. 

7.4 Final tailings storage facility landform 
The final surface TSF landform should mimic surrounding natural landforms and surface tex-
tures, with the outer slope incorporating ridges and bold rock-lined gullies, and excessive flat-
tening avoided, to form “natural” and sustainable convexo-concave slope profiles. Erosion-
resistant, durable NAF or alkaline waste rock should be placed on the outer slopes of the TSF 
in dry climates that do not support an adequate vegetation cover to limit erosion. 

Depending on the climate, the hydraulic conductivity of the surficial tailings and the reactivi-
ty of the tailings, a water cover or a low net percolation soil cover may be required on the top 
surface of the TSF. Benign tailings could be revegetated directly, or a growth medium placed 
and seeded, with a capillary break layer between the cover and the tailings to limit the capillary 
rise of salts and any AMD. For water covers and where it is desirable to not store water on the 
tailings, a spillway will be required. A sediment pond, preferably upstream of the spillway to 
contain any sediment off the tailings, may also be required. 

8 EXAMPLES OF REHABILITATION REGULATIONS 

In the following sections examples of somewhat arbitrary rehabilitation regulations are briefly 
discussed and critiqued. While these regulations are well-intended, they do not always pass the 
“common-sense test”. 

8.1 Coal mine reclamation in the USA 
The reclamation of surface coal mines commenced in the Appalachians of north-east USA in 
the late 1920s, comprising mainly tree-planting on steep spoil slopes, as this was the pre-mining 
vegetation, and spoil was first levelled in the late 1940s. However, wholesale reclamation only 
took off with the passing by President Carter of the Surface Mining Control and Reclamation 
Act (SMCRA) in 1977, which applies to coal mining throughout the USA. 

SMCRA was particularly specific for a piece of legislation, including the following: 
 a return to approximate original contours, up to angle of repose; 
 approximate reinstatement of catchments; 
 not allowing the retention of highwalls, despite the existence of natural cliffs; 
 topsoiling and revegetation; 
 a return to the original land-use; and 
 meeting prescribed discharge water quality standards. 
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8.2 Coal mine spoil reshaping in Australia 
In the Hunter Valley Coalfields of New South Wales, the rehabilitation of spoil was predicated 
on future grazing land-use, and has become reasonably prescriptive. Spoil piles are required by 
legislation to be regraded to slopes angles that, in general, do not exceed 10o to the horizontal 
(18%; Hannan, 1984). This value was decided following a survey of natural slopes in the Lid-
dell-Ravensworth-Jerry’s Plains area. From a great many measurements, the median slope angle 
was found to be 10o. It was decided that, if spoil piles were to blend naturally with the sur-
rounding topography, their regraded slopes should not exceed this angle. Where access roads, 
power lines, or water courses limit the distance to which spoil can be spread, final slope angles 
may, with the approval of the District Mines Inspector, be up to 14o. Slope angles in excess of 
14o were deemed permissible, with the approval of the Minister, in small areas, provided that 
the operator demonstrates that they can be stabilised and revegetated. Unfortunately, where a 
particular slope angle is specified, albeit a limiting value, it tends to become the default slope 
angle to which all spoil slopes are regarded, and making all slopes at this angle is at odds with 
the variability of natural hillscapes. 

In the Bowen Basin Coalfields of Queensland, the rehabilitation of spoil was also, at least in-
itially from the early 1970s, predicated on future grazing land-use, which resulted in a final 
slope angle of 15% (8.5o) being adopted. While this angle has not become a statutory require-
ment, it has become the default value. 

8.3 Waste rock dump reshaping in Western Australia 
Until only very recently, WRD slope flattening by way of rehabilitation in Western Australia 
was governed by the need for the safe operation of dozers on slopes, limiting the slope angle to 
a maximum of 20o. Over time, this maximum has been misinterpreted to be a requirement for 
geotechnical and erosional stability, and has become a defacto regulation. However, for surface 
WRDs comprising relatively durable rock, in a dry climate in which they will not significantly 
wet up, slopes at the angle of repose of the material will remain geotechnically and erosionally 
stable. 

8.4 Management of fine-grained oil sands tailings in Alberta, Canada 
Under Directive 74 (http://www.ercb.ca/docs/Documents/directives/Directive074.pdf), ap-
proved in 2009 by the Energy Resources Conservation Board of Canada, fine-grained oil sands 
tailings must annually achieve the following criteria: 

 a minimum undrained shear strength of 5 kPa for tailings deposited in the previous year; 
 removal or remediation of tailings deposited in the previous year that does not meet the 

5 kPa requirement; and 
 readiness for reclamation within 5 years after active deposition has ceased, at which point 

the tailings shall have the strength, stability, and structure necessary to establish a traffica-
ble surface, having a minimum undrained shear strength of 10 kPa. 

The intent of the above criteria is to ensure effective and timely reclamation of the fine-
grained tailings. However, these tailings are clay-rich, with abundant Na+ ions due to the use of 
caustic soda in the processing of the oil sands to liberate bitumen. As a result, they exhibit very 
poor settling, consolidation, and shear strength development, making the above criteria very 
difficult to achieve on conventional tailings deposition. 

8.5 Management of co-disposed coal washery wastes in Queensland, Australia 
Perhaps drawing on Directive 74, regulators in Queensland require that co-disposed coal wash-
ery wastes rapidly achieve a shear strength of 1 kPa. The driver for this is likely to be that the 
fines beach formed on the pumped co-disposal of washery wastes not flow in the event of a 
breach of the impoundment. However, such a shear strength does not guarantee that flow will 
not occur. 
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8.6 Prescriptive cover systems 
No cover system is a panacea for all situations and climates, and yet particular cover systems 
have been and continue to be prescribed in certain jurisdictions, such as the composite cover 
systems prescribed by the USEPA. In some cases, due to uncertainty about the effectiveness of 
emerging cover systems, high-cost covers, with double liners or double capillary breaks, are be-
ing promoted by regulators to force mine operators to devote more attention to covers and the 
monitoring of their performance. 

9 CONCLUSIONS 

The conventional storage of waste rock in surface dumps that are left uncovered for the life of 
the mine causes a wetting-up of the waste rock and an eventual breakthrough of rainfall infiltra-
tion to the base of the dump, accompanied by AMD generated by the inevitable oxidation of 
any reactive waste rock present within the dump. Any seepage from the toe of the dump or per-
colation into the foundation will continue for many years, even after an effective low percola-
tion cover, such as a store and release cover, has been constructed. Reactive waste rock should 
therefore be placed in cells encapsulated at the base and sides by benign or alkaline waste rock, 
with the flat top surface of each cell covered prior to each wet season to limit wetting-up. A low 
percolation cover should be constructed on the final top surface of the dump. 

Tailings slurry deposition inevitably leads to seepage, which will diminish dramatically post-
closure, and diminish further on drain down of the tailings. A variety of closure options ranging 
from a water cover to a low net percolation soil cover may be appropriate, depending on the 
climate, and the hydraulic conductivity and reactivity of the tailings. 
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ABSTRACT: A synthesis of consolidation relationships for mine tailings obtained from differ-
ent mining projects in Brazil in the last decade is presented. Gathered data related to hydraulic 
consolidation test (HCT) results are arranged by ore type. A review of HCT procedure is given, 
and adjustments in Brazilian practice to deal with silt-like materials, high solid contents, and the 
void ratio at zero effective stress are explained. Two complete sets of HCT results are selected 
(bauxite and iron ore slimes cases), in which interesting findings are achieved. Nonlinearity of 
the compressibility and permeability consolidation relations are confirmed. Different initial 
conditions given by a range ofsolid contents is shown to play a role only in the lower effective 
stress range. HCT curves fit well with oedometer-like test results which provide more confi-
dence to HCT results despite the fact that the test has not been regulated. A condensed set of 
HCT results for other ore tailings is also presented in the 1-100 kPa effective stress range. The 
analyses call attention to the variation in consolidation characteristics that can be encountered 
from top to bottom in a tailings impoundment profile. 

1 INTRODUCTION 

Mill tailings management is an essential part of the mining industry for the economical, safe, 
and environmentally sound management of permanent or temporary placing of tailings. One of 
the management inputs is the amount and type of waste that will be generated in time by milling 
processes (classification, washing, flotation, etc.). Other inputs include potential disposal areas 
and their capacity, available technology, industrial water recovery targets, modeling tools for 
volume change prevailing phenomena, robust QA/QC on densities, field calibration, and others. 

In that context, disposal plans for milling waste are then proposed and submitted for discus-
sions by the mining personnel and consultants. These plans typically represent considerable in-
vestment by the company and may also entail safety issues regarding operation of confinement 
structures, such as tailings dams. 

One of the key points of the success of these disposal plans depends on the quality of mass 
balanced that is performed, especially if tailings are discarded in a semifluid state. Thus, an un-
derstanding of all physical processes that occur in tailings when they are discarded is required. 
In this respect, fine grained tailings (slimes) behavior is more challenging since these materials 
may experience substantial volume change through processes such as sedimentation, consolida-
tion, and desiccation. Oliveira-Filho and van Zyl (2006) evaluate the issue of mass balance and 
these phenomena by modeling the discharge of interstitial waterin both qualitative and quantita-
tive levels for silt-like tailings at a specific project. As shown in Figure 1, sedimentation and 
consolidation analyses are of fundamental importance for mass balances. 

Consolidation relationships for different ore tailings in Brazilian 
mines 
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Figure 1. Cumulative discharge of interstitial water offinetailings at a specific project through several 
physical processes (After Oliveira-Filho and van Zyl, 2006). 

 
 
Analyses of the sedimentation process provide two important results regardless of the dispos-

al method. First, analyses give an estimate of how long water takes to clarify, i. e., to be free 
from particulates and be suitable for recovery. Second, analyses also provide the final void ratio 
of the sedimented tailings, or the void ratio at zero effective stress to be used in consolidation 
analyses. 

From a practical point ofview, many researchers have replaced more in-depth sedimentation 
analyses with simple column tests (Liu, 1990; Abu-Hejleh & Znidarcic, 1995). In their view, the 
importance of the analyses relates to the final void ratio, and that can be assessedby simple sed-
imentation column test procedures. 

While sedimentation and consolidation are supposed to coexist during operations, separating 
the processes is useful for modeling purposes. Prediction of volume change, excess porewater 
pressure, and progress in void ratio profiles require the development of consolidation theories, 
in which the infinitesimal theory of Karl Terzaghi is well known (Schiffman et al., 1984). For 
tailings deposits, however, that theory was improved by consolidation models that take into ac-
count large deformations expected to occur in the hydraulically deposited tailings. For that mat-
ter, the works of Gibson et al. (1967), and before them Mikasa (1963), contain the rigor missed 
in the simpler infinitesimal theory. These more developed models have the capability to take in-
to account self-weight, seepage forces, and surcharge as causes of the consolidation phenome-
non. 

To provide the constitutive parameters for large deformation models (e.g. Gibson et al., 
1967), new experimental procedures were developed such as the constant rate of deformation 
(CRD) (Lee, 1981) and the seepage induced consolidation test (Abu-Hejleh & Znidarcic, 1994). 
The latter is also known as HCT, which stands for hydraulic consolidation test after Imai 
(1979). 

In this paper, a synthesis of HCT results (e.g. compressibility and permeability curves) for 
some ore tailings from several mining projects in Brazil is presented. The writers also review 
the HCT methodology, and discuss factors that affect the material behavior and hence its influ-
ence on mass balance. 
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2 HCT TEST 
2.1 Methodology 
The hydraulic consolidation test (HCT) is a one-dimensional test described by Znidarcic and 
Liu (1989) and Znidarcic et al. (1992). The experimental setup comprises a modified triaxial 
cell, a flow pump, a differential pressure transducer, a load and pressure system, and data acqui-
sition. Figure 2 shows the equipment and steps for the HCT.  

 
 

  

Figure 2. Different stages for the HCT: a) specimen preparation; b) seepage test; c) step load stage and 
permeability test. 

 
 
A HCT is performed in three steps: seepage consolidation, step load consolidation, and hy-

draulic conductivity measurement. After specimen preparation (Figure 2a) and the assembling 
of the triaxial cell and the entire system, a seepage flow is imposed on the specimen by with-
drawing water from the base using the flow pump. Seepage forces cause particles to be rear-
ranged to a denser state, during which pore pressure stabilizes at certain level related to the im-
posed flow rate and material characteristics. The pore pressure generated is measured by the 
differential transducer. Also, the final height of the specimen is measured by an extensometer 
attached to the triaxial load piston that is forced to gently touch the top cap of the specimen 
(Figure 2b). 

After seepage consolidation, the specimen is submitted to one stage of the conventional step 
load test corresponding to 50 kPa. This pressure load is gradually reached to allow the specimen 
to gain strength and then consolidate until all excess pore pressure is dissipated and no addition-
al settlement is observed. Usually a 16 to 24 h period is sufficient. At the end of the convention-
al consolidation stage, a final height is registered. 

With the specimen conditions at the end of the step load stage, the last part of the HCT, the 
permeability test, is performed. The specimen is then submitted to a new constant flow rate, 
usually ten times lower than in the seepage consolidation stage, also using the flow pump. This 
seepage flux will also produce certain resistance that is translated by a pore pressure gradient 
within the specimen that is captured by the differential transducer. In this stage, seepage does 
not cause any measurable settlement, and by simple analysis, saturated hydraulic conductivity 
can be determined at 50 kPa effective stress and final void ratio. At the end of the experiment, 
the specimen dry mass is determined. 

Data obtained through the HCT are then handled by a computer programed called SICTA 
(Seepage Induced Consolidation Test Analysis), developed by Abu-Hejleh and Znidarcic 
(1992). The program provides two sets of model parameters; A, B, and Z, and C and D, corre-
sponding to the compressibility and permeability consolidation relationships, Equations 1 and 2, 
respectively. 
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= ( + )                                                                                                             (1) 

=                                                                                                                        (2) 

In Equations 1 and 2, e = void ratio, ’ = effective stress (kPa), and k = hydraulic conductivi-
ty (m/s). 

The parameters A, B, C, D and Z are determined by the program SICTA from the test results. 
With the measured zero effective stress void ratio (e00) and the permeability data in the higher 
effective stress range (e.g. 50 kPa), the number of parameters needed to be estimated is reduced 
from five to two using Equations 1 and 2. Parameters B and D are chosen to be free parameters, 
and are determined by an efficient solution describing the steady state conditions in the seepage-
induced consolidation test and a parameter-estimation algorithm (an optimization scheme of an 
objective function built from the seepage test results).  

2.2 Sedimentation column and the e00 
An interesting concept involving the physical phenomena of sedimentation and consolidation is 
the void ratio at zero effective stress, e00, i.e. the material state at the top of a deposit formed by 
decanted slimes.The sedimentation column test is a procedure associated with the HCT that 
provides e00 also needed in the SICTA analyses. In the test, slimes at the certain solid content 
(or pulp void ratio, epulp) are homogenized, placed into a cylinder (column) with internal cross 
section area A, and left to decant. Approximately 24 h later, there will be free water inside the 
cylinder on the top of a thin slime deposit. The final height of this deposit is measured(Hf) and 
solid dry mass is determined (Ms). The average e00 is determined by knowing the solid density, 

s, and using Equation 3. 

= 	                                                                                                                  (3) 

Alternatively, a more accurate procedure for determining e00 is described. Slimes are homog-
enized, placed in small receptacles, and left to stand for approximately 24 h. After this period of 
time, the supernatant water is removed by syphoning and the material left in the container is 
evaluated for water content w, which with the solids specific gravity (Gs) allows the assessment 
of e00 (e00 = Gs . Although this procedure leads to more accurate results, it should be used for 
clay-like materials only, and the previously described procedure for fine silt-like specimens, 
which are prone to loss of homogeneity and segregation effects during specimen preparation 
and seepage stage. 

Whichever procedure is used to obtain e00, it should be observed that for high pulp solid con-
tents (low epulp), values of e00 and epulp are equal, since the material does not experience any sig-
nificant sedimentation. Figure 3 illustrates schematically how e00 is obtained depending on the 
epulp range. 
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Figure 3.Illustration of the e00 concept and its difference with pulp void ratio. 

2.3 Modified HCT (Combined test) 
Specimens with high solid contents do not experience any measurable settlement during the 
seepage part of the HCT. In such case, a combined procedure is proposed. In the modified pro-
cedure, the seepage part of the regular HCT is suppressed, and the test actually starts by per-
forming one stage of the step load test, followed by the hydraulic conductivity test with the flow 
pump. This procedure should be repeated for different pressures (e.g. 10, 20, 50 and 100 kPa). 
Data obtained through this procedure is then analyzed as the ordinary oedometer test properly 
adapted for the HCT apparatus. 

3 HCT RESULTS BY ORE 

In this section and in the next, a series of HCT results from different ore tailings produced in 
Brazilian mines are presented and discussed. For sake of brevity, only bauxite and iron ore tail-
ings data are more thoroughly discussed. Other slime wastes, that include nickel, copper, kaolin, 
and sandstone ores, are analyzed briefly in the next section. Most of the data were obtained at 
UFOP´s Laboratory of Mining Residues, under contracts of several mining companies in Brazil. 
Due to confidentiality, companies’ names are not mentioned.  

3.1 Aluminum Bauxite 
Aluminum production in Brazil involves three stages: mining, refining of bauxite, and reduction 
and smelting. From mining, bauxite ore is produced by the main process of washing, and this is 
the origin of the slime waste presented below. The reason for the testing program was the com-
pany´s interest to evaluate discharge options with different solids content and check the deposit 
behavior and mass balance during filling events. 

The selected samples for testing were obtained at a discharge point in the main pond. Basic 
information on the bauxite slimes is given in Figure 4, which shows the gradation curve and sol-
id density. 
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Figure 4. Gradation curve for bauxite slimes. 
 
 

The search for the spectrum of the zero effective stress void ratios, e00, for a range of pulp 
solids content (Ppulp) was performed and the results are given in Figure 5. Experimental data 
show that e00 around 21 is the limiting void ratio for sedimenting slimes with low initial solid 
content (i.e. Ppulp epulp 21). In addition, these results imply that no variation in void 
ratio is expected during HCT specimen preparation for epulp lower than 21 (e00 = epulp).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Void Ratio at zero effective stress determination. 
 

 
The HCTs were performed on remolded specimens prepared at solids content of 10, 13, 22 

and 35%, which correspond to pulp void ratios of 26.4, 19.6, 10.4, and 5.4, respectively. The 
HCT at 35% solids content was not completed because no settlement was observed during seep-
age consolidation. Thus, the test was repeated using the modifying procedure. The HCT results 
are shown in Figure 6. 
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Figure 6. HCT results for bauxite slimes with different initial solids contents. 
 

 
Some observations can be drawn from the compressibility curves. First, the nonlinearity in 

the low effective stress range (less than 1 kPa) was measured at every solids content evaluated. 
Second, the effect of different initial conditions (solids contents) vanishes at relatively low ef-
fective stress with the merging of all curves into one. Third, a good agreement among the HCT 
curves and the modified HCT (actually an oedometer-like test) can be noted. 

The permeability curves have an exponential shape, with a steep increase in void ratio for rel-
atively small change in permeability in the range of void ratio around 7 and above, and an oppo-
site trend (i.e. smooth increase) in the low void ratio range. Similar to the compressibility 
curves, the effect of different initial condition on permeability is not significant for void ratio 
less than 7 (approximately 1 kPa). A good agreement between HCT results and the modified 
HCT values is also observed, providing confidence in the HCT despite the fact that this test has 
not been regulated. 

3.2 Iron 
General tailings from iron ore milling processes in Brazil are usually found in two gradation 
patterns, silt-sand or silt-clay (slimes). Beneficiation of rich hematite ore bodies are just frag-
mentation, classification and washing. For itabirites, low grade iron ore rocks, flotation process-
es are also included. The HCT results presented here are only for slimes of rich hematite milling 
processes. The need of the testing program is related to feasibility studies of a mine waste 
dumpthat will be built inside anexhausted open pit mine partially filled with iron slimes forming 
an old deposit. Designers would like to predict settlements and stability of the future waste 
dump using that deposit asa foundation. 

Sampling was performed in the open pit deposit at twodifferent depths. Basic characterization 
results are shown in Figure 7. The slimes appear alike, regardless of the depth and can be de-
fined as low plasticity, clay-silt materials, with relatively high iron content (see the high solid 
density). 
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Figure 7.Gradation curves and other basic information for iron ore slimes. 
 
 

Two HCTs were performed (one for each depth) on remolded specimens at approximate in-
situ conditions. Compressibility and permeability curves from these tests are presented in Figure 
8. It is important to note that in this case no search for e00 is made since the material behavior in 
question will work as a waste dump foundation and the designers are concerned about settle-
ments and pore pressure dissipation. Thus, consolidation relations should be those in the range 
starting with the in-situ conditions. Overall, both tests produced very similar results, indicating 
that consolidation relations do not change with depth at the location sampled. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. HCT results for iron ore slimes from washing process. 
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4 OVERALL DATA ANALYSIS 

The previous section explored practical situations where HCTs were used to provide consolida-
tion data for modeling. Consistent general trends were observed for compressibility and perme-
ability functions of two ore tailings. Furthermore, a series of additional HCT results for different 
ores is discussed in this sectionin a condensed form. Basic information on these materials is giv-
en in Table 1. Most of the slimes have high silt content and show low plasticity. Sampling loca-
tion or tailings origin varies from discharge points, boreholes in the tailings impoundment, and 
pilot plant. Applications of these studies are similar to the ones discussed previously.  
 
 
Table 1. Material characteristics and sampling location 

Tailings s 
(g/cm3) 

LL 
(%) 

LP 
(%) 

Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

Gravel 
(%) 

Sampling / 
Origin 

Bauxite - red mud 3.65 48 31 30 20 50 0 Borehole 
Copper 2.97 - - - - - - Pilot plant 

Iron - itabirite 3.75 NP NP 19 77 4 0 Borehole 
Kaolin 2.68 50 36 14 82 4 0 Product 
Nickel 3.65 41 31 6 93 1 0 Discharge 

Sandstone 2.75 84 34 52 46 2 0 Discharge 
 
 

The HCT results are presented in Figure 9. The 1-100 kPa effective stress range was chosen, 
to avoid an initial condition effect (e.g. different solids content) as discussed in previous section, 
and also because this range covers most of the state of stress existing in small and medium size 
tailings impoundments. 

In the 1-100 kPa effective stress range, compressibility curves shown in Figure 9 are approx-
imately linear except for sandstone (normal consolidation behavior). Also, the average com-
pressibility indices (Cc) in this stress range are given in Table 2. Analyses of Cc show sandstone 
with the highest value and copper with the lowest. All the others average moderate compressi-
bility. High compressibility indices seem to be related to slimes that show relatively higher clay 
content and exhibit more plasticity as indicated in Table 1 for sandstone and red mud speci-
mens.  

Regarding permeability in the 1-100 kPa effective stress range, behavior can be approximate-
ly linear, except for sandstone. Also in Table 2, it can be seen that there is a very significant 
change in permeability for sandstone and itabirites (1.5 x order of magnitude). However, a very 
small change for copper is found in that range. The other slimes show changes slightly higher 
than one order of magnitude. At 100 kPa, red mud is the least permeable material, and copper 
and kaolin the most permeable materials (difference of 1.6 order of magnitude). All these find-
ings can be of interest in designing impoundments since they document how permeability char-
acteristics change, from top to bottom, relate to stress level. This is especially important in pro-
jects were liners are required, since they can justify less flow rate reaching the bottom drainage. 

 
 

Table 2. Indices of compressibility and permeability ratios 
 Sandstone Nickel Red mud Itabirite Kaolin Copper 

Cc 2.7 0.77 1.35 0.74 0.50 0.11 
k ratio 35.9 15.4 19.4 28.4 17.6 2.12 
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Figure 9. Consolidation curves from HCT tests with different ore tailings. 

5 SUMMARY AND CONCLUSIONS 

A good number of hydraulic consolidation tests (HCT) were conducted in the last ten years by 
the Residue Laboratory at Federal University of Ouro Preto, Minas Gerais, Brazil. Although the 
HCT is well accepted in Brazil, it is not yet regulated. The HCT procedure follows in general 
lines as proposed by Abu-Hejleh and Znidarcic (1992). However, some adjustments are imple-
mented in practice as suggested by the authors to take into account high silt content present in 
slimes of the main ores mined in Brazil (such as iron, bauxite, nickel). The extension of HCTs 
to cover high solid contents by suppressing the seepage consolidation part and introducing more 
stages of the traditional step load test performed in the HCT apparatus is an important contribu-
tion. Another issue raised by the authors is the provision of a good understanding of the zero ef-
fective stress void ratio concept (e00) and the need of its determination. This action helps pro-
spective mine clients to use in a more adequate way the data provided from HCT.  

HCT results of different ore tailings are also presented and discussed. First of all, two sets of 
data focusing on bauxite tailings and iron ore slimes were examined, and the nonlinearity of the 
consolidation relations was confirmed. The experimental results from bauxite slimes also 
demonstrate that different initial solid contents play a role in the compressibility and permeabil-
ity curves only in the low range of effective stress (usually < 1 kPa). Beyond this low stress, 
there is no significant difference between the compressibility and permeability relations, with all 
curves merging into one. Other relevant findings were the good fit between the HCT curves and 
the curves obtained from the modified HCT procedure (i.e., an adapted oedometer-like test), 
providing confidence in the HCT. Furthermore, HCT results corresponding to different ore tail-
ings are shown, and provide relationships, such as permeability, that vary with effective stress 
and can be used in a tailings impoundment design. 
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1 INTRODUCTION 

The current practice to determine in situ state of cohesionless materials is to use penetration test-
ing, either SPT or CPT, since undisturbed sampling of these materials is difficult. The actual 
measure of state used varies widely. For liquefaction analysis, it is common to use the SPT “N” 
value (blows per foot) adjusted for hammer efficiency, stress level and fines content, giving the 
so-called (N160)cs. The SPT is gradually being replaced by the more reliable and repeatable cone 
penetration test (CPT), although the approach is similar, i.e. the penetration resistance is adjust-
ed for stress level and fines content to give qc1Ncs. This is the tip resistance that would have been 
measured in the soil if it were at a vertical effective stress level of 100 kPa (or 1 tsf, hence the 
subscript 1) and if the fines content were less than 5%. This use of generalized corrected pene-
tration values is less than ideal from a theoretical or mechanics viewpoint, and also requires that 
the soil behavior being sought (e.g. liquefaction resistance) be corrected from that which occurs 
at the reference stress level of 100kPa to the relevant in situ stress level.  

Relative density (Dr) is the best known state measure that is not based on a penetration re-
sistance. The primary problem with relative density is that the same soil at the same relative 
density will exhibit different behavior at different stresses. In addition, all soils do not exhibit 
the same behavior at the same relative density, especially when the fines content increases. Bol-
ton (1986) proposed a dilatancy index (IR), defined as IR = Dr (10 – ln p') -1, to overcome the 
stress level difficulty with relative density. Because friction angle and dilatancy are strongly cor-
relative in cohesionless soils, and higher stresses have the effect of reducing dilatancy. IR.is a 
useful way to characterize the friction angle of many soils. 

In this paper, we will characterize the in situ state by the state parameter, Been & Jefferies 
1985). The state parameter depends on both the density and confining stress of the soil (as does 
IR), since it is a measure of the void ratio difference from the critical state line (CSL) as illustrat-
ed on Figure 1. The CSL serves as a reference state – representing the state at which a soil will 
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ABSTRACT:  One of the most difficult problems with engineering and slope stability of tailings 
materials is to determine the in situ state of cohesionless materials. Undisturbed sampling of 
such soils is difficult and practice has evolved to use penetration testing, either SPT or CPT, to 
estimate the in situ state. In this case, the in situ state is characterized by the state parameter, , 
although surrogates such as the normalized penetration resistance N1, qc1, or relative density are 
also frequently used. The state parameter is the preferred measure of state because it is a theoret-
ically sound index of material behavior and can readily be interpreted from the CPT. The engi-
neering problem can be split into two halves: (1) determine the in situ state of the material, and 
(2) determine the material behavior as a function of state. This paper deals with the first part of 
the problem.   



continue to shear under constant stress and constant volume conditions. When a soil is sheared, 
loose sands contract and dense sands dilate towards the critical state condition at large shear 
strains, with  providing a measure of dilatancy. Many soil behaviors are a function of  in-
cluding friction angle, penetration resistance, cyclic shear strength and undrained shear strength. 
In fact, the normalized CPT penetration resistance qc1Ncs is a surrogate for (Robertson 2010), 
but qc1Ncs lacks the theoretical underpinning of plasticity theory and mechanics that comes with 
the use of  

The state parameter ψ is the preferred measure of in situ state partly because it is a theoreti-
cally sound index of material behavior, but equally important is the fact that it can be readily in-
terpreted from CPT data. Characterization of tailings materials for engineering analyses can be 
split into two parts: (1) determining the in situ state of the material, and (2) determining the ma-
terial behavior as a function of state. This paper deals with the first part of the problem. A com-
panion paper (Been et al. 2012) considers the post-liquefaction residual strength of tailings as a 
function of ψ. 

2 CALIBRATION CHAMBERS FOR PENETRATION TESTING 

Penetration tests involve a complex loading of soils, in which the penetration resistance and oth-
er parameters such as sleeve friction and pore water pressure are measured. From these meas-
urements, we need to infer engineering properties or behaviors. A review of geotechnical litera-
ture will reveal correlations with numerous engineering parameters, all from just three 
measurements made with the CPT. Clearly, more information and testing of soils is needed to 
determine these parameters with any accuracy, and many authors recognize that fact. However, 
a sensible and defensible approach is the one recommended here – use the CPT to determine just 
one parameter, the in situ state, and use laboratory or field measurements to determine the engi-
neering behavior as a function of the in situ state. 

Determination of the in situ relative density from penetration tests has been studied for many 
years. In the mid 1970s, several large calibration chambers were built and used for this purpose. 
Marcuson & Biegenowski (1977) reported SPT tests in a relatively crude testing chamber, with 
curves showing how penetration resistance changed as a function of stress level for three differ-
ent sands. CPT calibration chambers were built at universities in the USA (Lhuer 1976, Harman 
1976, Tringale 1983), at research institutions in Australia (Parkin et al. 1980), Norway (Parkin 
& Lunne 1982) and Italy (Baldi et al. 1982) and at a commercial laboratory in Canada (Been et 
al. 1987a). The approach in all calibration chamber programs is common. Material is placed in 

Figure 1. Definition of state parameter, . 



the chamber at a known density and consolidated to a known stress level (i.e. the state of the soil 
is known). A penetration test is then carried out in this known soil. Tests are done over a range 
of densities and stress levels, giving a correlation between penetration resistance, density and 
stress level for the soil type tested. Figure 2 is a frequently referenced illustration from Robert-
son & Campanella (1983) showing how penetration resistance varies for three sands. The differ-
ence is loosely attributed to “compressibility” of the sands although the measure of compres-
sibility is not specified. 

 

Figure 2. CPT penetration resistance for three sands (after Robertson & Campanella 1983). 

 
 

Examination of Figure 2 also shows that the penetration resistance, for a given relative densi-
ty, does not increase linearly with stress level. There are two factors that influence this departure 
from linearity. One is the suppression of dilatancy at higher stress levels, causing the soil to ap-
pear “looser” than it is. The second is the effect of elasticity (in the form of shear modulus) of 
the soil; it is well accepted that shear modulus in sands increases with the square root of confin-
ing stress. The effect of dilatancy is captured if we use ψ as the measure of state rather than rela-
tive density. Figure 3 thus shows the calibration chamber data for Hilton Mines tailings (one of 
the sands in Figure 2, from Harman 1976) plotted against ψ, along with a simple exponential 
trend line given by 

(
    

  )      (   ) (1) 

where qc is the CPT tip resistance; p and p' are the mean total and effective stresses, respective-
ly, and k and m are constants.  
 Been et al. (1987b) presented similar data to those shown in Figure 3 for several sands for 
which calibration chamber test data were available and showed that the parameters k and m ap-
pear to be systematic functions of the slope of the critical state line,  (shown on Fig. 1), as il-
lustrated on Figure 4. However, Figure 4 does not consider the effect of shear modulus on the 
CPT, and this omission was the cause of an apparent “stress level bias” in the interpretation of 
the CPT (Sladen 1989). Shuttle & Jefferies (1998) subsequently showed through numerical 
modeling how the apparent stress level bias was in fact caused by shear modulus. The effect of 
shear modulus is somewhat second order, but shear modulus is also readily measured in situ 
with a seismic CPT and can therefore be used to refine the CPT interpretation of ψ. 



Therefore, for the range of clean sands for which calibration chamber data are available, there 
is a reliable and accurate method of interpretation of in situ state from the CPT. What is re-
quired, in addition to the CPT, are laboratory tests to determine the critical state line and stress 
dilatancy parameters for the soil and field measurement of the shear wave velocity. Jefferies & 
Been (2006) provide a more detailed presentation and discussion of this process. 

3 DIMESIONLESS CPT PARAMETERS 

When interpreting the CPT, it is necessary to use dimensionless or stress normalized versions of 
the actual measurements. The CPT measures just three parameters: tip resistance, qc, sleeve fric-
tion, fs, and pore water pressure, u. (Note that qc is often given as qt to emphasis that the values 
has been corrected for unequal end area effects when the pore pressure is measured just behind 
the tip in the u2 position.) The dimensionless CPT parameters are then: 

  
     

  
  (2) 

        (3) 

   
(    )

(     )
 (4) 

In Equation 2,  v and  'v are the vertical total and effective stress, respectively. Since the CPT 
is also strongly dependent on the horizontal in situ stress, a variant of Q using the mean total 
stress (p) and mean effective stress (p') is also used in this paper: 

   
    

  
                                (5) 

In addition, a material behavior type index, Ic, is calculated from the above parameters: 

    √ [     ( (    )   )]
 
 [          ( )]              (6) 

There is an alternative definition of Ic that does not include the pore pressure measurement from 
Robertson & Wride (1998), if pore pressures are not measured or are unreliable. 

Figure 3. Normalized tip resistance - state parameter relationship for Hilton Mines Tailings. 

 



4 FROM CALIBRATION CHAMBERS TO MINE TAILINGS 

The sands that are used in calibration chambers are almost all clean, uniformly graded materials 
with fines contents less than 5%. This is for practical reasons. Obtaining uniform density sam-
ples without particle size segregation is extremely difficult with higher fines contents or a wide 
range of particle sizes. Yatesville silty sand (Brandon et al. 1990, 1991) is an exception in Fig-
ure 4, and the range of ψ in those chamber tests is small. What is to be done when dealing with 
tailings materials, which typically have high fines contents or may be silts rather than sands?  

As noted previously, the normalized penetration resistance - ψ relationship is a function of 
compressibility. A general trend with soils is also that compressibility increases as the soil type 
changes from sand to silt to clay. In CPT terms, this trend is reflected as an increase in friction 
ratio (ratio of the sleeve friction to the tip resistance) and a reduction in penetration resistance. 
Plewes et al. (1992) used this trend to show a relationship between  (compressibility) and fric-
tion ratio, and a way to use only the CPT to estimate the in situ state and engineering properties 
of the soil (i.e. without laboratory testing). This approach is called a screening level assessment 
as the engineering properties of the soil are not measured. An improvement on the Plewes et al. 
(1992) method to account for the changing drainage conditions during penetration of various 
soil types (i.e. drained for sands, undrained for clays, and partially drained for silts and many 
tailings) is to use the material behavior type index, Ic, from the CPT, which includes the pore 
pressure measurement, to estimate as shown on Figure 5 (Been & Jefferies 1992) The screen-
ing level assessment using Ic incorporates slightly different definitions of the constants k’ and m 
on Figure 4, because the form of normalized penetration resistance is: 

  

    
        (    ) (7) 

in which 

                (8) 

                 (9) 

Figure 4. Variation of state parameter relationship with compressibility, 10 (after Jefferies & Been, 

2006). 



               (10) 

M is the critical state friction ratio and is introduced as it tends to change systematically with 
soil type. M should ideally be measured, but can also be estimated from the soil type. 

Equations 7 to 10 provide a rational basis for estimating in situ state from the CPT at a 
screening level, for a range of soils that includes tailings sands and silts. As with clean sand, a 
theoretical soil mechanics basis is required to support the method. This has been provided by 
Shuttle & Cunning (2007). They took the same critical state based constitutive model and finite 
element calculation method that was used by Shuttle & Jefferies (1998) for clean sands, and ap-
plied it for partially drained penetration. Their work was in the context of liquefaction of sandy 
silt tailings, to show that liquefaction was possible in the tailings, contrary to indications from 
the screening level assessment based on the conventional qc1Ncs liquefaction procedure.  

5 APPLICATION TO EVALUATE IN SITU STATE OF MINE TAILINGS 

The approach described above has been applied at two tailings sites to determine the in situ state 
of the tailings. The range of grain size distribution of the tailings at the two sites is shown on 
Figure 6. Site A is a western USA gold tailings site consisting of sandy silt tailings, while Site 
B, in western USA, consists of molybdenum beached tailings showing a somewhat wider range 
of grain size from silty sand to sandy silt. Neither material is similar to any calibration chamber 
test soils used to develop the methodology. 

 
5.1 Site A  

At Site A, field exploration included geotechnical drilling, CPT soundings, and laboratory 
testing. Geotechnical drilling (auger and sonic borings) was conducted adjacent to CPT sound-
ings, and tailings samples were retrieved from the auger borings for the laboratory testing. 
Measurements from a typical CPT sounding of the tailings are shown on Figure 7, in terms of 
tip resistance, sleeve friction and pore pressure. Laboratory classification tests indicated that 
most of the samples tested have fines contents greater than 50% and are classified as low plas-
ticity silt (ML). One sample was classified as silty sand (SM) with a fines content of 47%. All of 
the tailings samples tested are non-plastic to low plasticity (plasticity index less than 3).  

 

Figure 5. Relationship between material behavior type index Ic and soil compressibility 10. 

 



Figure 6. Grain size distribution envelopes for tailings materials at Site A and Site B - Beach. 

 
 
The soil behavior index, Ic, was calculated according to Equation 6 and is shown in the final 

column of Figure 7. In general, the soil behavior type is silty sand to sandy silt and clayey silt to 
silty clay and is consistent with the laboratory soil classification. Both the CPT data and the la-
boratory results indicate the tailings are silty sand/sandy silt to clayey silt/silty clay.  

Triaxial compression tests (both drained and undrained) were conducted on nine tailings sam-
ples. The stress paths for the tailings samples and the critical state line are shown on Figure 8. 
Table 1 shows the measured critical state parameters as well as the calculated inversion coeffi-
cients, k  and m , according to Equations 8 and 9. The slope of the critical state line or soil com-
pressibility, , is equal to 0.11 based on the triaxial tests.   
Figure 8. Critical state line laboratory test results for sandy silt tailings from Site A. 

Figure 7. CPT soundings for Site A. 

 



Figure 8. Critical state line laboratory test results for sandy silt tailings from Site A. 

 

 
The effectiveness of the screening approach to determine the compressibility and the CPT in-

version parameters is illustrated on Figure 9, which shows the value of 10 as a function of depth 
as estimated from CPT data using Equation 7. The compressibility from the triaxial tests is 0.11 
and is consistent with that calculated from the CPT data. The CPT data shows variability around 
the laboratory value that reflects the natural variability of the field deposit compared to the sin-
gle representative sample blended for the laboratory testing. Figure 9 also shows the CPT based 
inversion coefficients, k  and m , calculated from Equations 8, 9 and 10. (Note that when calcu-
lating k' from Equation 8, the critical state friction ratio is approximated as Mtc = 1.25). The val-
ues calculated from the CPT with depth are also compared to the values of k' and m' shown in 
Table 1, which have been calculated from 10 and Mtc as measured in the triaxial tests using 
Equations 8 and 9. 

 
 

Table 1. Critical state parameters, model parameters and CPT inversion coefficients for Site A and Site B 

- Beach tailings. 

Parameter Description Site A Site B - Beach 

 Critical state line (CSL) intercept at 1 kPa 0.86 0.713 

10 Slope of CSL on semi-log plot (Figure 1) 0.11 0.086 

Mtc 
Friction ratio (q/p') at critical state in triaxial 

tests (constant volume friction) 
1.57 1.44 

k' Intercept for ln(Q)-ψ relationship 16.7 18.6 

m' Slope of ln(Q)-ψ relationship 10.4 10.8 

H Plastic hardening modulus  150-250 

 Maximum dilatancy ratio   5 

Ir Rigidity index (G/p')  170 

 Poisson’s ratio  0.2 (assumed) 

 ̅ Intercept of Q(1-Bq)+1 vs ψ relationship  3.8 

 ̅ Slope of Q(1-Bq)+1 vs ψ relationship  30 

  
 



 
Figure 9. Soil compressibility (10), inversion coefficients (k  and m ) and state parameter () estimated 
from the CPT data. (10, k  and m  calculated from the triaxial compression test results are shown for 
comparison.) 

 

5.2 Site B - Beach 

At Site B, the field exploration also consisted of drilling and sampling, CPTs, laboratory testing 
and shear wave velocity measurement using the CPT. Laboratory classification testing indicated 
that most of the samples consisted of low plasticity silt (ML) to silty sand (SM). Fines contents 
ranged from 22% to 84%, with an average of 45% from 15 grain-size distributions. The wide 
range is indicative of the seasonal (i.e. warm and cold weather) variability in tailings deposition 
methods. All tested samples were non-plastic. In general, the soil behavior type from the CPT is 
silty sand to sandy silt and is consistent with the laboratory soil classification. Only a typical 
CPT from the tailings beach area is considered in this paper. The laboratory measured critical 
state parameters are shown on Table 1, as well as the plastic hardening modulus and maximum 
dilatancy ratio from the triaxial tests. These additional parameters are required for the NorSand 
constitutive modeling approach of Shuttle & Cunning (2007). The model also requires elasticity 
to be defined, with the rigidity index, Ir, and Poisson’s ratio, . Rigidity index is the ratio of the 
low strain shear modulus to mean effective stress, with shear modulus determined from the 
shear wave velocity measured in situ. Poisson’s ratio is assumed as 0.2. The parameters  ̅ and  ̅ 
were determined from finite element modeling of cavity expansion as in Shuttle & Cunning 
(2007). 

Figure 10 shows the CPT data for Site B - Beach. CPT tip resistance is shown in the first col-
umn. The second column shows the shear wave velocity (vs) profile measured at the same loca-
tion, from which the value of Ir is calculated through: 

      
  (11) 

     
  ⁄  (12) 

 



Figure 10. CPT and shear wave velocity data for Site B - Beach. 

 
 
where ρ is the mass density of the soil. The next columns shows the value of the pore pressure 
ratio, Bq, and material behavior type index, Ic.  

Figure 11 shows the in situ state interpreted from the data in Figure 10 in two ways. The first 
graph shows the screening method using Ic to calculate 10 (Equation 10) and then Equations 7 
to 9 to calculate . The second graph shows  using the values of  ̅ and  ̅ in Table 1 calculated 
using the finite element method of Shuttle & Cunning (2007) and Equation 13: 

 

    (    )      ̅    (  ̅ )                    (13) 

 

Comparison of the two profiles of  on Figure 11 shows that the screening method and the 
rigorous method give essentially the same values in this case. While this lends support to the 
screening method, this correspondence between the methods may not be general. The CPT in-
terpretation should always be supplemented by laboratory testing and shear wave velocity where 
confidence and accuracy is required in the result. 

6 SUMMARY AND CONCLUSIONS 

The CPT is a frequently used tool to characterize the engineering behavior of tailings in current 
practice, in particular for liquefaction analyses. Empirical methods for civil engineering applica-
tions developed from research with relatively clean sand form the basis for most of this work. 
The application of these empirical approaches to tailings materials is severely hampered due to 
the fines contents usually being much higher in the tailings than for the clean sand research ma-
terials and because the depth of tailings analyses often greatly exceed the typical stress range of 
most civil engineering applications. This paper describes a mechanics based method to interpret 



the in situ state of tailings from the CPT. Engineering behavior is then determined as a function 
of in situ state. 

The approach is considered applicable to a wide range of materials (i.e. not just tailings), as it 
is based on measurement of material properties in the laboratory and grounded mathematically 
in the context of critical state soil mechanics. This is in contrast to empirical methods where the 
only soil property that enters the analysis is fines content, despite the fact that fines content is 
only loosely indicative of engineering behavior, especially in tailings deposits where frictional 
interactions often govern behavior beyond the traditional soil mechanics transition of 0.075 mm 
(#200 sieve). Two levels of interpretation are discussed: a screening level approach in which the 
CPT is used to infer the relevant engineering properties, and a rigorous approach based on finite 
element modeling with a critical state constitutive model. 

The screening level approach is illustrated for Site A, consisting of sandy silt tailings with 
more than 50% fines. Both the screening level and the modeling approach results are presented 
for the Site B - Beach tailings. There is a close correspondence in the in situ state determined in 
the two approaches applied to Site B - Beach. While we expect the screening method to be a re-
liable indicator of in situ conditions in most cases, for most mining projects the problem is suffi-
ciently important that CPT interpretation should always be supplemented by laboratory and 
shear wave velocity testing. This will allow confident design and liquefaction analysis of tail-
ings facilities. 

 
 

 

Figure 11. Interpreted in situ state for Site B - Beach from CPT in Figure 10. 



7 ACKNOWLEDGMENTS 

We would like to thank our clients for permission to use the data presented in this paper, as well 
as their support for projects on which this work was carried out. Golder Associates also provides 
support for the work and this paper. 

8 REFERENCES 

Baldi, G., Bellotti, R., Ghionna, V., Jamiolkowski, M. and Pasqualini, E. 1982. Design parameters for 
sand from CPT. Proc. ESOPT 2, Amsterdam. 

Been, K. & Jefferies, M.G. 1985. A state parameter for sands. Géotechnique 35(2): 99-112. 
Been, K. and Jefferies, M.G. 1992. Towards Systematic CPT Interpretation. Proceedings Wroth Memorial 

Symposium, Thomas Telford, London: 121-134.  
Been, K., Lingnau, B.E., Crooks, J.H.A. and Leach, B. 1987a. Cone penetration test calibration for Erksak 

(Beaufort Sea) sand. Canadian Geotechnical Journal, 24(4): 601-610. 
Been K., Jefferies M.G., Crooks J.H.A. and Rothenberg L. 1987b. The cone penetration test in sands: Part 

II, general inference of state. Géotechnique, 37(3): 285-299. 
Been, K, Obermeyer, J, Parks, J and Quinonez, A. 2012. Post liquefaction undrained shear strength of 

sandy silt and silty sand tailings. Tailings and Mine Waste 2012. 
Bolton, M.D. 1986. Strength and dilatancy of sands. Géotechnique, 36(1): 65-78. 
Brandon, T.L., Clough, G.W. and Rahardjo, R.P. 1990. Evaluation of liquefaction potential of silty sands 

based on cone penetration resistance. Report to National Science Foundation, Grant # ECE-8614516, 
Virginia Polytechnic Institute. 

Brandon, T.L., Clough, G.W. and Rahardjo, R.P. 1991. Fabrication of silty sand specimens for large and 
small scale tests. Geotechnical Testing Journal, 14(1): 46-55. 

Harman, D.E. 1976. A statistical study of static cone bearing capacity, vertical effective stress, and relative 
density of dry and saturated fine sands in a large triaxial testing chamber. MSc Thesis, University of 
Florida. 

Jefferies, M. & Been, K. 2006. Liquefaction of sands: a critical state approach. Taylor & Francis: Lon-
don and New York.  

Lhuer, J-M. 1976. An experimental study of quasi-static cone penetration in saturated sands. MSc Thesis, 
University of Florida. 

Marcuson, W.F. and Bieganousky, W.A. 1977. Laboratory standard penetration tests on fine sands.  Jour-
nal of Geotechnical Engineering Division, ASCE, 103, GT6: 565-588 

Parkin, A., and Lunne, T. 1982. Boundary effects in the laboratory calibration of a cone penetrometer in 
sand. Proc. 2

nd
 European Symposium on Penetration Testing, Amsterdam, Vol. 2, 761-768. 

Parkin, A., Holden, J., Aamot, K., Last, N., and Lunne, T. 1980. Laboratory investigations of CPTs in 
sand.  NGI Report S2108-9, 9 October 1980. 

Plewes H.D., Davies M.P., and Jefferies M.G. 1992. CPT based screening procedure for evaluating lique-
faction susceptibility. Proc 45th Canadian Geotechnical Conference, Toronto. 

Robertson, P.K., and Campanella, R.G. 1983. Interpretation of cone penetration tests.  Part I: Sand.  Canadi-
an Geotechnical Journal, 20(4): 718-733. 

Robertson, P.K., and Wride, C.E. 1998. Evaluating cyclic liquefaction potential using the cone penetra-
tion test.  Canadian Geotechnical Journal, 35(3): 442-459. 

Robertson, P.K. 2010. Estimating in situ state parameter and friction angle in sandy soils from CPT. 2
nd

 
International Symposium on Cone Penetration Testing, CPT 10, Huntington Beach, California.  

Shuttle, D.A., and Jefferies, M.G. 1998. Dimensionless and unbiased CPT interpretation in sand. Interna-
tional Journal of Numerical and Analytical Methods in Geomechanics, 22, 351-391. 

Shuttle, D.A., and Cunning, J. 2007. Liquefaction potential of silts from CPTu.  Canadian Geotechnical 
Journal, 44(1): 1-19  

Sladen, J.A. 1989. Cone penetration test calibration for Erksak sand: Discussion.  Canadian Geotechnical 
Journal, 26(1): 173-177. 

Tringale, P.T. 1983. Soil identification in situ using an acoustic cone penetrometer.  PhD Thesis, Univer-
sity of California at Berkeley. 

 



1 BACKGROUND 
1.1 State of industry practice 
America produces over 100 million tons of coal combustion products (CCP) annually. As CCP 
contains pollutants e.g. heavy metals, responsible disposal practices are imperative. Troublingly, 
CCP have higher incidence of geotechnical failure than “traditional” geotechnical structures 
(Davies 2002). Static liquefaction failures of saturated ash are not uncommon. Failures are polit-
ically and economically expensive (as witnessed by e.g. the Kingston ash spill of 2008: 
AECOM 2009) and are often characterized by long runout, sometimes exceeding two kilometers 
(Dawson et al. 1998). Furthermore, the recent Louisa County, Virginia earthquake (GEER 2011) 
reminded us that the central and Eastern United States (CEUS) is susceptible to potentially de-
structive earthquakes and thus seismic damage is an additional concern for CCP waste facilities. 

Davies (2002) cites several technical and non-technical factors as contributing causes of the 
poor geotechnical performance of mining tailings and waste facilities. Because of their similari-
ties in both material properties and industrial practices, CCP disposal facilities share many of 
these contributing factors with mine tailings and waste facilities. These include inherently high 
material variability, unprofitability of waste facilities, prolonged stewardship, constantly chang-
ing states of stress, susceptibility to brittle undrained loading behavior and other causes. 

1.2 Seismicity of the central & Eastern United States (CEUS) 
Our focus on the dynamic aspects of CCP is relevant in light of the moderate seismic hazard in 
many parts of the central & Eastern United States (CEUS). This region’s moderate seismic haz-
ard has been largely overlooked or downplayed because of the CEUS' relatively low historical 
seismicity as compared with more seismically active regions, e.g. California. Despite the fact 
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that earthquakes are not an everyday occurrence in the CEUS, the region has experienced sever-
al major earthquakes in recent history. Most notably the New Madrid earthquake sequence of 
1811-1812, comprising at least three earthquakes with moment magnitudes ranging from 7 to 
approximately 8, rocked the Mississippi River valley in the region surrounding New Madrid, 
Missouri (Johnston & Schweig, 1996). The Great Charleston Earthquake of 1886 was of magni-
tude 7.3 and largely destroyed Charleston, South Carolina (Taber 1914, von Hake 1976). These 
earthquakes produced such strong ground shaking as to defy modern belief, but both historical 
accounts and modern geologic and paleoseismic studies support the magnitude estimates. 

Other earthquakes occur regularly throughout the CEUS, but most are too small in magnitude 
to be widely felt. The region may experience major earthquakes in the future, however, and this 
necessitates that engineers account for seismic hazard. It is therefore fortunate in a sense that the 
2011 Louisa County, Virginia earthquake rekindled awareness among the public and policy-
makers. 

1.3 Previous research 
Although there is an abundance of recent geotechnical research on CCP (e.g. Jakka et al. 2010a, 
Pandian 2004, Prashanth et al. 1999, Trivedi & Sud 2004, Kutchko & Kim 2006, Kim & Prezzi 
2008), gaps exist in knowledge of the dynamic aspects of CCP behavior. In current practice, for 
example, waste facilities’ liquefaction susceptibility is commonly analyzed using procedures 
developed for natural soils, yet ash properties differ dramatically from typical soils. Additional-
ly, few studies to date have examined strain-dependent shear modulus and material damping be-
havior. 

Cyclic triaxial or shake-table testing for evaluating liquefaction resistance of CCP has been 
performed by Boominathan and Hari (2002) (for fiber-reinforced fly ash), Zand et al. (2007, 
2009), Singh et al. (2008), Jakka et al. (2010), Mohanty et al. (2010) and Baki et al. (2012). This 
list is representative but not exhaustive. The majority of liquefaction testing, however, has been 
performed on materials from outside of North America. In the list above, with the exception of 
work by Zand (West Virginia) and Baki (Australia), all of these coal ashes were from power 
plants in India. In light of the fact that regional coal geology/mineralogy is known to affect the 
characteristics of ash (see below) our study aims to contribute points to the still small database 
of North American coal ash liquefaction data. 

Research on the shear modulus and material damping degradation properties of CCP has been 
considerably more limited than liquefaction research. Kalinski & Wallace (2011) performed 
resonant column testing on reconstituted fly ash samples from Kentucky. Chen et al. (1988) and 
Zhen et al. (1985) have reported on the small-strain dynamic properties of fly ash, but these 
works are unavailable in English. 

1.4 Some aspects of the production and disposal of CCP 
In this paper we refer to CCP using terms common in literature and industry. These are de-
scribed here along with industrial processes of fly ash generation and disposal. Fly ash is the 
non-combustible material that is collected by emissions control equipment in combustion plant 
flues. Bottom ash is the non-combustible (and some non-combusted) coal material that is re-
moved from the floor of the incinerator after combustion. “Pond” or sluiced ash, and “stacked” 
or compacted ash, both refer to combinations of bottom ash and fly ash that are distinguished by 
their method of placement. Pond ash, or sluiced ash, is a mix of fly and bottom ash that is dis-
posed by wet sluicing into disposal ponds (Figure 1a). It is characterized by a loose or metasta-
ble structure (Kim & Prezzi 2008, Trivedi & Sud 2004). “Metastable” here refers to soils that 
exhibit a “large loss of strength or great increase in compressibility on comparatively small 
changes in stress or deformation” (Terzaghi et al. 1996). Metastable soils are prone to brittle be-
havior under load. Sluiced ash tends to vary spatially within disposal ponds, because particle 
sorting takes place during disposal: coarser particles tend to settle nearer the discharge location, 
while fine particles may remain in suspension and settle far from the discharge location. Finally, 
“stacked ash” is also generally a mixture of fly ash and bottom ash. However, stacked ash is 
landfilled material, i.e. placed and compacted in a low-moisture state for disposal (Figure 1b). 
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The TVA is transitioning toward stacking in lieu of sluicing especially in the aftermath of the 
Kinston incident (pers. comm.) However, even stacked ash may assume metastable configura-
tions (Kim & Prezzi 2008) and the previously mentioned issues related to variability and poor 
characterization apply to stacked ash as well as pond ash. Furthermore, such a transition is not 
immediate. Responsible management of CCP disposal facilities in the near future requires as-
sessment of stability of existing pond facilities. Finally, for economical land use it is common to 
construct ash stacks over previously abandoned ponds. If abandoned pond ash comprises all or 
part of a foundation layer beneath a stacked ash slope, quantifying the strength of the abandoned 
pond ash is necessary for seismic and static analyses. In summary, prudent management of 
waste facilities requires investigating the dynamic properties of sluiced and stacked ash fabrics. 

CCP are a complex class of granular materials. During coal combustion, volatile matter and 
carbon are burned off while mineral impurities in the coal melt. The quantity and type of miner-
al impurities present in coal are a function of the source geology/mineralogy. The fused mineral 
matter quickly hardens upon reaching low enough temperature, forming predominantly glassy 
particles. Some of these cool and collect at the bottom of the chamber as bottom ash; however 
most of the minerals are swept out of the combustion chamber by convection and cool midair, 
forming fly ash. Fly ashes are collected from the waste gas stream by electrostatic precipitation 
(ESP). (Trivedi & Singh 2004).  

The result of airborne cooling is that most fly ash particles are roughly spherical (Figure 2). 
Typical particle sizes are in the silt and clay range i.e. less than 75 microns. The spherical parti-
cles comprising fly ash can be solid or hollow (cenospheres); cenospheres may be formed by 
expansion of trapped volatile matter within a droplet of melted mineral matter prior to cooling. 
(Kutchko & Kim 2006). One cenosphere is circled in Figure 2. These particles complicate con-
ventional geotechnical methods for measuring specific gravity (i.e. ASTM D-854) since it is im-
possible to know to what degree bubbles prevent water entering all pore spaces. Cenosphere 
formation is a function of coal geology/mineralogy, pulverization and combustion and cooling 
processes. While cenosphere presence is the main factor influencing measured specific gravity 
of coal ash, mineral composition (notably iron) plays a role as well (Trivedi & Sud 2002; 
Kutchko & Kim 2006). 

 
 

 
Figure 1. (a) Bottom ash sluice outfall and (b) “dry stacked” ash at a CCP waste facility. 

 
 
Environmental regulations typically require additional processing of the coal flue gas waste 

stream via flue gas desulfurization (FGD) or “scrubbing.” Scrubbing entails removal of sulfur 
oxides from the waste stream by mixing flue gases with finely ground sorbents, typically lime-
stone or lime. Depending on the industrial process used, the byproduct of FGD is either quali-
fied as FGD “sludge” (predominance of calcium sulfite hydrate) or gypsum, which is the result 
of forced oxidation of calcium sulfite hydrate. (CAER 2010) Historically, waste gypsum and/or 
FGD sludge were commonly sluiced into storage along with fly and bottom ash. Poor record 
keeping at many coal plants in the United States has meant that relative amounts of gypsum, 
lime, and ash in older ash ponds are unknown (TVA, pers. comm.). 
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Figure 2. (a) Scanning electron micrograph (SEM) image of coal ash from abandoned ash pond in Eastern 
US. (b) SEM image of the silt & clay fraction (passing the #200 sieve, diameter < 74 µm) of liquefaction 
ejecta from Louisa County, Virginia. Shown at same scale (horizontal field width = 512 µm) for compari-
son. 

 
 
Due to the inherent complexity in the composition of coal ash, the engineering properties of 

the material vary widely, on a regional basis as well as locally, from location to location even 
over short distances at the same disposal site. The material properties at any location are a func-
tion of coal source, combustion and cooling processes, and disposal methods. 

2 FOCUS OF STUDY 

Virginia Tech (VT) is embarking on a major initiative in cooperation with the Tennessee Valley 
Authority to quantify the static and dynamic properties of coal ash. Our research team is devel-
oping a comprehensive laboratory testing program, to be validated with case histories, to quanti-
fy engineering behavior of CCP and develop new procedures for liquefaction-resistant design of 
CCP facilities. The program builds on related coal ash research at VT, as well as substantial ex-
perience in both liquefaction of soils and CEUS seismicity. 

The focus of the present study is to generate more knowledge of the dynamics of CCP. The 
research shall consist of several stages: a) comprehensive standard geotechnical laboratory char-
acterization testing of samples; b) obtaining stiffness and damping degradation relationships us-
ing resonant column testing; c) obtaining liquefaction resistance data via cyclic triaxial testing; 
d) evaluating the performance of existing design correlations in predicting dynamic properties of 
CCP; and, e) if appropriate, attempting to develop new correlations or guidelines for evaluating 
dynamic properties of CCP. 

3 WORK PERFORMED TO DATE 

CCP samples for this study were obtained from several sources in the CEUS. Fly ash samples 
were obtained directly from electrostatic precipitators at the coal power plant located on Virgin-
ia Tech campus. Bulk samples of pond ash were collected from drill cuttings at several locations 
from disposal sites at two coal power stations in the Eastern US; the cuttings were taken from 
between 0 and 30 feet below ground surface. Undisturbed Shelby tube samples were also col-
lected from the Eastern US sites; the depths of these samples ranged from 3 to 39 feet below 
ground surface. Bulk samples of CCP were collected, by shoveling, from both stacks (dry 
placement method) and ponds (slurry placement) at three sites located in Tennessee and Ken-
tucky. At these last three sites, bottom ash was also collected directly from sluicing outlets and 
stacked gypsum (a byproduct of flue gas desulfurization) was collected from one site. 
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Testing performed to date has comprised mostly standard soil characterization tests. The 
samples tested are listed in Table 1. EUS-A and EUS-B refer to the two eastern US sites; VT re-
fers to fly ash obtained from the Virginia Tech coal plant. Tennessee and Kentucky samples 
have not yet been characterized. 

 
 
 

Table 1. Ash samples tested to date 
ID USCS class. Depth 
  (m) 
EUS-A-1  SM silty sand 0-3 
EUS-A-2 ML sandy silt 0-9 
EUS-A-3 ML silt with sand 0-9 
EUS-A-4 ML sandy silt 0-9 
EUS-B-1 ML silt with sand 0-2.5 
EUS-B-2 ML silt with sand 2.5-4.5 
EUS-B-3 ML silt with sand 4.5-6.5 
EUS-B-4 ML sandy silt 6.5-9 
VT-1 SM silty sand - 
VT-2 SM silty sand  - 
VT-3 SM silty sand - 
 
 

 
The results of standard grain size analyses by sieve and hydrometer testing (ASTM D-422) 

are presented in Figure 3. Plots (a) and (b) show ash sampled directly from electrostatic precipi-
tator hoppers and ash ponds, respectively. Heavy black solid and dashed lines are for ash being 
used in this study. Grain size distribution curves from other recent studies are shown for com-
parison. All curves are identified with abbreviations in the legend. Kim & Prezzi’s (2008) study 
used ash from both ESP and ash ponds. One pond sample from Prashanth et al. (1999) is shown. 
Jakka et al. (2010a) studied ash from an active disposal pond, some from near the sluice outlet 
(coarse ash, “C”) and some from the opposite end of the pond (fine ash, “F”). The curves from 
these studies are shown simply for comparison and not intended to be statistically representative 
of all CCP. The curves illustrate the high degree of variability in CCP both by region and spa-
tially within the same facility. 

Lastly, for reference, a set of curves developed by Tsuchida (1970) are shown. Tsuchida’s 
curves are based on sieve analyses of soils that liquefied under seismic loading. The range of 
particle size distributions for soils that are most likely to liquefy during an earthquake are identi-
fied with a pair of black dash-dotted lines on each plot. The (broader) range of particle sizes, for 
soils that could potentially liquefy, are identified with a pair of gray dash-dotted lines on each 
plot. Tsuchida’s curves are useful as a first-order assessment of the liquefaction potential of 
soils. However, the particle size distribution of a soil deposit is not the sole indicator of likeli-
hood of liquefaction. Drainage and depositional conditions are also important: for example, liq-
uefaction may occur in a well-graded gravel (which plots outside the zones proposed by 
Tsuchida) if drainage is impeded by overlying, relatively impermeable deposits such as clays. 
Likewise, mine tailings or CCP may contain a substantial portion of fine particles (e.g the East-
ern US pond samples in Figure 3b) but still be susceptible to liquefaction in loose depositional 
environments due to the non-plastic nature of the fine particles (Terzaghi et al. 1996). 

Atterberg limits (ASTM standard test method D-4318) were performed on the samples in Ta-
ble 1. All of these samples were found to be non-plastic. Specific gravity of solids (D-854) 
ranged from 2.16 to 2.23. 
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Figure 3. Grain size distributions for (a) ash sampled directly from electrostatic precipitators at power 
plants and (b) pond ash sampled at disposal facilities. Tsuchida’s (1970) curves are shown for reference, 
indicating approximate particle size ranges for “potentially liquefiable” and “most liquefiable” soils. Ash 
samples are discussed in text. 

 
 
Minimum and maximum density (D-4253 and D-4254) were measured. Because measured 

minimum density seemed to vary substantially as a result of particle bulking, minimum density 
was also measured by allowing ash to settle out in a cylinder and computing volume of the re-
sulting settled column (Bradshaw & Baxter 2008). In the case of maximum density, both “dry” 
and “wet” methods were used. Polito (1999) found that the modified Proctor compaction test 
(D-1557) gave similar results as the ASTM maximum density test; therefore modified Proctor 
optimum dry densities were also computed. Table 2 contains the resulting ranged of minimum 
and maximum densities. Density of the VT ESP ash was considerably lower than that of the 
pond ash from the Eastern US sites. 

 
 

Table 2. Minimum and maximum densities 
Location  Min densi-

 
Max density 

 (Mg/m3) (Mg/m3) 
Eastern US 0.82 - 1.11 1.14 – 1.43 
VT coal plant 0.52 – 0.55 0.74 – 0.80 
 
 

Qualitative assessments of particle shape were performed by scanning electron microscopy 
(SEM). One SEM image was already shown in Figure 2. Several other types of ash particles are 
identified in Figure 4, below: (a) a gypsum particle (CAER 2010); (b) non-spherical aluminosil-
icate glass; (c) agglomerated fly ash particles (Jakka et al. 2010a); (d) possibly an iron-rich 
sphere (Kutchko & Kim 2006). Identification of particles was done in part by the references 
mentioned, and in part by elemental analysis using energy dispersive X-ray spectroscopy (EDS). 
The method measures energy of X-rays emitted when the sample is bombarded with electrons in 
the scanning electron microscope, and identifies elements present based on the unique relation-
ship between X-ray energy and the atomic structure of each element. EDS spectra are shown in 
Figure 5. The relative elemental constituents of a material can be quantified by the relative sizes 
of peaks on the spectrum. For example, the spectrum containing a sulfur peak (approximately 
2.3 kilo-electron volts, keV on the horizontal axis) corresponds to the gypsum particle (a) in 
Figure 4. 

The use of SEM and EDS for characterizing CCP is useful because the presence or lack of 
certain classes of particles can be verified, and comparisons can be made with SEM images by 
other researchers. Kutchko & Kim (2006) provide an overview of the various types of particles 
present in fly ash in the context of SEM and EDS analysis. 
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Figure 4. SEM of ash from VT coal plant. 
 
 

 
Figure 5. Typical EDS spectra for some CCP particles. The spectrum containing a sulfur peak corre-
sponds to the gypsum particle identified as (a) in Figure 4.  

4 NEXT STEPS 

The next stage of research will be to perform a regimen of cyclic triaxial and resonant-column 
testing on reconstituted CCP samples. The cyclic triaxial testing program will aim to improve 
understanding of liquefaction susceptibility of coal fly ash, while the purpose of the resonant-
column testing will be to quantify small-strain shear modulus and damping degradation curves. 
These can then be used in to estimate site response in seismic analyses of CCP facilities. 

4.1 Liquefaction resistance – cyclic triaxial testing program 
Empirically derived design methods do not currently exist for CCP. Procedures developed for 
soils have been used in CCP analysis, i.e. methods based on Seed & Idriss’ (1971) “simplified 
procedure” (see also Youd et al. 1996), but these are not likely applicable to CCP in light of 
their unique material properties. In the absence of these empirical design tools, assessing lique-
faction resistance of a soil in the field necessitates testing the soil under cyclic loading in the la-
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boratory. A cylindrical soil specimen is prepared in a saturated condition under a specified ef-
fective confining pressure in a triaxial apparatus, and a harmonically oscillating deviatoric stress 
is applied vertically via loading piston. Over time, pore pressures increase. If the applied cyclic 
stress ratio is great enough, liquefaction occurs when induced pore pressures equal the initial ef-
fective confining stress. This results in the loss of the strength provided by intergranular contacts 
and applied loads are carried by the pore fluid rather than the soil skeleton. Strains increase rap-
idly and the specimen fails. 

Field conditions must be replicated as closely as possible in the laboratory in order to assess 
liquefaction susceptibility in the field. For a potentially liquefiable soil layer, field conditions in-
clude the soil’s confining stress, fabric, stress history, degree of saturation, and void ratio. To 
achieve conditions closely matching those in the field, undisturbed samples may be used. How-
ever for sand, silts and other nonplastic geomaterials (e.g. CCP) undisturbed samples are diffi-
cult and expensive to obtain. Researchers have therefore used various reconstitution methods 
(see e.g. Yamamuro & Wood 2004 and references therein) to create samples in the laboratory 
from disturbed soil that closely mimic field conditions. 

A method for creating reconstituted sand specimens by the slurry deposition method (Kuerbis 
& Vaid 1988) has been adapted by Lacour (2012, in prep.) for application to CCP. It allows for 
preparation of specimens at high void ratios i.e. loose (contractive) configurations, which are of 
interest since highly contractive soils are most susceptible to liquefaction. It also minimizes par-
ticle segregation, which occurs to some degree in most common reconstitution methods. It is 
well known that soil fabric influences liquefaction resistance (e.g. Mulilis 1975, Mitchell et al. 
1976, Bradshaw & Baxter 2008). In light of this the key advantage of the slurry deposition 
method is that it mimics the fluvial or hydraulic fill depositional environments, i.e. the environ-
ment in which pond ash is placed by sluicing for disposal. 

VT has also acquired bender elements which can be used to measure compressional wave ve-
locity and shear wave velocity for soils in triaxial testing. Undisturbed samples of CCP have 
been obtained from the sites in the eastern US and may be obtained from other locations. We 
hope to use shear wave velocity to quantify the degree of agreement between laboratory and in-
situ soil fabric (e.g. Baxter et al. 2008). This would then allow for better assessment of in-situ 
liquefaction resistance based on reconstituted soil specimens. 

The ultimate goal of the cyclic triaxial testing program will be to assess the validity of exist-
ing empirically derived design procedures (e.g. Youd et al. 1996) and propose new or modified 
procedures if necessary. 

4.2 Shear modulus and damping degradation behavior – resonant column testing program 
As soil is not a linear elastic material, it is well known (e.g. Hardin & Drnevich 1972, Darendeli 
2001, Richart et al. 1970) that its material properties change with shear strain. Secant shear 
modulus decreases, and material damping increases, as a function of increasing shear strain. 
This is shown in Figure 6, which contains several empirically developed design curves by Dar-
endeli (2001). The curves shown are for several combinations of plasticity index (PI) and con-
fining stress ( vo). Normalized secant shear modulus (G/Gmax) curves are black; damping curves 
are gray. 

The importance of these curves is that they can be used to estimate response of a soil site un-
der earthquake loading. The nature of ground motions at a site (in terms of parameters such as 
peak ground acceleration as well as frequency content of motions) are often influenced signifi-
cantly by soil deposits. Accurate estimates of shear modulus and damping degradation charac-
teristics of geomaterials at a site enable site response analyses using the well-known equivalent 
linear procedure (see e.g. Kramer 1996). These parameters are therefore of importance in safe 
design of CCP waste facilities for seismic loading. 

VT has recently acquired a fixed-free configuration resonant column apparatus (RCA) for as-
sessing the shear modulus and damping degradation of soils in the laboratory. The device oper-
ates by inducing torsional vibration in a cylindrical soil specimen and computing stiffness and 
damping from the torque-displacement relationship (Drnevich et al. 1978). An illustration is 
presented in Figure 7 (Stokoe & Santamarina 2000). The device is denoted fixed-free since the 
bottom of the specimen is fixed to the base platen and the top is free to rotate under applied 
loading. 

Geotechnical considerations

236



 
Figure 6. Empirical design curves by Darendeli (2001). 

 
 
The RCA will allow rapid measurement of shear modulus and damping at various levels of 

strain induced by harmonic torsional loading. Curves such as those shown in Figure 6 can then 
be constructed. We hope to find empirical correlations that relate G/Gmax and damping curves to 
simpler, cheaply obtained soil and environmental properties such as grain size distribution and 
confining pressure. Such correlations would facilitate simple and mechanically sound analyses 
of CCP disposal facilities by practitioners. 

5 SUMMARY 

The dynamics of CCP are of critical importance in the responsible management of waste facili-
ties where these materials are stored. Studies of both the liquefaction characteristics and the 
small-strain material properties (shear moduli and material damping ratios) are a critical compo-
nent of this effort. The authors intend to carry out a thorough laboratory testing regimen to add 
more knowledge to the current database of engineering parameters used in analysis of CCP 
structures. A complementary effort will be development of general design guidelines that allow 
practitioners to easily estimate these parameters for CCP. 

 
 

 
Figure 7. A diagram of the resonant column apparatus, from Stokoe & Santamarina (2000).  
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1 INTRODUCTION 

Flocculants have been used for decades in the mining industry within thickeners to enhance sol-
id-liquid separation.  A myriad of product types have been developed to allow their use on al-
most all mineral types and slurry water chemistries.  Recently, the addition of these chemicals 
just prior to deposition (referred to as in-line or secondary flocculation) has been trialed at some 
mine sites.  These sites have typically been those where segregation and poor decant water qual-
ity were causing operational difficulties.  In addition to reducing segregation, in-line floccula-
tion would often result in improved dewatering, and steeper beaching angles.  This technology  
appears to be increasing in popularity (Brumby et al. 2008, Daubermann & Földvári 2009, da 
Silva 2010, Wells et al. 2011). The steepening of beaching angles, allowing the possibility of 
small (or non-existent) perimeter embankments, can have a number of benefits depending on 
site specific issues.  Despite potential benefits, deposition strategies of this type, where tailings 
are not fully constrained by a perimeter embankment, require that cognizance is taken of lique-
faction risks. 

Currently, despite the increasing popularity of in-line flocculation, a number of questions re-
garding their impact on geotechnical properties remain.  Visual observations, rheological data, 
and various screening tests indicate that the properties of tailings may be significantly impacted.  
The duration and durability of such impacts is currently unknown.  In addition, the process by 
which a flocculated material would be inserted into many conventional geotechnical testing de-
vices is not well established.  A research project has commenced at the University of Western 
Australia (UWA) to investigate this topic.  Preliminary results from this project are outlined 
herein. 

The effects of “in-line” flocculation on the geotechnical 
properties of clay tailings 

D. Reid 
University of Western Australia, Perth, WA, Australia 
Golder Associates Pty Ltd, Perth, WA, Australia 

A. Fourie 
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ABSTRACT: Flocculants have been used for decades in the mining industry to enhance solid-
liquid separation in thickeners.  Recently, the use of similar chemicals “in-line” (i.e., addition 
just prior to deposition) to achieve improved depositional behavior of tailings has been trialed 
and implemented at a small number of mine sites.  When implemented, “in line” flocculation 
has in some cases improved the dewatering of the tailings, reduced segregation, and resulted in 
a steeper beaching angle.  These impacts have the potential to reduce capital and operating costs 
for tailings management if implemented correctly.  While in-line flocculation is a promising 
new technology, very little research is available of the impacts of flocculants on a number of 
important geotechnical properties.  An experimental program is being conducted to investigate 
this topic.  Preliminary results indicate that flocculants have a measurable impact on some ge-
otechnical properties.   
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2 BACKGROUND AND PREVIOUS WORK 

Flocculation is typically performed in a thickener to increase apparent particle size of material, 
resulting in increased settling rates.  A myriad of flocculant types exist at different molecular 
weights, surface charge, and other variations.  The selection of a flocculant for a given material 
is dependent on a number of variables, including particle surface charge and slurry water chem-
istry.  The high molecular weight bridging flocculants, originally developed for thickeners, and 
now utilized in-line, are believed to increase apparent particle size by “bridging” between soil 
particles.  While flocculants can increase settling rate in the manner described, they typically re-
sult in a lower settled dry density.  Some testing indicates this looser state may persist under 
loading into the range of effective stresses considered in geotechnical engineering (K. Seddon, 
pers. comm. 2011, Jeervipoolvarn 2010).   

Jeeravipoolvarn (2010) performed detailed experiments on the impacts of in-line flocculation 
of oil sands tailings, indicating that flocculation resulted in higher permeability, higher com-
pressibility, and increased undrained shear strength at high void ratios.  These effects all de-
creased with increasing effective stress and decreasing void ratio. 

The increase in apparent particle size implied from higher settling rates has been quantified 
(Alam et al. 2010, Watson et al. 2011, Jeeravipoolvarn 2010), and this increase in particle size 
has been shown to be sensitive to shear (Watson et al. 2011).  Quantitative particle-size meas-
urements have typically been conducted using laser diffraction with a particle-size analyzer.  
However, the impeller utilized to draw water and sample into the device can induce shear that 
may break up flocculated particles.  To avoid this drawback, gravity feeds into particle-size ana-
lyzers have been utilized (P. Fawell, pers. comm. 2012). 

Studies of flocculants are typically directed towards their application in a thickener.  Subse-
quent pumping and travel within a pipeline is often assumed to break down many of the bonds 
created by flocculants and, thus, result in minimal impacts.  Flocculant break down is much less 
likely when flocculant addition takes place at or close to the deposition point. 

Independent to the impacts of flocculants, there are a number of potential variables in regards to 
what normal consolidation line (NCL) will be observed in practice.  For example, as shown by 
Sachan &Penumada (2007), very different NCLs of kaolin resulted when the depositional water 
chemistry was changed.  Jefferies & Been (2000) provided evidence of an infinite number of 
NCLs in sands dependent on deposition method and preparation density.  The apparent deposition 
method dependency of the NCL for soil raises the question of whether in-line flocculation would 
result in similar changes, even if the flocculants themselves rapidly break down after deposition.   

3 EXPERIMENTAL PROGRAMME 
3.1 General 

The following laboratory tests have been completed at the time of writing: 
 settling tests, 
 isotropically consolidated, undrained triaxial tests, 
 triaxial permeability tests, 
 Rowe Cell consolidation tests, 
 centrifuge consolidation tests, 
 ring shear tests, and 
 particle-size distribution using laser diffraction. 

 
The laboratory tests selected are generally directed towards those relevant to shear strength, 

consolidation, and liquefaction considerations.  Each test was conducted on samples with, and 
without, the addition of flocculants.  Each device utilized required slightly different sample 
preparation methods to allow an initial slurry sample to be inserted into the test apparatus.  The-
se methods are outlined below. 
3.2 Material Tested 

All of the testing described was conducted on kaolin clay manufactured by Unimin Australia.  
While kaolin is not tailings, it serves as a reasonable analogue to the clay fraction of some tail-
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ing streams.  In addition, the impacts of flocculants should be most pronounced on fine grained 
particles with clay mineralogy. In addition, testing a clay soil has advantages in terms of practi-
cality.  Obtaining a void ratio relevant to the critical state conditions in the test is easily 
achieved through moisture content.  This is in contrast to sandy materials where more sophisti-
cated methods are required to establish void ratio at the critical state (Sladen & Hanford 1987, 
Jefferies & Been 2006). 

3.3 Flocculant Selection 
A selection of 12 flocculants of the MAGNAFLOC® and RHEOMAX® range were supplied to 
the authors by BASF.  A series of settling tests was performed on kaolin with addition of each 
of the available flocculant types to determine which flocculant resulted in the fastest initial set-
tling rate.  A dosage of 100 g/t1 was selected for this screening process.  Following selection of 
the RHEOMAX 9070 flocculant, a dosage optimization was conducted and indicated that 
500 g/t resulted in the fastest settling rate.  This dosage rate is not excessive in the context of 
those considered on many projects trialing in-line flocculation.  Settling rate is, admittedly, a 
first-order selection criterion in comparison to more comprehensive methods utilized in typical 
flocculant selection on mining projects (Stocks & Parker 2006).  However, settling rate should 
be sufficient for the purposes of identifying changes in geotechnical properties that the floccu-
lants might induce. 

Flocculants were prepared in the typical method, whereby a primary solution is first prepared 
to a concentration of 0.25%.  This concentration is then diluted to 0.025% for addition to the 
kaolin slurry.  

Settling tests were performed as follows. 
1. Dry kaolin and Perth tap water were mixed thoroughly in a 500 mL graduated cylinder at 

a solids concentration of 17%. 
2. Half of the flocculant solution was added, and the graduated cylinder was fully inverted 

two times. 
3. The remainder of the flocculant was added, and the graduated cylinder was fully inverted 

three time. 
4. Timing was started, with the depth of interface recorded until settling had ceased. 
5. Upon recording the final interface depth, the settled material was emptied from the cylin-

der and oven dried to allow determination of the final dry density.  

3.4 Sample Preparation 
As previously implied, flocculant solutions can only be added to material that is in a slurry for-
mat to allow mixing and bonding of the flocculants to soil particles.  This requirement elimi-
nates such preparation methods as moist tamping and dry pluviation.  To allow preparation of 
samples from a slurry state to be prepared in a somewhat representative manner to in-line floc-
culation, new techniques are required. 

Preparation methods for triaxial testing utilized in this study began by mixing of dry kaolin 
and water to a slurry at 16% solids in a 25 L pail.  The flocculant is added to the slurry similar 
to the settling tests above (although on a larger scale).  After mixing, the flocculated material is 
poured into a one dimensional (1D) settling column.  The slurry is then allowed to settle.  Once 
settling is complete, excess water is decanted, and then filter paper, filter stone, and small 
weights are added to the top surface.  Additional weights are added via a load hanger system as 
settling occurs, resulting in a denser sample.  The sample is consolidated to a final vertical stress 
of 60 kPa, which was found to be the lowest stress at which an extruded sample could be han-
dled without damage.  The stages of the system are shown in Figure 1. 

A similar method as just described was utilized for Rowe Cell testing.  A settling column at-
tachment was machined to allow connection to a 76-mm-diameter Rowe Cell, as shown in Fig-
ure 2.  Slurry was poured into the column, and small loads were applied similar to the method 
utilized in the dedicated 1D column.  After a final bedding load of 5 kPa was complete, the 
Rowe Cell was assembled for testing. 

                                                      
1 Metric tonne 
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Sidewall lubricant is typically recommended in Rowe Cell testing.  However, the presence of 
some lubricants in contact with the slurry resulted in increased settling rates.  Presumably the 
lubricants were interacting with the slurry.  For this reason, lubricants were not utilized in the 
testing conducted. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Triaxial sample preparation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Rowe Cell sample preparation 
 
 
The Ring Shear device that was utilized requires remoulded soil samples, owing to the testing 

size and shape.  Preparation of a system whereby slurry would be settled into the ring shear test-
ing recess was considered too difficult, because material that started as slurry and then consoli-
dated to typical geotechnical effective stresses would undergo significant displacement resulting 
in insufficient final thickness for testing.  As an alternative, a two-stage sample preparation 
method was utilized.  First, samples were prepared in the 76-mm-diameter Rowe Cell using the 
aforementioned method and consolidated to 100 kPa.  The sample was then removed from the 
Rowe Cell and carefully trimmed to produce resulting pieces of material that were the approxi-
mate width of the Ring Shear sample recess.  These pieces were placed into the Ring Shear.  
Some manipulation, trimming, and gentle compression of the samples were required to attain a 
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uniform sample around the entire testing recess.  However, overall sample disturbance was rela-
tively minimal in this process. 

4 TESTING AND RESULTS 
4.1 Settling and Column Consolidation 
The settling tests conducted to screen flocculant for use allowed the settled dry density of sam-
ples to be obtained.  These dry densities are presented in Table 1.  The looser state of the floccu-
lated sample is apparent.  This looser settled state is what leads to the question of how long this 
state may persist under increasing load.   

As outlined above, triaxial samples were prepared by pouring slurry into set-
tling/consolidation columns and application of 1D loading to 60 kPa.  Prior to insertion of these 
samples into the triaxial apparatus, mass and dimensions of each sample were measured.  As-
suming saturation, these measured values allow void ratio and dry density to be calculated for 
each sample, which were reasonably consistent such that the average values for each parameter 
are provided in Table 1.  These results indicate that the lower densities when flocculated persist 
to at least 60 kPa.  The flocculated sample that was left in 1D consolidation for 2 months had a 
measured dry density of 1.07 t/m3.  This density indicates that creep deformation was relatively 
small and that, if the structure of the sample that was formed by flocculants is metastable, the 
sample did not collapse within a 2-month period.  

 
Table 1. Average Values of the Settled and 1D Column Densities (t/m3) ______________________________________________________________________ 
Sample          Settled         @ 60 kPa     ______________________________________________________________________ 
No Flocculant         0.49           1.12             
              
Flocculant         0.32           1.05        
 ______________________________________________________________________ 

 
4.2 One Dimensional Consolidation 
Six tests were conducted in the Rowe Cell, three on flocculated and three on non-flocculated 
samples.  For comparison purposes, average void ratio values between each set of tests are 
shown in Figure 3 due to minor variation between the tests.  The results appear to indicate a 
looser state of the flocculated samples, with void ratio decreasing with increasing vertical effec-
tive stress.  The differences in void ratio are of a similar magnitude as those observed in the set-
tling/consolidation column.  The shape of the consolidation curves indicates that sidewall fric-
tion was an issue at low effective stress.  However, the tests were conducted for comparison 
purposes with similar friction errors likely in all samples. 

The desktop centrifuge system under development at UWA was also utilized.  Material was 
prepared for the desktop centrifuge system by settling samples, then pouring that material into 
the testing columns.  The results from these tests are outlined in Figure 4.  Similar to the Rowe 
Cell tests, the centrifuge test results indicate a looser state at a given effective stress.  While the 
centrifuge only allowed effective stresses of 75 kPa to be achieved, the centrifuge test results are 
likely more accurate than those from the Rowe Cell in this range of stresses owing to aforemen-
tioned sidewall friction. 
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Figure 3. 76 mm Rowe Cell results 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Desktop Centrifuge results 
 

4.3 Triaxial shear tests 
A series of samples was prepared for extrusion and placement into a triaxial apparatus utilizing 
the sample preparation method previously outlined.  A back pressure of 500 kPa was applied to 
each sample.  Saturation was then checked, with a minimum B value of 0.97 achieved in every 
sample.  Each sample was isotropically consolidated to various mean effective stresses ranging 
from 70 to 400 kPa.  In some cases, when the required equipment was available, constant-head 
permeability tests were performed.  The samples were then sheared in an undrained condition.  
A shear rate of 0.03 mm/min was utilized for all tests.  Each sample was sheared until what 
were believed to be critical state conditions were realized.  This realization was identified by 
constant pore pressure, constant deviator stress, and constant mean stress.  However, since area 
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corrections become less accurate at large strains, sample pore pressure was relied upon most 
heavily.  The sample was then removed from the triaxial apparatus for determination of void ra-
tio via moisture content.  Visual observation of the samples indicated that the distortion could be 
best represented with the parabolic area correction 

The samples generally exhibited different stress–strain behavior when flocculated.  Flocculat-
ed samples typically reached a peak deviator stress, and maintained this stress as axial strain 
continued with minimal decrease or further contraction.  Samples that were not flocculated typi-
cally exhibited a peak deviator stress followed by further contraction.  Comparison of two sam-
ples tested at an initial mean effective stress of 70 kPa is illustrated in Figures 5 and 6.  This 
comparison illustrates the higher shear stress of flocculated samples at low effective normal 
stresses.  The differences between results decreased with increasing effective stresses. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Stress – strain results for 70 kPa tests 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. Stress path results for 70 kPa tests 
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Some of the triaxial results are presented in Table 2 in terms of ratio of undrained shear 

strength at the critical state relative to the initial mean effective stress p .  In addition, sample in-
formation regarding duration in the 1D consolidation column is included.  As indicated, for 
“fresh” flocculated samples, there appears to be significantly higher shear strengths at low mean 
effective stresses.  This difference was confirmed with a duplicate test.  The higher strengths of 
flocculated samples are evident whether peak or critical-state strengths are used for the compar-
ison.  However, for samples kept in 1D consolidation for a period of 2 months, an apparent 
strength gain was not seen.  In addition, at increasing mean effective stresses, an apparent 
strength gain of flocculated samples was not seen.   

 
Table 2. Triaxial strength results ________________________________________________________________________________________________________ 
Sample               Age      Initial mean effective stress   Critical State su/p                                  ______          ___________________________     ______________ 
                    -                       kPa           -       ________________________________________________________________________________________________________ 
All samples           < 1 week        70 – 400       0.20 (avg.) 
without flocculant 
        
Flocculant           < 1 week             70          0.31 
 
Flocculant           < 1 week             70          0.32 
 
Flocculant           2 months            100         0.19 
 
Flocculant           < 1 week            150         0.27 
 
Flocculant           < 1 week            200         0.21 
 
Flocculant           < 1 week            300         0.22 ________________________________________________________________________________________________________  

The isotropic consolidation results are presented in Figure 7, and the critical-state line is pre-
sented in Figure 8.  In both cases, the flocculated results generally have higher void ratios at a 
given mean effective stress.  For isotropic consolidation, this behavior is consistent with the 1D 
consolidation results.  For the critical-state line (CSL), this result is surprising.  In geotechnical 
engineering, a soil is commonly assumed to reach the same CSL, independent of initial test 
conditions and fabric.  Thus, this difference in CSL indicates that the impact of flocculants on 
the interaction of the kaolin particles remains relevant up to shear strains of 25%.  In other 
words, the fact that a different CSL is observed cannot be sufficiently explained by the different 
initial states of the material, as with the NCL. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Isotropic consolidation 
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Figure 8. Critical-state line  
 
 

4.4 Residual Shear Strength 
Four Ring Shear tests were performed, two with and two without flocculation.  Each sample 
was sheared at vertical effective stresses of 25, 62, and 102 kPa.  The results from these four 
tests are shown in Figure 9.  While there is some scatter in the results, the flocculated samples 
exhibited lower residual shear strength relative to those without flocculants.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 9. Residual shear strength results 

 
4.5 Permeability 

Measurements of permeability were made through constant-head tests in some of the triaxial 
tests, and interpretation of coefficient of consolidation from base pore water pressure dissipation 
in Rowe Cell tests.  The results are shown in Figure 10 as a function of void ratio.  As indicated, 
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the flocculants apparently did not affect the permeability of the samples at a given void ratio.  
However, there is some discrepancy between triaxial and Rowe Cell results at higher void rati-
os.  This discrepancy is a result of the different interpretation methods and test types used.  
Nonetheless, for each data set, there is little difference apparent from flocculation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Permeability results 
 
 

4.6 Particle-Size Distribution (PSD) 
Several determinations of PSD were conducted, all utilizing a Malvern 2000 Particle Size 

Analyzer.  All of these tests were conducted without a dispersant, except for one sample of kao-
lin that was tested without flocculant for comparison.  In addition to slurry samples, testing was 
also conducted on flocculated samples exposed to increasing vertical stress.  This testing was 
performed to investigate if the flocculated structure “breaks down” under increasing load, as has 
been theorized.  It was accomplished by conducting a Rowe Cell test, wherein after each stage 
of consolidation was completed, the lid was removed and a small sample of material was re-
moved from the surface of the sample.  The PSD shown for flocculated samples may be coarser 
in reality, because shear induced by the impeller system was likely to reduce the size of the 
flocculated agglomerations entering the device. 

The PSD results are shown in Figure 11.  As indicated, samples that were flocculated reflect-
ed an increased apparent particle size, as expected.  As shown by the comparison to the sample 
with dispersant, kaolin without flocculation will agglomerate to form apparent particle sizes 
larger than the actual particle sizes.  Also, the application of vertical load does appear to break 
down the large apparent particle sizes induced by flocculation.  However, up to loads of 
320 kPa, the PSD of flocculated samples have not reduced to those of a sample without floccu-
lation.  
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Figure 11. PSD results 

5 DISCUSSION 

The testing results provide some insight into the potential effects of in-line flocculation.  For ex-
ample, the initial looser settled state of the flocculated material persists under increasing effec-
tive stress.  The impacts of flocculants in this regard decrease significantly, but are still observ-
able, at effective stresses of up to 400 kPa.  A difference in CSLs induced by flocculation was 
tentatively observed. 

Flocculants appear to provide additional shear strength in “fresh” samples effective stresses 
below 200 kPa.  However, these increases in strength may reduce with time.  The flocculated 
structure also appears to be less contractive in shear, despite being at a higher void ratio.   

In a residual condition, flocculated samples were found to exhibit lower strengths.  The com-
bination of higher peak and lower residual strengths implies a higher brittleness.  Whether this  
increased brittleness would apply in the field is unknown.  Deposited tailings could, upon sub-
sequent loading and time, exhibit the same peak strength whether flocculated or not.  In terms of 
liquefaction, the residual drained condition observed in a ring-shear test was quite different to 
the condition commonly referred to as “residual undrained,” “residual liquefied,” and “post-
liquefaction.”  Those strengths occur following rapid, brittle undrained failure at strains typical-
ly less than 10%.  Further, residual, drained conditions are only applicable to soils with more 
than approximately 25% clay fraction (Lupini et al. 1981).  Soils with this clay fraction would 
likely not be classified as liquefiable.  

A general conclusion across the different types of testing is that, whatever differences are 
caused by in-line flocculation, these differences tend to reduce with increasing effective stress.  
This observation is consistent with the work of Jeeravipoolvarn (2010).  Also, none of the ob-
served differences would prevent development of a steepened beach tailings deposit using this 
technology, but simply point to the need to take the effects of flocculation into account when 
performing a laboratory test program to provide inputs to the design process. 

6 FUTURE WORK 

The impacts of flocculants appear to be appreciable, and measureable.  However, the data set 
presented here is limited in many ways.  The impacts of ageing seem to be important, although 
only one result is currently available, thus making any conclusions in this regard tenuous.  Fur-
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ther testing of kaolin is proposed, particularly more triaxial tests to improve confidence in the 
CSL identification, and investigate ageing.   

Also, the testing thus far has been conducted only on kaolin.  While there was justification for 
this choice of soil, kaolin is a poor analogue for liquefiable silty/sandy tailings, which have been 
candidates for in-line flocculation on some planned projects.  The differences in these types of 
soils are of particular relevance should flocculation be used to create a steepened beach geome-
try with tailings that are not constrained by a perimeter embankment.  The authors intend on 
conducting a similar suite of tests on a sample more representative of such tailings, while also 
utilizing a beam centrifuge to allow miniature cone penetration testing of samples with and 
without flocculant.   

7 CONCLUSION 

A laboratory testing program was conducted to investigate the impacts of in-line flocculation on 
some of the geotechnical properties of kaolin.  Results obtained thus far indicate that the looser 
settled densities resulting from flocculants persist under increasing load.  Strength increases at 
effective stresses below 200 kPa are evident in flocculated samples.  Flocculation also appears 
to subtly shift the location of the CSL, and result in lower residual drained shear strength.  The 
increase in apparent particle size evident from increased settling rates is quantified, and shown 
to break down somewhat under loading.  Further laboratory and centrifuge testing are proposed 
to continue investigation of this topic. 
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1 INTRODUCTION 
 
Soil liquefaction is a major concern for structures constructed with or on saturated sandy soils.  
The phenomenon of soil liquefaction has been recognized for many years.  Terzaghi and Peck 
(1967) referred to “spontaneous liquefaction” to describe the sudden loss of strength of very 
loose sands that caused flow slides due to a slight disturbance.  Since 1964, much work has 
been carried out to explain and understand soil liquefaction.  This progress has been described 
in a series of state-of-the-art papers, such as those by Yoshimi et al. (1977), Seed (1979), Finn 
(1981), Ishihara (1993), Robertson and Fear (1995), and Youd et al (2001).  Much of the work 
in the past three decades has been on liquefaction induced during earthquake loading (i.e. cyclic 
liquefaction).   

Robertson (1994) and Robertson and Wride (1998) distinguished between liquefaction due to 
cyclic loading, where the effective overburden stress can reach zero during cyclic loading with 
a resulting loss of soil stiffness (cyclic liquefaction/softening) and liquefaction due to strain-
softening with a resulting loss of shear strength (flow liquefaction) and presented a simplified 
flow chart to aid in the evaluation.  Flow liquefaction is also referred to as static liquefaction 
(e.g. Jefferies and Been, 2006).  However, since the phenomenon can be triggered by either stat-
ic or cyclic loading, the term flow liquefaction is used in this paper.  Flow liquefaction can oc-
cur in any saturated or near saturated meta-stable soil, such as very loose cohesionless sands 
and silts as well as very sensitive clays.  For failure of a soil structure, such as a slope or em-
bankment, a sufficient volume of material must strain-soften.  The resulting failure can be a 

Evaluating flow (static) liquefaction using the CPT: an update 

P.K. Robertson 
Gregg Drilling & Testing Inc, Signal Hill, CA, USA 

 

ABSTRACT: Flow (static) liquefaction is a major design issue for large soil structures such as 
mine tailings impoundments.  Robertson (2010) evaluated case histories to show how the cone 
penetration test (CPT) can be used to evaluate the potential for flow liquefaction.  The case his-
tories indicate that very young, very loose, non- or low-plastic soils tend to be more susceptible 
to significant and rapid strength loss than older, denser and/or more plastic soils.  Soils with 
high plasticity tend to be more ductile than soils of low plasticity.  Low plastic, highly sensi-
tive, fine-grained soils that have a shear strain at peak undrained shear strength less than about 
2% and a rapid loss of strength are more likely to experience rapid strain-softening and flow 
liquefaction than more plastic soils. A recent flow liquefaction case history is presented that 
supports the Robertson (2010) CPT-based method.  Another case history is also presented that 
involves ground improvement in a non-plastic silt where CPT pore pressures went from pre-
ground improvement positive to post-improvement negative values.   
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slide or a flow depending on the material characteristics and ground geometry.  The resulting 
movements are due to internal causes and can occur after the triggering mechanism occurs. 

Flow liquefaction is a major design issue for large soil structures such as mine tailings im-
poundments.  Liquefaction analysis of sloping ground (i.e. ground subject to a static driving 
shear stress) is a challenge for geotechnical engineers.  Many procedures have been published 
for estimating the residual or liquefied shear strength of cohesionless soils. Some procedures 
require laboratory testing of field samples obtained by ground freezing techniques (e.g. Robert-
son et al., 2000) or samples obtained by high-quality tube samples coupled with procedures for 
‘correcting’ the shear strength for disturbance during sampling and testing (e.g. Castro, 1975).  
However, procedures based on case histories remain the most popular (e.g. Seed, 1987; Seed 
and Harder, 1990; Stark and Mesri, 1992; Ishihara, 1993; Yoshimine et al, 1999; Olson and 
Stark, 2002; Idriss and Boulanger, 2007; Robertson, 2010).  Olson and Stark (2002) defined the 
liquefied shear strength, su(liq), as the shear strength mobilized at large deformation by a saturat-
ed, contractive soil following the triggering of strain-softening response.  Others have used the 
term undrained residual shear strength (e.g. Seed and Harder, 1990) or undrained steady-state 
shear strength (Poulos et al., 1985).  The term liquefied shear strength will be used to be con-
sistent with the more recent Olson and Stark (2002) terminology. The Olson and Stark (2002) 
procedure uses normalized penetration resistance with no correction for soil type.   

Idriss and Boulanger (2007) suggested an update on the correlation to evaluate liquefied 
shear strength using an equivalent clean sand normalized penetration resistance.  To obtain 
equivalent clean sand penetration resistance values, Idriss and Boulanger (2007) used the origi-
nal SPT-based correction factors based on fines content that were first suggested by Seed 
(1987) and Seed and Harder (1990), although little justification was provided to support the 
proposed correction factors.  Idriss and Boulanger (2007) also included recommendations re-
garding void redistribution mechanisms.   

Case histories have shown that when significant strength loss occurs in critical sections of a 
soil structure, failures are often rapid, occur with little warning and the resulting deformations 
are often very large.  Experience has also shown that the trigger events can be very small.  Sil-
vis and de Groot (1995) suggested that triggering should always be assumed if the soils are sus-
ceptible to strength loss.  Hence, the design for high risk soil structures should be carried out 
with caution.  In general the emphasis in design is primarily on the evaluation of susceptibility 
to strength loss and the resulting liquefied shear strength.   

Robertson (2010) reviewed available case histories and focused on ones that had high quality 
cone penetration test (CPT) results and developed CPT-based relationships to evaluate the sus-
ceptibility to strength loss and liquefied shear strength for a wide range of soils.  Extrapolation 
beyond the case history database was guided by laboratory studies and theory.    

This paper will provide an update to the Robertson (2010) relationships to evaluate the sus-
ceptibility to strength loss by presenting additional case histories. 

2 EVALUATION OF SUSCEPTIBILITY TO STRENGTH LOSS 
2.1 Background 

Since flow liquefaction requires a strain-softening soil response and strength loss, the evalua-
tion of susceptibility to flow liquefaction is controlled by an evaluation of the potential for a 
soil to strain soften in undrained shear.  Experience has shown that very loose sands and very 
sensitive clays can experience an abrupt loss of strength at small shear strains resulting in low 
undrained shear strength.  Although many natural plastic clays can also experience some 
strength loss, they tend to be more ductile and experience more gradual loss of strength at larger 
shear strains.  Cohesive soils with a shear strain to peak undrained strength greater than about 
5% and a gradual drop-off in resistance after reaching peak strength are less likely to experience 
flow liquefaction.  Hence, the key element to identify soils susceptibility to flow liquefaction is 
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to identify very loose coarse-grained soils (i.e. sand, silty sands and sandy silts) and very sensi-
tive, low plastic fine-grained soils (silts, silty clays, clayey silts and clays).  

The concepts for strength loss and liquefied shear strength in sands stem from the work on 
critical void ratio by Casagrande (1940).  Castro (1969) expanded the basic concept of a critical 
void ratio and developed the term steady state to define the liquefied strength.  At about the 
same time, the concepts of Critical State Soil Mechanics were under development in the UK by 
Schofield and Wroth (1968).  Both concepts recognize that the state of a soil is represented by a 
combination of void ratio and effective stress and that if a soil is loose of either steady or criti-
cal state the soil can strain-soften in undrained shear.  

Been and Jefferies (1985) used Critical State Soil Mechanics to develop the state parameter 
( ) concept and applied these concepts to CPT results (Been et al., 1986) and to soil liquefac-
tion (Jefferies and Been, 2006).  Jefferies and Been (2006) provide a detailed description of the 
evaluation of soil state using the CPT and show that the problem of evaluating state from CPT 
response is complex and depends on several soil parameters.  The main parameters are essen-
tially the shear stiffness, shear strength, compressibility and plastic hardening.  Jefferies and 
Been (2006) provide a description of how state can be evaluated using a combination of labora-
tory and in-situ tests.  They stress the importance of determining the in-situ horizontal effective 
stress and shear modulus using in-situ tests and determining the shear strength, compressibility 
and plastic hardening parameters from laboratory testing on reconstituted samples.  They also 
show how the problem can be assisted using numerical modeling.   For high risk projects a de-
tailed interpretation of CPT results using laboratory results and numerical modeling can be ap-
propriate (e.g. Shuttle and Cunning, 2007), although soil variability and fabric can complicate 
the interpretation procedure.   

Based on the work of Jefferies and Been (2006) and Shuttle and Cunning (2007), combined 
with test results from frozen samples (e.g. Robertson et al., 2000), Robertson (2010) identified a 
zone on the normalized CPT soil behaviour type (SBT) chart, based on Qtn and Fr, that repre-
sents the approximate boundary between dilative and contractive soil response, as shown on 
Figure 1. Also identified on Figure 1 is the region that defines normally consolidated clays with 
sensitivities from 1 to 2, based on the work of Robertson (2009).  Robertson (2009) showed that 
as soil sensitivity increases in fine-grained soils, the measured CPT normalized friction ratio 
(Fr) decreases, as indicated on Figure 1.   

Figure 1 indicates that the region in the lower left portion of the SBT chart defines soils that 
are likely susceptible to contractive behavior and strength loss in undrained shear.  Included on 
Figure 1 is the boundary between contractive and dilative soil response suggested by Olson and 
Stark (2003), based on normalized penetration resistance.  It is clear from Figure 1 that the cri-
terion suggested by Olson and Stark (2003) applies only to clean sands where typically Fr < 1%. 

Robertson and Wride (1998), based on a large database of cyclic liquefaction case histories, 
suggested a correction factor to correct normalized cone resistance in silty sands to an equiva-
lent clean sand value (Qtn,cs) using the following: 

 
Qtn,cs  =  Kc Qtn                       (1) 

 
Where:    
Qtn = normalized cone resistance = [(qt – v)/pa] (pa/ 'vo)n      
(qt – v)/pa = dimensionless net cone resistance, and, 
qt  = corrected cone resistance 
(pa/ 'vo)n  = stress normalization factor 
n = stress exponent that varies with SBT (e.g. Robertson, 2009) 
pa = atmospheric pressure in same units as qt, 'vo and v 
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Figure 1.  Approximate boundary between dilative and contractive soil response using normalized CPT 
parameters (after Robertson, 2010) 
 
 
Kc = correction factor that is a function of grain characteristics (combined influence of fines 
content, mineralogy and plasticity) of the soil that can be estimated using Ic as follows: 
 

  Kc = 1.0                                                            if Ic  1.64     (2) 
Kc = 5.581 Ic

3 - 0.403 Ic
4 – 21.63 Ic

2 + 33.75 Ic – 17.88       if Ic > 1.64     (3) 
 

 Where: 
Ic   = soil behaviour type index =  [(3.47 - log Qtn)2 + (log Fr + 1.22)2]0.5     (4) 
Fr  =  [(fs/(qt – vo)] 100%                      (5) 
fs  =  CPT sleeve friction 

 
Robertson (2010) showed that the contours of Qtn,cs follow a trend similar to the dilative-

contractive boundary defined in Figure 1 and that a value of Qtn,cs between 50 to 70 likely repre-
sents the boundary between contractive and dilative state for a wide range of soils.  Robertson 
(2009) showed that the contours of Qtn,cs are very similar to the contours of state parameter ( ).  
Hence, soils with a constant value of Qtn,cs have essentially similar state parameter and hence, 
similar response to loading.  Although the concept of an equivalent clean sand penetration re-
sistance stems from the early work of Seed (1979), based on a ‘fines content correction’, Jeffer-
ies and Been (2006) showed that a correction based on the slope of the critical state line ( ) is 
essentially similar but conceptually more correct.  Jefferies and Been (2006) also showed that  
was a function of the CPT soil behavior type index (Ic).  Hence, the equivalent clean sand cone 
resistance approach using a correction based on Ic, as suggested by Robertson and Wride 
(1998), is supported, in a general sense, by the theoretical approach described by Jefferies and 
Been (2006) based on critical state soil mechanics. 
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2.2 Case Histories 

Robertson (2010) presented a summary of available case histories.  Most of the case histories 
did not have detailed CPT records that included sleeve friction measurements.  Robertson 
(2010) focused on six (6) case histories that had high quality CPT results (Class A), since they 
are the most reliable in terms of CPT data. Four of the more recent Class A case histories had 
CPT measurements prior to the failure.  Figure 2 shows a summary of the six case histories pre-
sented by Robertson (2010) along with the suggested boundary based on Qtn,cs = 70.  The zones 
shown on Figure 2 represent the approximate range of CPT results within the soils that had ex-
perienced strain softening in terms of the mean values +/- one standard deviation.  The number 
next to each zone represents each case history presented in Table 1 of Robertson (2010).  Some 
older case histories had either mechanical CPT (MCPT) or electric CPT but no friction sleeve 
values, and were identified as Class B.  Class B results are less reliable than Class A records in 
terms of the CPT data.  Other case histories used values estimated from either standard penetra-
tion test (SPT), relative density or best estimates, and are identified as either, Class C, D or E, 
respectively.  Class C, D and E are not reliable in terms of CPT results, since no CPT measure-
ments were made.   

 

 
 
Figure 2.    Range (mean and standard deviation) of normalized CPT data from Class A flow liquefaction 
failure case histories (numbers represent case history from Table 1, Robertson, 2010) 

 

Most of the soils involved in the failures were either non-plastic or low plasticity, 78% were 
fills, 39% were hydraulically placed and 16% were tailings.  About 50 % of the failures were 
triggered by earthquake loading.  However, several failures were triggered by very minor dis-
turbances (e.g. Nerlerk (#19, 20, 21), Fraser River (#27) and Jamuna (#34)). 

The case histories indicate that very young, very loose, non- or low-plastic soils tend to be 
more susceptible to significant and rapid strength loss than older, denser and/or more plastic 
soils.  Although some plastic clays can have high sensitivity (i.e. significant strength loss when 
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sheared undrained), they are typically more ductile than very loose, non- or low-plastic soils 
and tend to reach peak and remolded shear strength at large shear strains (Ladd et al., 1977).  A 
feature of the sensitive fine-grained soils that exist in flow failures is their relatively low plas-
ticity index and small shear strain to peak undrained shear strength (Leroueil and Hight, 2003). 

3 ADDITIONAL CASE HISTORIES 
 
3.1 Tennessee Valley fly ash failure 
On December 22, 2008 a large (static) flow liquefaction failure occurred in the Kingston coal 
waste (fly ash) facility in Tennessee. Details about the failure are available at 
http://www.tva.gov/kingston/rca/.  The Tennessee Valley Authority (TVA) estimated that about 
5 million cubic meters of ash was released.   The root cause analysis showed that the failure 
was triggered by creep movements in weak fine tailings (slimes) at the base of the tailings.  The 
failure was “sudden and dramatic” and was a progressive failure.  The fine tailings (slimes) 
were described as “sensitive and contractive fine-grained tailings with a low strain to peak 
strength”.  The main deposit of fly ash was described as “coarse-grained, free draining and con-
tractive”.  The fly-ash was non-plastic and the slimes had a liquidity index between 4 and 7 (i.e. 
water content significantly higher than the liquid limit). The fly ash tailings in the failed region 
were placed underwater using upstream methods over weak saturated tailings. The water level 
in the tailings was high and recent construction was rapid.  

Eleven CPT’s were carried out in the facility in 2004 before the failure and 87 CPT’s were 
carried out in 2009 after the failure. A typical post-failure CPT is shown in Figure 3. The CPT 
shows that the upper fly ash is essentially drained during the test with very low cone tip re-
sistance.  In the example shown in Figure 3, the fine tailings (slimes) were encountered at a 
depth between about 7.1 to 7.6 m.   

 

 
 

Figure 3.   Example CPT after Tennessee Valley Authority Kingston fly ash flow liquefaction failure  
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Figure 4.   Range (mean and +/- one standard deviation) of normalized CPT data from Tennessee Valley 
Authority Kingston fly ash flow liquefaction failure, both coarse-grained fly ash and fine-grained slimes  

 
Figure 4 shows the range of normalized CPT values (mean +/- one standard deviation) on the 

soil behaviour type (SBT) chart in terms of Qtn and F along with the contractive/dilative bound-
ary suggested by Robertson (2010).  Figure 4 shows that most of the CPT data for both the 
coarse-grained fly-ash and the fine-grained slimes plot below the boundary suggesting a con-
tractive strain softening response to loading, consistent with the observed failure. 

 
3.2 New Westminster, BC, ground improvement 
Campanella et al (1983) described a case history of a site in New Westminster, BC, Canada that 
involved ground improvement in recent non-plastic silt fill.  The site was composed of recent 
hydraulically placed fill, where the fill was mostly uniform fine sand.  However, in one section 
of the site the fill contained a thick deposit of uniform non-plastic silt.  Ground improvement 
methods were evaluated to improve the site for resistance against earthquake loading. 

Figure 5 compares two CPT profiles before and after dynamic compaction.  The sand and silt 
fill extends to a depth of about 10m.  The uniform silt lies mostly between 5 to 8m. Before 
ground improvement the silt had a very low tip resistance (qt ~ 450 kPa) and high excess posi-
tive pore pressures ( u2 ~ +200 kPa).  After ground improvement the tip resistance increased to 
about 1,000 kPa and the excess pore pressure went negative ( u2 ~ -50 kPa).   
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Figure 5.   CPT before and after dynamic compaction in hydraulic fill at New Westminster, BC, 

Canada (after Campanella et al., 1983) 
(Note: 1 bar = 100 kPa) 

 
 

Although the tip resistance increased, the post-earthquake penetration resistance would still 
be regarded as low (~1MPa). However, there was a marked changed in the CPT pore pressure 
from strongly contractive with high positive pore pressures to dilative with negative excess pore 
pressure.  Campanella et al (1983) described how they took samples in the silt before and after 
ground improvement and showed that the silt had a significant increased in undrained shear 
strength and resistance to cyclic loading.  They also showed that the SPT penetration resistance 
changed from 5 (before improvement) to 7 after ground improvement.   

The change in excess pore pressure response from contractive (positive values) to dilative 
(negative values) can be a useful guide to soil behaviour.  However, interpretation of CPT pore 
pressure response is complicated by changes in drainage conditions during the CPT due to vari-
ations in soil characteristics (e.g. grain size and fines content). In clean sands the CPT penetra-
tion is essentially drained with no excess pore pressures (e.g. coarse-grained fly ash between 1.5 
to 7m in Figure 3).  

In soils with significant fines the CPT penetration can be essentially undrained with signifi-
cant excess pore pressures.  During a pause in penetration excess pore pressures can dissipate 
and the rate of dissipation can provide guidance on drainage.  If the rate of dissipation is very 
rapid and the time to dissipate 50% of the excess pore pressure (i.e. t50) is less than about 30 se-
conds (Robertson, 2009), the CPT penetration is likely partially drained and interpretation will 
be more complex. 
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Figure 6.  Range of normalized CPT results before and after dynamic compaction in a non-plastic hydrau-
lically placed silt (data from Campanella et al., 1983) 

 
Figure 6 shows the range of normalized CPT values in the silt before and after ground im-

provement on the soil behavior type chart suggested by Robertson (2010). Although the change 
in tip resistance appears to be small, the normalized values are sufficient to move the results 
from the contractive side to the dilative side of the suggested boundary, consistent with the la-
boratory test results and the observed CPT pore pressure response.  This case history illustrates 
the value of using all elements of the ground response as it influences CPT measurements. 

4 REPRESENTATIVE VALUES 

For the evaluation of both cyclic and flow liquefaction it has been common to use the average 
penetration resistance since average values were often selected from case histories to develop 
the design criteria.  Popescue et al (1997) suggested that the 20-percentile would be appropriate 
as the representative value for liquefaction evaluation, where the 20-percentile value is defined 
as the value at which 20 percent of the values are smaller (i.e. 80 percent are larger). The crite-
ria to evaluate the susceptibility to strength loss suggested by Robertson (2010) and shown in 
Figure 2 was based on case histories where approximately 80% of the CPT results (i.e. mean + 
one standard deviation) fell below the criteria (Qtn,cs < 70).   Hence, application of the criteria 
Qtn,cs < 70 is conservative when used with average values.  Based on Figure 2, a value of Qtn,cs < 
50 is more appropriate when using average values.  A criteria of Qtn,cs < 50 is somewhat con-
servative when applied using 20-percentile values. 

Robertson (2010) also suggested a lower bound relationship between Qtn,cs and liquefied 
shear strength ratio su(liq)/ 'vo.  The suggested relationship was limited to Qtn,cs < 70 and tends 
towards su(liq)/ 'vo = 0.4 at Qtn,cs = 70, based on the observation that no case history, with reliable 
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measured CPT results, had an average Qtn,cs > 70. In general, the average liquefied shear 
strength ratio from case histories is about 0.1 with an average Qtn,cs = 50. 

5 SUMMARY 

Two example case histories have been presented that support the CPT-based contrac-
tive/dilative boundary suggested by Robertson (2010).  The Tennessee Valley fly ash facility 
experienced a (static) flow liquefaction failure in 2008.  Similar to many of the case history 
failures reported by Robertson (2010), the TVA fly ash deposit was very young, loose and non-
plastic.  The CPT results in the loose coarse-grained fly ash plot in the contractive region of the 
soil behavior type (SBT) chart suggested by Robertson (2010), consistent with previous case 
histories.  The sensitive fine grained tailings (slimes) also had CPT results that plot in the con-
tractive region of the SBT chart. 

Campanella et al (1983) presented results from a site where ground improvement was carried 
out in young hydraulically placed non-plastic silt.  The CPT results before and after ground im-
provements were consistent with the contractive/dilative boundary suggested by Robertson 
(2010). There was also a marked changed in the CPT pore pressure from strongly contractive 
with high positive pore pressures to dilative with negative pore pressure.  The pore pressure re-
sponse can be a useful additional guide to soil behaviour in soils with significant fines content 
where CPT penetration can be undrained.  However, variations in soil characteristics (e.g. grain 
size and fines content) can complicate interpretation of CPT pore pressure response due to 
changes in drainage conditions. 
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1 INTRODUCTION AND BACKGROUND 
1.1 Shear Strength of Mine Waste Rock  

The mining industry has had a long history of using mine waste rock (MWR) as a construction 
material for earth works such as tailings dams or embankment fill material.  In many cases, 
failures of such facilities may lead to catastrophic environmental damage and possible loss of 
human life.  With the inherent risks associated with the construction and operation of these 
facilities, a fundamental understanding and responsible assessment of the physical properties 
and mechanical behavior of MWR is essential to the facility design. 

A thorough characterization of the mechanical behavior of MWR comes with considerable 
challenges, most of which are derived from the wide range of particle sizes generally associated 
with MWR materials.  MWR typically includes a wide range of particle sizes on the order of 
microns to greater than one meter in diameter.  In addition, potential degradation effects (i.e. 
weathering) can play a significant role in material strength over time and over the necessary 
design life of the facility, which may be on the order of hundreds of years.  Finally, material 
index properties and mineralogy may vary significantly for a given MWR material depending 
on the geologic history of the formation and on the locations from which the material was 
obtained.  For example, in this study, two MWR materials were obtained from the same 
geological formation on different sides of an open pit at approximately the same elevation.  The 
two materials were shown to exhibit different fines content, mineralogy, and particle strength 
(Stoeber 2012, Fox 2011).  As is commonly experienced in the world of geotechnical 
engineering, geomaterials are often highly variable in nature and very rarely allow for the 
design and construction of these facilities with a single material type.  Therefore, a 
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ABSTRACT: The shear strength characteristics of weathered and unweathered mine waste rock 
(MWR) materials were studied in consolidated-drained triaxial compression.  Tests were 
conducted on conventional-scale (70 mm (2.8 in) diameter) and large-scale (150 mm (6.0 in) 
diameter) specimens in order to evaluate the impact of test scale on the variability in the 
mechanical response and shear strength properties of each material.  Although the weathered 
and unweathered MWR materials were sourced from proximal zones, engineering properties 
such as plasticity and particle strength varied significantly, resulting in correspondingly 
significant differences in the peak shear strength and overall mechanical response.  However, 
results indicate that the friction angles mobilized in parallel gradations of each material at 
critical state (i.e. large-strain or residual) vary by less than 2 .  These results indicate that 
parallel gradations of MWR tested in conventional-scale triaxial equipment may provide a 
reasonable estimate of the critical-state friction angle ( c) of field-scale MWR materials.   
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comprehensive evaluation of the mechanical response of MWR materials would be required for 
a detailed facility design. 

1.2 Critical State Soil Mechanics 

Critical state soil mechanics was used as a basis in this study to characterize the mechanical 
response of two types of MWR (unweathered and weathered) under drained triaxial 
compression.  The critical state criteria are defined as a constant state of stress and density with 
continued shear strain.  Factors affecting the mechanical behavior can be fundamentally 
separated into state and intrinsic variables.  Intrinsic parameters, such as the critical state friction 
angle ( c), are uniquely defined for a given material and do not change with changes in density 
or stress state.  State parameters, such p’, DR, and fabric, are not uniquely defined for a given 
material.  However, state parameters have a substantial impact on the mechanical response of a 
given geomaterial. 
 Critical state soil mechanics characterizes the mechanical behavior of geomaterials in terms 
of both intrinsic parameters such as c, and state parameters such as p' and DR.  In terms of the 
mechanical response to shearing, loose soil will contract until a critical state is reached such that 
there is no further change in shear stress, volume, and mean effective stress.  On the other hand, 
dense soil will generally contract initially and subsequently dilate before approaching critical 
state.  The initial contraction and subsequent dilation causes a peak shear stress to be mobilized 
simultaneous to mobilization of the maximum dilatancy rate.  With continued strain, the shear 
stress will decrease until critical state is reached, typically at axial strains greater than 20 – 30 % 
in the triaxial apparatus (Salgado et al. 2000).   

As shown in Figure 1, specimens undergoing dilatancy (i.e. increase in volume) will exhibit 
strain softening behavior and a peak shear strength greater than the critical state strength.  On 
the other hand, specimens undergoing contraction (i.e. decrease in volume) typically exhibit 
strain hardening type behavior until critical state conditions are achieved near the maximum 
strains achieved in conventional testing equipment.  Classically defined, dense specimens of a 
granular geomaterial will dilate and loose specimens of the same granular geomaterial will 
contract during shearing.  For materials with weak grains and/or large particles, dense 
specimens may undergo contraction and strain hardening behavior if the particles crush instead 
of dilating (Ueng & Chen 2000, McDowell & Bolton 1998, Bolton 1986, Billam 1972). 

 

 
Figure 1.  Conceptualized stress-strain plot of peak and critical state shear strength. 
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Although c is a unique and intrinsic soil parameter, the peak friction angle ( p) is directly 
dependent on state parameters p', DR, and material fabric.  In this study, different combinations 
of state variables were systematically evaluated to describe their influence on the overall 
mechanical response in terms of p and c.  

1.3 Large-scale and Conventional-scale Triaxial Testing 

The triaxial apparatus is one of the most widely used devices for evaluating the shear strength 
and stiffness of MWR; however, the particle sizes of MWR are typically much larger than the 
maximum particle size (dmax) tested in a conventional triaxial apparatus with specimen diameters 
ranging from 50 to 70 mm (2.0 to 2.8 in). Although the size of testing apparati (triaxial, direct 
shear, etc.) has increased in the latter portion of the 20th century, testing particles greater than 
about one inch in diameter is often beyond the capabilities of commercial geotechnical 
laboratories.  Several large-scale triaxial apparati have been built for use in academic research 
with specimen diameters ranging from 260 to 1,000 mm (10 to 39 in) (Marsal 1973, Marsal 
1969b, Marachi et al. 1972, Marachi 1969), which are capable of evaluating geomaterials with 
dmax ranging from about 40 to 160 mm (1.6 to 6.0 in).  These apparati have expanded the 
laboratory testing capabilities of the geotechnical community; however, large-scale geomaterials 
such as MWR still require sample scaling to be tested in the laboratory.   

When scaling field materials to be tested in the laboratory, two issues arise: maximum 
allowable particle size and the particle-size distribution that will be used to represent the field-
scale materials.  As discussed below, use of a sample size ratio (SSR) equal to approximately 6 
is a well-established practice regarding the maximum allowable particle size to be tested; 
however, more difficult challenges come when selecting an appropriate particle-size distribution 
to be tested.   

1.4 Sample Size Ratio and Parallel Gradations 

Large-scale geomaterials, such as MWR, provide geotechnical engineers with the difficult 
challenge of characterizing the mechanical behavior due to the oftentimes large maximum 
particle size (dmax) of the MWR materials.  Triaxial testing of MWR requires consideration of 
the sample size ratio (SSR), which is the ratio of the specimen diameter to the maximum 
particle size of the specimen, dmax (Vallerga et al. 1957, Marachi 1969).  Numerous research 
studies have shown that particle-size effects can be avoided if the specimen size is sufficiently 
larger than the maximum particle size of the specimen (Holtz & Gibbs 1956, Leslie 
1969).  Typically, values of SSR less than 5 have been shown to have pronounced effects on the 
measured strength during testing due to interference from the larger particles (Leslie 1969, 
Marsal 1969b).  Provided no more than about 30 percent (%) of the material is retained on the 
maximum sieve size corresponding to dmax, a SSR = 6 is sufficient to prevent particle-size 
effects during triaxial shear strength testing (Marachi 1969).  The American Society for Testing 
and Materials (ASTM) also specifies that a minimum SSR of 6 be used for testing granular 
materials in triaxial compression (ASTM D 4767).  A SSR equal to 6 yields a maximum 
nominal particle size of 11.7 mm (0.5 in) for a conventional 70 mm (2.8 in) triaxial.  Because 
geomaterials such as MWR are comprised of particles with nominal diameters larger than 11.7 
mm, scaling of field gradations to create representative triaxial specimens introduces limitations 
with respect to conventional-scale triaxial testing. Accordingly, for this study, triaxial specimens 
maintained a SSR equal to approximately 6.   

Varadarajan et al. (2003) summarized previously established modeling techniques used to 
reduce particle-size distributions into four basic types: (1) scalping (Zeller & Wulliman 1957), 
(2) replacement (Frost 1973), (3) quadratic particle-size distributions (Fumagalli 1969), and (4) 
parallel gradations (Lowe 1964).  Although industry often relies on the scalping technique 
because of simplicity, out of the four techniques discussed, the parallel gradation technique was 
determined to be the most systematic way of scaling large-scale materials to be tested in the 
laboratory. 
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Parallel gradations maintain a constant ratio between particle sizes at a given percent passing 
in a conventional particle-size distribution.  The parallel gradation technique presented by Lowe 
(1964) consisted of modelling field-scale materials for construction of the Shihmen Dam in 
Taiwan; 150 mm (6.0 in) diameter specimens were tested under triaxial compression.  Since 
field-scale materials consisted of particles with a nominal diameter of 300 mm, model 
gradations were constructed such that each particle was exactly 1/8th the size of the 
corresponding field-scale particle size.  In essence, the field-scale gradation curve was shifted 
by a factor of 1/8th and the corresponding model gradation was exactly parallel to the field 
gradation.   

Sitharam & Nimbkar (2000) noted the lack of any clear mechanistic validation for these 
techniques and instead proposed discrete element modeling (DEM) as a systematic approach to 
understand the factors and mechanisms affecting the constitutive behavior of various 
assemblages of particles.  Results of the study were twofold.  First, specimens with parallel 
gradations and identical particle shape and relative density have the same fabric, provided an 
identical reconstitution technique is utilized between the two specimens.  This theoretically 
makes them behave similarly if not identically under identical boundary conditions.  On the 
other hand, samples at a similar initial state subjected to the same boundary conditions with 
reduced maximum particle sizes and the same minimum particle size (i.e. prepared by the 
scalping technique) show an increase in peak friction angle as the maximum particle size is 
reduced. This difference is attributed to the altered fabric and increased coordination number for 
the non-parallel particle-size distributions.  Coordination number is defined as the number of 
interparticle contacts for a given particle in a soil matrix (McDowell et al. 1996).  Conclusions 
of the numerical model suggest parallel gradations to be the best particle size reduction 
technique for achieving consistent mechanical response between field-scale materials and 
laboratory test specimens as the measured friction angle is more consistent.  

In an attempt to confirm these numerical simulations, Varadarajan et al. (2003) tested three 
reduced parallel particle-size distributions of two geomaterials in a large-scale triaxial apparatus 
with dmax equal to 25, 80, and 120 mm (Fig. 2).  The Purulia Dam material was a sub-rounded 
alluvial fill and the Ranjit Sagar Dam material was an angular, blasted, sedimentary rockfill. As 
seen in the particle-size distributions of the two materials (Fig. 2), the Purulia Dam material 
contained some fines, and the modeled gradations were maintained parallel up to the 0.075 mm 
(#200) sieve.  An important note to consider is the absence of fines in the Ranjit Sagar Dam 
material.  The absence of fines allowed for perfectly parallel gradations to be modeled from the 
prototype gradation.  For the Purulia Dam material, the parallel gradation technique actually 
resulted in an increase in fines content as the maximum particle size of the model gradations 
decreased.  Although the curves are parallel down to the #200 sieve, further extrapolation of the 
particle-size distribution is not possible and, in reality, may not be perfectly parallel. 
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Figure 2. Parallel particle-size distributions tested by Varadarajan et al. (2003). 
 

Results presented by Varadarajan et al. (2003) are somewhat consistent with those from the 
DEM numerical modeling by Sitharam & Nimbkar (2000), showing slight differences in 
disturbed state friction angles in tests with perfectly parallel particle-size distributions and more 
pronounced differences in disturbed state friction angles in tests with particle-size distributions 
containing the same minimum particle size. Friction angles of perfectly parallel particle-size 
distributions (Purulia Dam Material) decreased approximately 2  with increasing dmax, whereas 
particle-size distributions with the same minimum particle size (Ranjit Sagar Material) 
increased approximately 4  with increasing dmax.  Similarly, in the numerical modeling 
conducted by Sitharam & Nimbkar (2000) friction angles of perfectly parallel particle-size 
distributions increase slightly (less than 3 ) with increasing dmax, whereas particle-size 
distributions with the same minimum particle size decrease more drastically (~9 ) with 
increasing dmax.  These observations indicate that parallel particle-size distributions may be the 
best particle size reduction technique for achieving consistent mechanical response between 
field-scale materials and laboratory test specimens. 

1.5 Particle Strength and Particle Breakage 

It is generally accepted that failure of a spherical particle under compressive loading is a tensile 
failure (McDowell & Bolton 1998).  The grain tensile strength of a particle is typically 
measured in one of two ways: (1) point load strength (Broch & Franklin 1972) and (2) diametral 
compression between flat platens (Jaeger 1967).  Broch & Franklin (1972) presented the point 
load strength test, which eventually became ASTM D 5731 for determining the relative strength 
of rocks.   
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Lee & Farhoomand (1967) used a 70 mm (2.8 in) diameter triaxial apparatus to demonstrate 
that particle breakage increases with increasing particle size for specimens sheared at the same 
initial mean effective stress (p  ) equal to 8 MPa (Fig. 3).  In the same study, particle breakage 
was also shown to increase with increasing p  and increasing particle angularity for materials 
with the same initial particle-size distribution.  As discussed by numerous authors (e.g., Holtz et 
al. 2011, Ueng & Chen 2000, McDowell & Bolton 1998, Bolton 1986, Billam 1972, Marsal 
1969a, Lee & Seed 1967) the shear strength of granular geomaterials is comprised of friction, 
dilatancy, particle rearrangement, and particle breakage.  As such, the component of shear 
strength associated with dilatancy and particle breakage will be directly affected by the inherent 
strength of the particles. 

 
Figure 3. Changes in particle-size distribution due to particle breakage of various samples determined 
before and after triaxial testing where 1 and 3 are the major and minor principal effective stresses, 
respectively (modified after Lee & Farhoomand 1967). 

2 EXPERIMENTAL METHODS 
 
In an effort to systematically evaluate the mechanical behavior of two MWR materials, a 
laboratory program was developed to characterize the response of two types of MWR in drained 
monotonic axisymmetric compression (i.e. a consolidated-drained (CD) test).  The laboratory 
program included both large-scale (150 mm (6.0 in) diameter) and conventional-scale (70 mm 
(2.8 in) diameter) triaxial tests in order to quantify the effect of sample scaling and dmax on the 
mechanical behavior of both MWR materials.  To maintain as consistent of a response as 
possible between laboratory specimens and field-scale materials, parallel gradations, which 
maintained a constant SSR of approximately 6, were tested over a wide range of p  and relative 
densities (DR) to elucidate the effects of these state parameters on the materials response.  In an 
effort to gain an understanding of particle strength effects (and correspondingly particle 
breakage), the point load strength of the weathered and unweathered materials was determined 
according to ASTM D 5731. 

2.1 Conceptual Framework 

 The widely used Mohr-Coulomb framework describes the shear strength of soil through the 
following expression; 

                                (1) 
where  = mobilized shear strength of the soil, c = apparent effective cohesion,  = effective 
normal stress on the shearing plane, and  = effective internal friction angle.   

)tan('c
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Figure 4.  Conceptualized peak failure envelope of granular geomaterials in the normal stress versus shear 
stress plane. 
 

As shown in Figure 4, testing of dilative specimens yields a curved failure envelope at lower 
confining stresses.  Due to the dilatancy effect, a cohesive intercept may be interpreted from test 
results conducted on uncemented geomaterials such as MWR evaluated through the traditional 
Mohr-Coulomb framework.  In slope stability analyses implementing a cohesive intercept from 
materials which are known to be uncemented, the calculated factor of safety for a given slope is 
typically more sensitive to changes in c relative to changes in .  This often leads a practicing 
geotechnical engineer to consider the range of stresses that are anticipated in the field during 
geomaterial strength characterization.  A prudent engineer will select c = 0, especially in the 
case of non-cemented geomaterials.  Therefore, Equation 1 reduces to; 

                                              (2) 
 can also be expressed in terms of the principal effective stresses through Equation 3 as; 

                                      (3) 

where 1 and 3 are the major and minor principal effective stresses, respectively. 
 For practicality, a reduction of the principal effective stresses into a simpler form such that 
the deviatoric stress during shear is represented through Equation 4 by; 

 

                                          (4) 
and the mean effective stress is represented through Equation 5; 

                                          (5) 

In triaxial testing the intermediate principal stress 2 = 3= r  (radial stress), and 1 = a 
(axial stress), such that Equation 5 reduces to the following; 

 

                                           (6) 

The critical state failure envelope (CSL) can be plotted in p'-q space for a given geomaterial.  
The CSL is analogous to the more conventional Kf line plotted in p'-q space when the 
geomaterial is at critical state.  This CSL represents an intrinsic property of the material that is 
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solely comprised of frictional components (Muir-Wood 1990).  The slope of the CSL in p'-q 
space (M) is mathematically related to c by the following; 

                                    (7) 

Although the critical state criteria require a constant state of stress and density with continued 
strain, these idealized criteria are rarely fully satisfied in triaxial testing, even at axial strains as 
high as 30%.  However, a review of the literature suggests that for the purposes of evaluating c 
of MWR for design, values determined from a testing program such as this provide sufficiently 
accurate and appropriately prudent design parameters. As discussed in Tarantino & Hyde 
(2005), in geomaterials with crushable grains, the apparent critical state friction angle ( c*) 
measured in triaxial testing at maximum levels of strain does not always satisfy these constant 
volume and stress state conditions.  As such, observed constant volume conditions may be 
nothing more than transient equilibrium between contractive strains due to particle breakage and 
dilative strains due to particle interlocking.  With this in mind, Coop et al. (2004) completed 
ring shear tests on Dog’s Bay sand to achieve truly critical state conditions at levels of 
strain between 2000% and 11,000%.   Results indicated that particle breakage increased 
until a “true” critical state friction angle was achieved at these high strains, although this 
“true” critical state friction angle was of the same magnitude (+/- 2°) as that mobilized at 
shear strains of about 30%.  

2.2 Materials 

The two types of MWR tested in this study originate from the Goldstrike gold mine, which is 
located approximately 60 km northwest of Elko, Nevada.  The materials were blasted from the 
Ordovician Vinini Formation within the open pit of the mine at approximately the same 
elevation on the same day.  The Ordovician era represents the time period within the Palaeozoic 
era approximately 488 to 444 million years ago.  The Ordovician Vinini Formation is primarily 
comprised of black and gray cherty mudstone and siltstone with planar to wavy bands with 
alternating dark gray siltstone beds with 1 to 5 mm thick light gray dolomitic limestone 
interbeds.  The thickness of the formation varies drastically due to structural thickening along 
low angle faults in the area (Jory 1999).  Field sampling was performed by hand and shovel 
from rock piles placed by large earth movers at the mine site.  Care was taken to obtain a sample 
representative of the total volume by obtaining material from various locations within and 
around the rock pile.   

2.3 Testing Program 

As discussed in Section 1.2, the appropriate maximum particle size for the 70 mm (2.8 in) 
triaxial apparatus is 11.7 mm to maintain an SSR equal to 6.  Standard sieve apertures nearest to 
11.7 mm are 11.2 mm and 12.5 mm.  The 11.2 mm sieve was chosen as the limiting sieve for 
the conventional-scale (70 mm (2.8 in) diameter) triaxial specimens of parallel modeled 
gradations tested in this study.  This results in a SSR = 6.25, which is slightly greater than the 
minimum required SSR = 6 as required by ASTM D 4767 and greater than the recommended 
sample-size ratio as presented by Marachi (1969).  For the large-scale triaxial specimens, a 
maximum nominal particle size of 25.0 mm (1 in) was used for triaxial specimens with a 150 
mm (6.0 in) diameter leading to a SSR = 6. 

The maximum particle size for the weathered and unweathered MWR are 87.5 mm (3.4 in) 
and 62.5 mm (2.5 in), respectively.  Scaling the materials into specimens with parallel 
gradations and appropriate maximum particle sizes for the 70 mm (2.8 in) diameter triaxial 
apparatus yields an 87.2% and 82.1% reduction in maximum particle size for the weathered and 
unweathered MWR, respectively. Scaling the materials into specimens with parallel gradations 
and appropriate maximum particle sizes for the 150 mm (6.0 in) diameter triaxial apparatus 
yields a 71.4% and 60.0% reduction in maximum particle size for the weathered and 

M
M

c 6
3)sin(
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unweathered MWR material, respectively.  Particle-size distributions of the modeled gradations 
used in conventional-scale triaxial testing, large-scale triaxial testing and the corresponding 
collected field gradations for unweathered and weathered MWR are presented on Figure 5. 

A total of 36 triaxial tested were performed as a part of this study.  Specimens were 
reconstituted to “loose” “medium” and “dense” DR and isotropically compressed to p' equal to 
100, 200 and 400 kPa before shearing in drained, monotonic, axisymmetric compression.  Test 
designations were given to each specific test to represent (1) the type of MWR material used 
(“U” for unweathered and “W” for weathered), (2) the actual DR achieved at the end of isotropic 
compression (consolidation), and (3) the nominal level of p' at the end of isotropic compression.  
For example, a weathered MWR specimen isotropically compressed to p' = 400 kPa with DR = 
92% will be referred to “W92-400” for conventional-scale specimens and “W92-400 LS” for 
large-scale specimens. 

An example of the use of the parallel gradation technique in the present study is found on 
Figure 5, where the particles size distributions of the collected field gradations along with the 
gradations modelled for large-scale and conventional-scale triaxial testing of the weathered and 
unweathered MWR materials are shown. 

 
Figure 5.  Particle-size distributions of collected field gradations and testing gradations. (LS indicates 
large-scale triaxial specimens) 
 

The effect of fines content, plasticity and particle strength have been shown to influence the 
mechanical behavior of geomaterials (Billam et al. 1972, Bolton 1986, Salgado 2000, Carraro 
2004).  Quantification of the plasticity properties of the fines for each material through 
Atterberg Limits was determined in accordance with ASTM D 4318. ASTM D 5731-08 presents 
a qualitative range of rock strengths based on the size corrected point load strength index (Is(50)).  
Due to the standardized nature and the large amount of data found in the literature, size 
corrected point load strength indices were considered to be the preferred method of determining 
the grain tensile strength of particles of unweathered and weathered MWR.   
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3 RESULTS AND ANALYSIS 
 
3.1 Mechanical Response of Weathered and Unweathered MWR 

While observed mechanical responses of the two MWR materials at similar states (i.e. similar 
DR at the same p’) are noticeably different at peak strength, critical state shear strengths 
mobilized at large strains are similar.  Figures 6 and 7 show the stress-strain and volumetric-
axial strain response of unweathered and weathered MWR material specimens subjected to 
monotonic loading.  Data presented on Figures 6 and 7 are plotted as lines due to the large 
number of data points used to generate the plot.  For all tests, critical state was defined as the 
final data point at maximum axial strain.  The final data point represents the best estimate of the 
critical state condition of the specimen in each test as they approach a constant state of stress.  A 
constant state of stress is defined as constant p', q, and DR with continued strain.  In general, the 
unweathered MWR material exhibited more distinct strain softening behavior after peak 
strength was mobilized as compared to the weathered MWR material.  Volumetric responses 
indicate the stronger tendency for dilation (negative volumetric strain) in the unweathered 
material versus the weathered material.   

 
Figure 6.  Stress-strain behavior of weathered and unweathered MWR materials. (LS indicates large-scale 
triaxial specimens) 
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Figure 7.  Volumetric-strain behavior of weathered and unweathered MWR materials. (LS indicates large-
scale triaxial specimens) 

 
The mobilized peak friction angles ( p) are summarized in Table 1.  Values of p for the 

unweathered material were more variable than the values of p for the weathered material and 
were more strongly affected by the density of the specimen as well as the level of p' at which 
the specimen was tested.  On the other hand, values of p for the weathered specimens were less 
variable due to the lack of dilatancy in many of the specimens.  This contrast in behavior 
appears to be due to the facts that the weaker, weathered particles are crushing instead of 
dilating during shearing, reducing the mobilized peak strengths.   
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Table 1.  Peak friction angles of unweathered and weathered MWR 
Conventional Scale (70 mm diameter) Large Scale (150 mm diameter) 

Unweathered Weathered Unweathered Weathered 

Test p 
(deg.) Test p 

(deg.) Test p 
(deg.) Test p 

(deg.)
U26-100 46 W34-100 41 U36-100 LS 40 W63-100 LS 39 

U50-100 50 W61-100 43 U59-100 LS 44 W76-100 LS 41 

U70-100 50 W78-100 41 U76-100 LS 47 W102-100 LS 42 

U40-200 45 W44-200 40 U38-200 LS 40 W72-200 LS 38 

U54-200 47 W72-200 41 U63-200 LS 44 W83-200 LS 40 

U77-200 49 W83-200 41 U83-200 LS 46 W95-200 LS 40 

U42-400 43 W55-400 38 U48-400 LS 39 W87-400 LS 38 

U68-400 44 W76-400 39 U65-400 LS 42 W96-400 LS 39 

U75-400 45 W92-400 39 U85-400 LS 43 W105-400 LS 39 
 

Results presented in Table 1 also suggest that low density and high stress triaxial tests 
consistently yield the lowest measured values of p.  In most cases, excluding U42-400, the 
relatively loose specimens tested at p' = 400kPa did not dilate and the value of p was equal to 
the measured value of c.  This may also suggest that the best estimate of  for design comes 
from high stress, low density specimens using large strain data.  From 36 triaxial tests 
conducted on these MWR materials, four specific tests (one from each material type and scale) 
were found to most closely adhere to the critical state criteria at large strain.  These specimens 
were reconstituted to the lowest levels of DR and tested at the highest level of p' (400kPa).  
Although similar mechanical responses were observed, the volumetric response of these 
materials showed little to no influence of dilation on the specimens and the response was 
primarily contractive in nature (i.e. the specimens contracted towards critical state). 

As a conservative estimation of material strength, the four tests that most closely conformed 
to the critical state criteria were chosen to evaluate c.  Results plotted in p' – q space for the 
four specimens are presented on Figure 8.  For both materials the discrepancy between values of 

c has a maximum of 2.5 .  Between large- and conventional-scale tests, the discrepancy was 
between 0.6  and 1.5 .  Note, in Figure 8, values of peak strength are plotted as well as values at 
critical state.  In addition, a maximum and minimum CSL is plotted for the two materials at both 
large and conventional scale. 
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Figure 8. Weathered and unweathered MWR materials in p-q space. Solid lines indicate stress path 
including peak and critical states, while dashed lines show the range of values observed at critical state. 

3.2 Particle Strength, Plasticity, and Particle Breakage 

As shown in Table 2, the point load strength of the unweathered material was approximately 10 
times greater than that of the weathered material, while the anisotropy ratio was quite similar 
between the two.  Qualitatively, the unweathered material is described as an extremely high 
strength material, whereas the weathered material is described as a high strength material 
according to ASTM D 5731-08   
 Results from the Atterberg Limit tests may be related to the amount of alteration that has 
taken place within the weathered MWR as compared to the unweathered MWR.  Research has 
shown an increase in soil plasticity due to changes in soil mineralogy due to hydrogeologic 
weathering and oxidation (Bozzano et al. 2006).  This hypothesis is further supported by 
mineralogical testing conducted by Stoeber (2012).  In addition, research studies have shown 
fines content as well as the plasticity of the fines may play a significant role in the mechanical 
response of a given material (Salgado et al. 2000, Carraro 2004, Carraro et al. 2009).  An 
important note to consider is the increase in fines content caused by using the parallel gradation 
scaling technique and the increase in plasticity index (PI) from non-plastic to 10.5%.   
 
Table 2.  Particle strength and plasticity of weathered and unweathered MWR 

 
Is(50) (MPa) Ia(50) (MPa) LL PL PI 

Weathered 1.02 1.43 26.9 16.4 10.5 
Unweathered 10.24 1.36 Non-Plastic 
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Particle breakage was much more prevalent in the weathered material than in the 
unweathered MWR material as measured through particle-size distributions calculated for each 
specimen following triaxial testing.  As would be expected, particle breakage of a given material 
type increased with increasing levels of DR and p' (Stoeber 2012, Fox 2011). 

4 DISCUSSION AND CONCLUSIONS 

As shown on Figures 6 and 7, the weathered and unweathered MWR materials exhibit a 
markedly different response in terms of strain-hardening vs. strain softening behavior when 
compacted to very similar levels of p' and DR.  In fact, the response is remarkably similar to the 
idealized behavior shown in Figure 1.  The unweathered material exhibits very clear strain 
softening behavior while the weathered material exhibits slight strain softening behavior.  
Similarly, the unweathered specimens undergo net dilatancy (i.e. volume increase) at maximum 
strains, whereas the weathered specimen contracted (i.e. decreased in volume) throughout the 
test.  As would be expected from this type of behavior, the unweathered material exhibits a p = 
46° and 49° for the large-scale and conventional-scale tests, respectively, while the observed 

c = 38°.  In contrast, p of the weathered material is 40° and 41° for the large-scale and 
conventional-scale tests, respectively, while c = 37°.  These differences correspond to a 
component of shearing resistance due to particle breakage and dilatancy as great as 11° for the 
unweathered material as opposed to a difference of 4° for the weathered material.  The reduction 
in the peak strength of the weathered material may be due to the tendency for weaker particles 
to crush instead of dilating when shear stresses are applied to a densely packed MWR mass in 
addition to increased fines content and fines plasticity.  

 The result that the critical state friction angles of the two materials achieved from over 36 
tests are very similar suggests that the intrinsic frictional characteristics of the weathered and 
unweathered MWR are also very similar.  As discussed in Section 3.2, the particle tensile 
strength of the unweathered material was approximately 10 times greater than that of the 
weathered material.  The significant differences between the peak friction angles mobilized 
appear to be due to the fact that the interlocked particles of the unweathered material dilate and 
interlocked particles of the weathered material crush when compacted MWR is subjected to 
shearing stresses.   These results, along with the similarity of the particle-size distributions and 
testing conditions, also suggest that a significant component of the shear strength of the 
unweathered material relies upon the dilatancy and therefore on the strength of the particles.  If 
the particle strength of the unweathered material were to undergo changes in strength due to 
physical or chemical weathering mechanisms, substantial degradation of peak shear strength 
may take place concurrent to the weathering or degradational process, however the intrinsic 
frictional characteristics (i.e. c) of the two MWR material were shown to be similar.  On the 
other hand, when testing the two MWR materials at the highest levels of p' and lowest 
achievable levels of DR, the peak friction angle is very similar to the critical state friction angle.  

Ideally, ranges of mean effective stress achieved during laboratory testing will correspond to 
the range of mean effective stress which exists along potential failure surfaces.  In cases where 
these levels cannot be or were not achieved during laboratory testing, the most appropriate 
estimate of the critical state friction angle will likely be observed in test specimens reconstituted 
to low levels of DR and tested at the highest levels of mean effective stress.  In addition, these 
specimens generally have a contractive mechanical response with relatively little dilation, if 
any, essentially removing the effect of interlocking and dilation component from the measured 
shear strength of the material.  This practice allows for appropriately conservative design 
parameter for  in modelling analyses.  It should also be noted that, while conservative, the 
values of c are not considered to be restrictively conservative for design purposes. 

When considering geotechnical designs of critical structures constructed with MWR both 
short term (operational life) and long term (closure) stability are analysed.  To obtain an 
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appropriate estimate of the critical state friction angle for materials with large and/or crushable 
particles, the most appropriate approach includes the following: 

 
1. Testing of parallel gradations with appropriate maximum particle sizes in regards to 

specimen diameter and SSR. 
2. Testing of loosely compacted specimens subjected to the maximum levels of mean 

effective stress achievable. 
3. Evaluation of the critical state friction angle at levels of maximum strain achieved 

during laboratory testing, where the critical state criteria (i.e. constant state of stress and 
density with continued strain) are most closely met. 

 
The results of shear strength tests for unweathered and weathered materials were 

systematically compared in both conventional-scale (70 mm (2.8 in) diameter) and large-scale 
(150 mm (6.0 in) diameter) triaxial tests as well as between each specific material.  These 
results may indicate that using the parallel gradation scaling technique (Lowe 1964) is the most 
accurate scaling technique available for scaling large-scale materials such as MWR down to a 
specimen size that is feasible to test in the standard geotechnical laboratory.  It is noted that 
these results are from only two MWR material types that were geologically and spatially similar 
as well as similar with respect to mineralogy between scales.  Additional research and testing is 
required on other MWR material types. 

In the case of both MWR materials tested in the current study, conventional-scale testing 
consistently yielded higher values of p (3.8  on average).  The overall scale difference between 
the two specimen sizes tested in this study is almost negligible compared to the difference 
between the specimen sizes studied and the field scale material.  To have a wide variation in 
measured values of p over such a small-scale increase may suggest that even large-scale triaxial 
testing may significantly overestimate the value of p for the field-scale material.  These results 
also may indicate that the frictional components of a given material are not scale-dependent; 
provided that the material is similar in mineralogy and particle shape between scales (Stoeber 
2012, Sitharam & Nimbkar 2000). 
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1 INTRODUCTION 
1.1 Background 
The water content of a soil is a common geotechnical variable that is considered throughout the 
design of a project, from the site investigation and laboratory testing programs, through to its 
use in various design analyses.  An inherent assumption in many of the equations where water 
content is used is that the density of pore fluid is 1000 kg/m3.  This assumption implies that the 
pore fluid comprises pure water at a temperature of 5°C (Streeter & Wylie 1985) and contains 
no dissolved solids (e.g., salts). 

The assumption that the density of water does not fluctuate significantly within the tempera-
ture ranges encountered is valid for most geotechnical applications (e.g., 992.2 kg/m3 at 40°C 
implies a change of less than 1%) if the quantity of salts is negligible.  However, when salts (or 
other dissolved minerals) are present in solution, there is an increase in the specific gravity of 
the liquor, which has an impact on other volume-mass calculations.  These circumstances are  
often encountered in semi-arid to arid climates where the annual rainfall is less than 
300 mm and the average annual pan evaporation typically exceeds 2000 mm.  In these areas, 
mines often process the ore using groundwater which may be highly saline, with total dissolved 
solids (TDS) greater than 100 g/L (Fujiyasu & Fahey 2000).  As a result, the pore fluid con-
tained within tailings storage facilities (TSFs) and heap leach facilities (HLFs) constructed in 
these mining areas can have pore fluid densities significantly greater than 1000 kg/m3. 

This paper discusses the potential impact on void ratio predictions that can occur when using 
the commonly used phase relationship equation.  An equation is derived from first principles 
that accounts for the influence of saline pore fluid.  This equation is then applied in four exam-
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ABSTRACT: Geotechnical engineers often use the basic volume-mass, soil mechanics equation 
Sre = wGs, where Sr is the degree of saturation, e is the void ratio, w is the gravimetric water 
content, and Gs is the specific gravity of solids, without considering the impact of assumptions 
inherent in the derivation of the equation.  For most of geotechnical engineering practice, the 
pore fluid consists of pure water, and the equation holds true.  In some cases, however, and 
quite commonly in the mining industry, the pore fluid contained within the materials is signifi-
cantly denser than water.  The specific gravity of mine water typically ranges from values of 
near to one (e.g. brackish groundwater) to greater than 1.2 (e.g. pregnant liquor solutions, 
hypersaline groundwater, brine waste water).  If the specific gravity of the liquor is not taken  
into consideration in tailings and heap leach engineering, the outcomes can be erroneous.  This 
paper presents a derivation of the basic volume-mass soil mechanics equation, similar to 
Noorany (1984), taking cognizance of the possible presence of a pore fluid with a density great-
er than that of water.  Examples are provided to illustrate the impact of using the basic volume-
mass equation incorrectly. 
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ple situations in order to demonstrate the potential consequences of overlooking the pore fluid 
density in engineering design practice. 

1.2 Literature Review 
Numerous studies have been undertaken in order to evaluate the impact of dissolved solids on 
evaporation rates from saline water bodies (Finley & Jones 2003), saline tailings in a laboratory 
environment (Fujiyasu & Fahey 2000), and from saline TSFs (Newson & Fahey 2003).  These 
studies showed that dissolved solids have a measurable reduction in the evaporation rate of  
water from saline water and/or saline tailings.  An additional challenge experienced when con-
sidering saline mine waste was related to rehabilitation and closure.  Cover systems for hyper-
saline TSFs in an arid climate may require a capillary break to prevent saline water rising into 
the  
vegetation root zone within the cover (Stolberg & Williams, 2004).  

Noorany (1984) evaluated the impact of salinity on marine soils. Noorany has demonstrated 
that calculations can be inaccurate if dissolved solids are not considered. He presents a worked 
example that reveals an error of up to 10% when a salinity of 3.5% (ratio of mass of salts to 
mass of salt water) is not considered in calculations.  Mass-balance predictions are particularly 
important when laboratory-based measurements are critical in providing design parameters in 
the absence or support of field data. 

1.3 Sources of High Density Liquors 
In arid or semi-arid climates, the local groundwater conditions may be saline to hypersaline.  In 
Western Australia, for example, many mining operations source their process water from pale-
ochannels that are often hypersaline (Fujiyasu & Fahey 2000).  As a result, the process water  
deposited within a TSF with the tailings solids is often highly saline, with a density significantly 
greater than that of pure water. 

In heap leach mining operations, the density of the process liquor may be even higher, since it 
contains dissolved metals. The heap leach process typically involves stacking metal-laden ores 
on a foundation that has been designed to reduce environmental contamination (i.e., lined pads).  
The ore is then leached using the application of acid or other dissolution fluids (i.e., a lixiviant) 
via drippers placed on the upper surface.  As the leach liquor migrates through the heap, the  
lixiviant dissolves metals, producing a “pregnant solution,” which will gravitate to the base of 
the heap.  The liquor emanating from the heap is collected via a drainage system and directed to 
lined storage ponds prior to being pumped to a process plant for refining. 
    The pore fluid within a heap leach operation is often referred to as “liquor”, due to its chemi-
cal composition.  In tailings applications, the pore fluid is often simply referred to as “water”, 
regardless of its salinity.  For the purpose of this paper, the density of the pore fluid is referred 
to as liquor density. 

2 PHASE RELATIONSHIPS 
2.1 Introduction 
An essential component of the characterization of tailings is to relate the solid, liquid, and air 
phases of the material, whether in its slurry or settled form (Vick 1990).  Figure 1 shows the  
volume and mass designations for a multiphase material that is comprised of a solid, a fluid and 
a gas (Fredlund & Rahardjo 1993).  The fluid can be water, liquor, or some other liquid and its 
density may vary from that of water.  The gas is assumed to be air, and conditions are assumed 
to remain isothermal.   

The phase relationship model presented in Figure 1 assumes that the salts are completely dis-
solved in the pore fluid.  An alternative model presented by Noorany (1984) shows the dissolv-
able salts as a discrete unit in the unit soil volume model. 
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Figure 1. Unit Soil Volume Model (Fredlund & Rahardjo 1993).  
 

 
2.2 Void Ratio Prediction 
In tailings and heap leach engineering, the void ratio is commonly present in the phase relation-
ships used to predict densities.  The void ratio, e, is the ratio of the volume of voids to the volume 
of the solid substance (Terzaghi et al. 1996) as follows: 

 
(1) 
 
 

   
where e = void ratio, Vv = total volume of voids, and Vs = volume of solids. In engineering prac-
tice, it can be tedious to directly apply Eq. 1.  A more commonly used equation is the basic  
volume-mass relationship as follows (e.g., Terzaghi et al 1996): 

 
(2) 

 
where Sr = degree of saturation, e = void ratio, w = water content and GS is the specific gravity 
of soil solids. 
 
An inherent assumption in the derivation of Eq. 2 is that the pore fluid is pure water, i.e., with a 
specific gravity of unity.   
 
This paper presents  the following equation, which takes into account the density of the pore  
fluid and is similar to the equation originally presented by Noorany (1984): 
 

(3) 
 
where f = density of liquor, wf = gravimetric fluid content and w = density of pure water. 

2.3 Proof of Void Ratio Prediction with Pore Fluid Density 
The following section is a summary of the proof of Eq. 3.  Specific gravity is defined by Fred-
lund & Rahardjo (1993) as the density of a soil particle relative to the density of water at 4°C.  
In this derivation the symbol “G” is used to designate a specific gravity, and the associated sub-
script will designate the material to which reference is being made.  For example, “s” designates 
“solids”, “w” designates water” and “f” designates “fluid”, which could be liquor or water. 

The specific gravity of soil solids and pore fluid (liquor) are defined respectively as follows: 
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 (4) 
 
 

 
 (5) 

 
 
 

where Gf is the specific gravity of the liquor, and s = the density of the soil solids. 
 
The gravimetric water content, w, is defined as the ratio of the mass of water to the mass of  
solids, whereas the gravimetric liquor (or fluid) content, wf, is defined as the ratio of the mass of 
liquor to the mass of solids, as follows: 
 

 (6) 
 
 
 
 (7) 
 
 
 

where Mw = the mass of water, Mf = the mass of the fluid, and Ms is the mass of solids. 
 
The degree of saturation, Sr, is defined as the ratio of the volume of fluids in the voids to the  
total volume of voids, as follows.     

 (8) 
 

 
 

where Vf = volume of fluid (i.e., water or liquor) and Vv = volume of voids. The fluid could be 
water, liquor or some other substance, but the definition remains the same since it is the ratio of 
two volumes. 
 
The density of a material is defined as the ratio of its mass to its volume.  The density of the soil 
solids, s, and pore fluid, f, are defined as follows: 
 

 (9) 
 
 
 
 (10) 
 

 
 
By substituting Eq. 9 into Eq. 1 and rearranging, the mass of solids is defined as follows: 
 

 (11) 
 
Substituting Eq. 10 into Eq. 7, the mass of fluid is given as follows: 
 

 (12) 
 

Equations 8 and 10 can be equated by rearranging to calculate the volume of fluid (Vf) to  
produce the following relationship: 
 

 (13) 
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By replacing Vv in Eq. 13 with Eq. 8, the mass of fluids also can be defined as follows:  
 

 (14) 
 
Finally, solving Eqs. 12 and 14 for Vs and equating the two expressions results in Eq. 3 
 
Care should still be taken when using Eq. 3, since the resulting expression now incorporates 
gravimetric liquor content which is defined as the mass of liquor divided by mass of solids.  The 
gravimetric liquor content must be accurately measured in order to satisfy the equation as shown 
in the examples presented in this paper. 

3 WORKED EXAMPLES 
3.1 Tailings 
Tailings usually consist of crushed rock that has undergone some mechanical and chemical al-
teration as part of the extraction and refining process.  Following disposal into a TSF, the solids 
portion of the tailings is considered to no longer undergo significant change.  The specific gravi-
ty of the tailings deposited into the TSF may change over the operating life as a result in chang-
es to the ore body being mined, but once the tailings are deposited, the specific gravity of the 
solids can be considered to remain fairly consistent. 

This section presents three examples which demonstrate that the density of the liquor should 
be considered more routinely in engineering practice. 
 

3.1.1 Example 1 – Measured Gravimetric Water (Liquor) Content of Samples 
 
As part of ongoing monitoring and surveillance of an operating TSF, common practice is to col-
lect in situ samples of tailings to measure the dry density of the tailings and compare this to the 
anticipated dry density predicted during the design process.  This practice allows the storage ca-
pacity to be checked against the design and adjustments can be carried out if required. 

In situ samples can be collected using one of several methods.  The most common methods 
are tube sampling (sometimes referred to as Shelby Tubes (ASTM D1587, 2008)) and sampling 
at depth using a cone penetration, or drill rig.  In all cases, the objective is to collect a sample 
with minimal disturbance in order that the dry density can be calculated by measuring the dry 
mass of solids and dividing this by the total volume of the sample. 

The presence of a pore fluid other than water is not typically considered when testing for 
gravimetric water content in the laboratory.  The wet mass is recorded and placed in an oven, 
with the difference between the wet mass and the dry mass used to estimate gravimetric water 
content.  However, if there are soluble solids in the pore fluid, these may be precipitated during 
the drying process (Noorany 1984) and hence, the dry mass of ‘solids’ is actually the dry mass 
of insoluble solids plus the soluble solids. 

Figures 2 and 3 present photographs of tailings samples with salt precipitate on the tin or the 
surface of the tailings after oven drying. 

fsrf eVSM
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Figure 2. Evidence of Salt Precipitation after Oven Drying a Sulfide Nickel Tailings Sample.  

 
Figure 3. Evidence of Salt Precipitation after Oven Drying a Laterite Nickel Tailings Sample.  
 
Consider an example where a tube sample is collected and the following values are measured in 
a laboratory after oven drying the sample: 
 

  500 g wet mass; 
  300 g dry mass; and 
  250 cm3 sample volume. 

 
The calculated mass of water is 200 g (= 500 g – 300 g) regardless of the density of the pore flu-
id, since only the water molecules evaporate from the sample.  However, salts (or other precipi-
tates) may exist with the insoluble solids, resulting in an over-estimated mass of dry solids.  
Table 1 presents a worked example using a liquor density of 1.0 and 1.1 metric tonnes per cubic 
metre (t/m3). 
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Table 1. Estimation of Dry Density of in situ Tube Sample  _________________________________________________________________________________________________ 
Description            Source         Calculation _______________________________________ 

  Assuming      Assuming 
               f = 1 t/m3        f = 1.1 t/m3 _________________________________________________________________________________________________ 

Mass of Water, Mw        Measured    200 g         200g 
Mass of Soluble Solids, Msalt         Estimated      0 g           20g^ 
Mass of Insoluble Solids, Ms     Measured    300 g            280 g* 
Mass of Liquor,  Mf           Measured     n/a            220 g 
Gravimetric Moisture Content, w, wf      Calculated     0.67         0.78 
Dry Density, d            Calculated      1.2 t/m3         1.12 t/m3 
Variation in Dry Density         Calculated         7.1% _________________________________________________________________________________________________ 
^Assumed that the volume of salt does not change during phase change 
*Calculated by subtracting the mass of soluble solids from the same dry mass 
 
The error of 7.1% (Table 1) is due to the mass of the precipitated salts not being considered.  If 
the pore fluid is assumed to be water and the precipitated salts are ignored when the sample dry 
mass is measured, the precipitated salts are included in the dry mass.  However, in the field, the 
salts are dissolved in the pore fluid.  Therefore, by estimating the mass of the soluble solids and 
subtracting its mass from the dry sample mass, the dry density of insoluble solids can be esti-
mated.  This distinction is important because the capacity of the TSF is based on the mass of the 
processed ore, and the additional mass contributed by salts in the liquor is incidental to this  
calculation. 

To continue with the example presented in Table 1, let us assume that the average in situ  
storage density of 1.2 t/m3 was used for the design of a TSF raise requiring the storage of 
500,000 t of tailings.  The estimated storage volume would be about 416,700 m3.  Now consider 
the case where the liquor density was considered and the storage volume was estimated based 
on the dry density of 1.12 t/m3.  Using this dry density, the storage volume would be around 
446,400 m3, for a difference of approximately 29,700 m3.  Depending on the daily production 
rate of the mine and the operational flexibility, inadequate storage could result in the there not 
being enough storage for several days to weeks of production.  The issue would be even more 
severe in the event that the liquor density or the sample water content was higher, as shown in 
Figure 4. 
 

Figure 4. Impact of Liquor Density on Gravimetric Moisture Content.  
 
Figure 4 shows that the error in gravimetric liquor content increases to over 300% for slurry-like 
materials.  This is of particular importance in tailings design since the water content of the  
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slurry is directly related to the percentage of solids by mass (sometimes referred to as solids 
concentration or solids content).  The impact on percent solids is shown in Figure 5.  

A formula can be developed to incorporate the liquor density into day-to-day water content 
estimations, as follows: 
   
 

(16) 
 

Figure 5. Impact of Liquor Density on Percent Solids.  

3.1.2 Example 2 – Saturated Tailings 
 
For saturated materials that have a consistent specific gravity, the impact of the liquor density 
can be significant.  For example, if Gs and Sr are held constant, the liquor density and void ratio 
are inversely related.  Let us consider an example where the dry density of saturated iron ore fi-
ne rejects is estimated.  The mass of solids is assumed to be 1 kg and the solids concentration is 
assumed to be 66.67% by mass, resulting in a mass of fluid of 0.5 kg and a gravimetric water 
content of 0.5. 
 
Table 2. Estimation of Dry Density of Saturated Iron Ore Fine Rejects _________________________________________________________________________________________________ 
Description               Source         Calculation _______________________________________ 

   Assuming      Assuming 
               f = 1 t/m3        f = 1.1 t/m3 _________________________________________________________________________________________________ 

Specific Gravity, Gs              Constant     3.0         3.0 
Saturation Ratio, Sr           Constant     1.0         1.0 
Mass of Solids, Ms           Assumed     1.0 kg        1.0 kg 
Mass of Water or Liquor, Mw, Mf      Assumed     0.5 kg        0.5 kg 
Gravimetric Water Content*, w, wf     Calculated    0.5         0.5 
Void Ratio, e                Calculated    1.5        1.36 
Dry Density, d               Calculated    1.2 t/m3       1.27 t/m3 

Variation in Dry Density            Calculated        5.8% _________________________________________________________________________________________________ 
*Calculated using Equation 5 ( f  =  1)  or Equation 6 ( f = 1.1). 
^Calculated using Equation 2( f = 1) or Equation 3 ( f = 1.1). 
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The presence of soluble materials in the water creates a high density liquor resulting in a calcu-
lated void ratio that is lower than the correct value. The net result is the calculation of a dry  
density that is too high.  In the example in Table 2, if a designer assumed that the water content 
was 0.5, but did not consider the density of the liquor, the estimated dry density would be 
1.20 t/m3.  However, if the liquor density was 1.10 t/m3, the actual dry density would be 
1.27 t/m3.  This results in the dry density being under estimated by 5.8%.  This error is further 
exacerbated if the liquor density is greater or if the material was not saturated. 

3.1.3 Example 3 – Impact on Cost 
 
Building upon Example 2, the impact of the percentage on cost can also be considered.  Suppose 
that a TSF raise is proposed to store one year of tailings production, estimated at 10 Mt.  Let us 
consider two possible cost estimates. The first cost estimate uses a density that takes the liquor 
density into account and a second estimate that does not take the liquor density into account. 
Table 3 presents a summary of the cost estimate assuming the same surface area for each case. 
The cross-sectional area is 14 m2 for a 1.5 m raise at an average cost of $4 per m3 of embank-
ment raise material, and an average storage density of 1.6 t/m3.  The cost estimate that does not 
consider liquor density has a 5.8% error applied to the dry density. 
 
Table 3. Estimated Cost Implication of Liquor Density  _________________________________________________________________________________________________ 
Description         Source                Calculation __________________________________________ 

   Considering      Not Considering 
          Liquor Density      Liquor Density _________________________________________________________________________________________________ 

Tonnage                   Constant         10 Mt           10 Mt 
Dry density, d           Constant        1.6 t/m3        1.51 t/m3 

Volume,                Calculated          6.25 Mm3        6.62 Mm3 

Raise:  
- Height              Assumed      1.5 m       1.59 m* 
- cross-sectional area      Calculated     14 m2      14.9 m2 

Area                Calculated          4,166,667 m2     4,166,667 m2 
Side lengths,           Calculated       2,041 m         2,041 m 
Raise volume,               Calculated    114,310 m3      121,650 m3 

Cost                    Calculated      $457,184        $486,575 
Cost Difference                   $29,391 (~6%) _________________________________________________________________________________________________ 
*Raise height calculated in order to store 10 Mt in the same area, but with a lower dry density. 
 
The cost difference calculated in Table 3 may be considered as small for some TSF operators, 
but raises are constructed throughout the operational life of a TSF.  Depending on the TSF, and 
the particular dry density of the tailings, this cost difference may impact each raise.  Additional-
ly, the percentage error grows with increasing liquor densities and for tailings that consolidate 
or desiccate slowly (i.e. tailings with high gravimetric liquor contents, 40% and up).  This is  
explained in more detail in the next section. 

The benefits illustrated in Example 3 are perceived differently depending on the operator’s 
risk profile.  By not considering the liquor density, the operator is in fact “over building” their 
TSF to accommodate additional tailings to some degree.  An operator could perceive this as 
building additional capacity in order to accommodate unanticipated production fluctuations, 
which may be desirable in some circumstances. 

3.2 Heap Leach 
The success of a heap leach project relies on a clear understanding of the geomechanical behav-
ior of the proposed heap leach materials.  The recovery of metals will be dependent on the abil-
ity of the material to allow a leaching solution to percolate uniformly through the heap and be 
recovered at the base without inducing heap instability or significant short-circuiting of the 
leach solutions.  The economic viability of leaching operations also depends on maintaining the 
proper redox conditions in the leach solution, which is a function of the degree of saturation 
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within the heap.  In precious metal heap-leach projects, allowing as much homogenous flow 
through the heap as possible is desirable, while maximizing the amount of oxygen that can enter 
the pore spaces in the ore (van Zyl et al. 1988).  Unsaturated heap material also is desirable in 
order to maintain adequate stability. 

Heap leaching results in the formation of high density liquors through dissolution of minerals 
within the heap as described in Section 1.3.  In the design phase, the components of the liquor 
are assayed after collection to provide an indication of the extent of dissolution and, hence, the 
effectiveness of the heap leaching process.  In practice, the “pregnant” liquor is processed so 
that the minerals can be extracted and sold as product.  Based on the  authors'  literature review, 
information on considering the density of the liquor in relation to geotechnical engineering of 
the heap-leach pads does not appear to be evident.  However, the impact can be profound.  

The heap leaching process results in changes to all five volume-mass variables mentioned in 
the revised soil mechanics equation (i.e., Eq. 15).  As the process progresses, the specific gravi-
ty of the solids reduces due to the dissolution of metals, which results in a parallel increase in 
the specific gravity of the liquor.  The saturation ratio must be less than unity (i.e. unsaturated 
conditions).  The method of “flooding” may cause the phreatic surface within the heap to rise 
with the result that instabilities may be otherwise created (van Zyl et al. 1988).  The gravimetric 
water (fluid) content also varies as the mass of solids and the volume of fluid is constantly 
changing.  Finally, the void ratio varies over time, as solids are dissolved and the heap consoli-
dates under its self weight. 

With all five volume-mass variables having the ability to change, there is a need to under-
stand and consider the role of high density liquors. This is particularly true when the estimation 
of the saturation ratio is taken into consideration.  An example of the impact associated with this 
situation is presented below. 

Let us consider that a HLF operator is trying to evaluate the stability of a heap by estimating 
the saturation ratio of the heap.  Let us also assume that the operator's consultant has advised 
that the level of saturation be kept below a level of 1.5 m above the base, as a higher phreatic 
level may create an unacceptable risk of instability.  In addition, let us assume that the operator 
was able to recover a tube sample from roughly 1.5 m above the heap base with the following 
laboratory measurements: Gs of 2.65, e of 0.9 and water/liquor content of 0.34. 

By applying Eq. 2 without being cognizant of the liquor density, an Sr value of 1.0 is esti-
mated.  However, if it is known that the liquor density is 1.2 t/m3 and this liquor density is taken 
into account in Eq. 3, an Sr value of 0.83 is calculated.  

The implication of this difference is that, if the liquor content were not taken into account, 
the HLF operator would come to the conclusion that the stability of the heap is at risk and miti-
gation measures should be undertaken.  These measures could be in the form or reduction in the 
liquor application rates, suspension of heap operations to allow desaturation, or construction of 
buttresses to improve the stability of the heap.  All of these decisions could result in a loss of 
production and/or increased costs.  However, if the liquor density is accounted for, the operator 
would have confirmed that the saturation level within the heap was within acceptable design 
levels. 

In contrast, if the calculated Sr (Eq. 2) was within the operator’s expected range, say 0.83, ac-
tion may not be taken.  However, the actual Sr may be closer to 0.7, based on the authors’ per-
sonal experiences.  In this case, the ability for the heap to pass the application rate and perform 
as expected may be compromised due to the much lower unsaturated hydraulic conductivity.  
The hydraulic conductivity of an unsaturated soil varies widely with its degree of saturation 
(Fredlund & Rahardjo 1993).  For some materials, the unsaturated hydraulic conductivity could 
be an order of magnitude lower than the saturated permeability (Fell et al. 2005). 

4 CLOSING REMARKS 

The use of saline water will become a more common practice as the use of fresh water resources 
in mining process becomes more costly and restrictive.  The use of conventional “volume-mass” 
geotechnical engineering equations by designers does not consider the impact of saline pore flu-
id.  This paper has shown through examples that the impact of ignoring liquor density can be 
significant, particularly in cases with a high liquor density and gravimetric liquor content. 
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The geotechnical equations provide conservative predictions in some cases when the impact 
of liquor density is ignored.  However, conservative predictions often come at a greater cost to 
the facility operator.  This paper presents an equation that helps designers evaluate the potential 
impact of liquor density on geotechnical predictions and an approach that seeks to more accu-
rately predict the impact of gravimetric liquor content on dry density.  It is through collaboration 
with the mine operator that the true economic significance can be evaluated. 
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1 INTRODUCTION 

A composite liner system typically consists of a prepared foundation, low permeability elements 
including natural clay layers, geomembranes (GM), and pre-manufactured geosynthetic clay lin-
ers (GCLs), geocomposite drainage or collection layers or granular materials and perforated 
pipes, depending on the application, and a cover or protection layer in most cases. A cover sys-
tem typically consists of a foundation layer, a geomembrane, a drainage layer, and a protective 
(vegetative) soil layer. Composite liner and cover systems including geosynthetics (GMs, GCLs, 
geonet drainage layers) in contact with foundation or protection layers present inherently 
“weak” interfaces. The interface strength of these interfaces will govern the design. Geomem-
branes may have a smooth or textured finish. The textured features are typically referred to as 
asperities. For the single-liner example presented later in this paper, two different types of tex-
tured geomembranes (double-textured and micro-spike) were investigated in combination with a 
drainage geocomposite and variable cover-soil borrow sources. In composite systems, asperities 
allow greater connection between the GM and GCL, which implies that the particular type of 
geomembrane and GCL through the “Velcro” effect between asperities and geotextile can influ-
ence the interface strength (McCartney et al. 2009). Therefore, the laboratory testing program 
should be designed to capture both project- and product-specific shear-strength characterization 
for all components of the composite liner or cover system. 

Interface shear strength for slope stability of cover and liner sys-
tems in mining industry 
 
C. Crystal 
Strategic Engineering and Science, Irvine, CA, USA 

T. Hadj-Hamou  
Strategic Engineering and Science, Irvine, CA, USA 

ABSTRACT: This paper reviews standards of practice, presents case studies of interface shear 
strength testing of composite cover and liner systems that include geosynthetics for application 
in mining (heap leach pads, tailings facilities, and waste piles), and provides recommendations 
for the design of testing programs.  Both the short-term (i.e. during operation of the mine) and 
long-term (closure and post-closure period) design considerations are included, such as slope 
geometry, and static and dynamic loading conditions, material properties, and saturation condi-
tions. A well-designed an appropriately implemented laboratory interface shear testing program 
must consider the various interfaces within the cover or liner system and the range and variabil-
ity of anticipated service conditions, and should provide a sufficient number of tests to demon-
strate that these conditions have been well captured. This paper discusses the elements of a well-
designed interface testing program. Review of laboratory results, evaluation of shear stress-
displacement behavior and appropriate capture of non-linear shear strength failure envelopes as 
relevant to different service conditions, including covers versus liner design, and stability impli-
cations are addressed in the context of three case studies. Short- and long-term slope stability 
performance in the context of extreme loading conditions such as significant overburden pres-
sures, seismic loading, freeze-thaw, torrential precipitations, and desert environments are dis-
cussed. 
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2 INTERFACE TESTIGN PROGRAM 

The governing ASTM standards for interface testing are: ASTM D5321 - 08 Standard Test 
Method for Determining the Coefficient of Soil and Geosynthetic or Geosynthetic and Geosyn-
thetic Friction by the Direct Shear Method, and ASTM D6243 - 09 Standard Test Method for 
Determining the Internal and Interface Shear Resistance of Geosynthetic Clay Liner by the Di-
rect Shear Method. The standard, large-scale direct-shear device consists of separate upper and 
lower boxes (or blocks) which typically have plan dimensions of at least 0.30 m by 0.3 m; 
smaller boxes typically give higher shear strength due to boundary effects from specimen con-
finement, and larger boxes have problems with uneven stress distribution and specimen hydra-
tion (Pavlik 1997). 

 
 

 
 

Figure 1. Large-scale direct-shear device recommended by the current testing standard for GCL internal 
and interface shear strength, ASTM D6243 (Zornberg & McCartney 2009) 

 
The interfaces are often tested using a “floating” configuration of liner bedding soil 

/geomembrane /drainage layer. The liner-interface shear tests should be conducted after the 
normal stress has been applied for a minimum of 24 h to allow the liner system to “seat” prior to 
shearing (Lupo 2005).  

The tests should be conducted based on the anticipated conditions in the field, i.e., the test 
specimen should be representative of final construction by using the soils planned for foundation 
and cover, and samples should capture the variability in these soils whether from single or mul-
tiple borrow sources. The soils should be placed and compacted in accordance with project spec-
ifications. Worst-case scenarios, in which these foundation or cover soils may become saturated, 
should also be explored in the laboratory testing program, as significantly lower interface 
strengths for the composite system may result at the interfaces of a saturated soil/geomembrane 
or geocomposite drainage layer.    In many instances, the geomembrane/GCL interface typically 
represents the weakest interface, but this should be confirmed by sufficient testing with a range 
of moisture conditions for both the soil and GCL components.  

In addition, if the drainage-layer materials are anticipated to degrade or decompose over time, 
then degraded materials should be included in the test, i.e., if possible. The range of shear 
strength for interface shear may vary considerably, even within soils that appear to be similar. 

In the authors' experience, when testing for worst-case conditions, a 24-h seating period may 
be insufficient to saturate the soil components or the GCL. Therefore, careful consideration 
should be given to the preparation of these materials to represent long-term moisture content 
conditions in the field, particularly if there is a strong likelihood that the sample may become 
saturated, as in the case of cover systems in wet or snow-blanketed areas. In addition, the use of 
GCLs in high normal stress applications, such as heap-leach pads, requires the identification of 
both the internal and interface shear strength of GCLs. Gilbert et al. (1997) and Stark and Eid 
(1996) indicate that complete hydration of a GCL typically requires 2 wk. A percentage change 
in vertical swell of less than 5% can be obtained for unconfined GCLs in a period of 10 to 20 d, 
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indicating full hydration (Gilbert et al. 1997).  Furthermore, excellent detail and recommenda-
tions regarding interface testing and designing with GCLs (considering a range of moisture con-
tent and interface and internal strength conditions) can be found in Thiel (2001) Fox & Stark 
(2004), Zornberg et al. (2005), and McCartney (2009). 

3 SHEAR STRESS –DISPLACEMENT BEHAVIOR 

The shear stress-displacement behavior is determined by applying a shear load under a constant 
shear displacement rate (SDR). ASTM D6243 recommends using an SDR that is consistent with 
the conditions expected in the field application. The shear and SDR are used to develop the 
shear stress displacement curve.  Most interfaces experience post-peak strength reduction, 
whereby the measured shear stress decreases and ultimately reaches a residual value (tr), after 
which no further strength reduction occurs.   The effect is more pronounced as the normal laod 
increases.  In this case, the peak shear strength is reported as the maximum shear stress meas-
ured on the interface, and the  post-peak, residual or large-displacement shear strength is report-
ed as the shear stress when there is constant deformation with no further change in shear stress, 
or the shear stress at a displacement of 50.8 to 76.2 mm. In some cases, there is no discernible 
post-peak reduction in shear strength. In these cases, a large strain or displacement is arbitrarily 
selected (12.7 or 25.4 mm). Thiel (2001) noted that interface and internal shear strengths of rein-
forced GCLs fall into the category of strain-softening materials, i.e., given that the residual 
strength of the GCL is significantly lower than the peak strength. By contrast, interfaces with 
micro-spiked or double textured geomembranes may be considered “brittle” after initial adhe-
sion because of the sudden rupture of the connections between the asperities and the geotextile 
(Hewitt et al. 1997). 

Texturing of GMs is often used to increase the peak shear strength of GCL-GM interfaces, 
and recent studies have found that GM texturing leads to an increase in the shear interaction be-
tween the GCL and the GM (Ivy 2003, McCartney et al. 2005). Triplett & Fox (2001) and 
McCartney et al. (2005) found that GM texturing leads to an improvement in the peak and large-
displacement shear strength of GCL-GM interfaces. For double-liner systems, different textur-
ing approaches have not been shown to influence GCL-GM interface shear strength. Ivy (2003) 
and McCartney et al. (2005) found that GM asperity heights, despite being highly variable, were 
a good indicator of the peak shear strength of GCL-GM interfaces and clay-GM interfaces. In 
contrast, McCartney et al. (2005) found that GM asperity height is an inconsistent indicator of 
GCL-GM large-displacement shear strength, most likely due to rupture of the connections be-
tween asperities and the GCL during shearing. 

As presented subsequently in case studies Nos. 1 and 2, the authors found a significant differ-
ence in interface test results for different types of textured geomembrane tested against similar 
foundation soils and geocomposite drainage materials. For example, double-textured geomem-
branes exhibited a significant adhesion that could be justified on the basis of the physical asperi-
ties, even at low confining pressures, whereas the micro-spike geomembrane behaved essential-
ly as a frictional (zero adhesion/cohesion) material for the range of confining pressures tested.  
In addition, the actual failure within the layered system varied as the normal stresses varied, 
with failure occurring either at the soil-geomembrane or geomembrane-geocomposite interface. 
A number of test set-ups were required to establish repeatability, overcome slippage issues and 
establish the weakest interface for a given combination of materials. 

Careful review of the testing results, failure interfaces as well as cognizance of the physical 
mechanisms (textured geomembrane asperities, needle-punched GCL reinforcement) versus me-
chanics of the testing apparatus (inadequate specimen gripping and slippage or shearing rates) 
should be kept in mind when reviewing laboratory shear stress-displacement curve results.  

Fox & Stark (2004) noted that: 
 failure envelopes that pass through the origin (i.e. have zero cohesion) are typical of GCL in-
terface shear strengths and internal shear strengths of unreinforced GCLs;  

 whether or not peak strength failure envelopes have non-zero cohesion is often unclear be-
cause of difficulties with adequate specimen gripping surfaces at low normal stress; 
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 the non-linear regression failure envelope for a large database of internal shear strengths for 
needle-punched, reinforced GCLs yielded zero cohesion supporting the hypothesis that the 
entanglement of needle-punched fibers in the anchoring geotextile (GT) is essentially a fric-
tional mechanism; and  

 the reinforcement connection for stitch bonded (SB) GCLs, on the other hand, is not friction-
al and, thus, these products display significant cohesion at zero normal stress. 

4 SELECTION OF FAILURE ENVELOPES FOR DESIGN 

The failure envelopes are developed from the results of a series of shear tests performed at vari-
ous normal stress levels (at least three). From the plot of shearing load versus displacement, the 
maximum and residual shear stresses are obtained for each normal load (i.e., normal stress).  
These maximum and residual shear stresses are then plotted versus normal stresses as shown on 
Figure 1.  Then, a straight line is fitted through the points to define a failure envelope.  Fox & 
Stark (2004) note that the peak-strength failure envelope for interfaces can be linear, multilinear 
(e.g., bilinear), or non linear. Residual strength envelopes by contrast are more likely to be line-
ar.  The range of normal stresses over which the tests are conducted often dictates the degree of 
curvature in the data and the appropriate model that should be used. Linear envelopes are the 
simplest, and can have a zero or non-zero intercept, whereas nonlinear envelopes show a gradual 
change in the tangent friction angle as the normal stress increases, and may or may not pass 
through the origin.  The Mohr–Coulomb failure criterion is commonly used to characterize these 
relationships over the confining stress range of interest, for simplicity. Care should be taken 
when fitting Mohr-Coulomb envelopes to highly non-linear or multi-linear failure envelopes. An 
important point to remember is that the Mohr-Coulomb (the elasto-plastic model) originally was 
adopted as a simplistic representation of soil strength, and subsequently has been adopted as a 
representation of the interface strength between two different media. An alternative to the 
aforementioned approach is simply to use the failure envelope described by the test data directly 
for stability analysis, i.e., since most slope stability software programs allow a user to enter 
combinations of normal and shear stress to describe a failure envelope (e.g., Stark et al. 2000).  

This representation based on results provided by the laboratory often does not distinguish be-
tween failure locations within the layered system, and provides a global measure of the shear 
strength of the interface.  However, the critical interface in a layered system may change with 
normal stress due to the difference in the friction angles of the internal and interface GCL failure 
envelopes (Stark & Eid 1996). Consequently, based on the adhesion and friction angle of a par-
ticular interface, the failure envelope can cross at some level of normal stress.  Therefore, as the 
normal stresses vary along the length of a slope (e.g., along the cut slope of a conveyor fill-type 
tailing facility), the critical interface may change along the length of the slope. Thus, the results 
of the interface shear tests should be performed in the range of normal stresses that will be expe-
rienced in the field.  If stability is a concern during filling, as well as after final closure, perform-
ing tests at more than the typical three normal stresses may be necessary, so that the range in in-
terface strengths at the low and high ends of normal stress can be taken into account. However, 
fitting a straight line through a failure envelope defined by three data points covering a wide 
range of normal stresses may be overly conservative in one stress range or unconservative in an-
other stress range.   

The authors also have found that the reports provided by the testing laboratories can create 
unnecessary confusion, in that a laboratory provided a failure envelope with the test results 
without consideration of which interface within the layered system had actually yielded. In this 
case, the appropriate peak and residual failure envelopes for the various interfaces were devel-
oped only after all the individual points from each failure interface (from different tests) were 
plotted together. For this reason, the authors recommend that the design engineer specifically 
request that the laboratory provide the individual test results, while specifically identifying the 
failure interface for each data point.  The design engineer should then interpret the results and 
select the appropriate failure envelope for design.   
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5 CASE STUDY 

5.1 Cover 
To select the final configuration of the cover of a heap leach pad (HLP), a series of conceptual 
design were tested in a parametric study. A combination of single-sided and double-sided drain-
age geocomposites, single and double sided textured geomembranes, micro-spiked geomem-
branes were evaluated under varied testing conditions (overburden pressure, testing rate, satura-
tion conditions, and cover soil thickness). The purpose was to identify the combination of slope 
inclination (either a 3:1[Horizontal to Vertical] or 4:1) and cover system that would be the most 
economical considering construction and long term maintenance costs, while meeting the static 
and seismic stability requirements under the loading expected at the site. 

Consideration of snow loading, saturation, freeze-thaw conditions at the site, constructability, 
and stability considerations. Two cover thicknesses and associated construction methods a 0.61 
m (2 ft) and a 1.2 m (4 ft) thick cover were considered.  The thinner cover (0.61 m) would be 
built in a traditional fashion by pushing soil up the slope.  The thicker cover (1.2 m) would be 
built in horizontal lift. On a 3:1 or 1.2 m thick cover projects horizontally as 3.8 m, wide enough 
for construction equipment. Samples of single- and double-sided drainage geocomposite materi-
al and geomembranes were provided directly to the testing laboratory. Compaction and classifi-
cation tests were also performed on the foundation material (the tailings) and on samples of cov-
er soil obtained from the two potential borrow sources (Borrow Source A and Borrow Source B) 
as part of the testing program. For the foundation soil the level of compaction was selected as at-
tainable during general regrading of the slopes and estimated to be on the order of 85 to 90 per-
cent of that obtained by the modified Proctor compaction test (ASTM D 1557). The compaction 
for the cover soil was characterized by a dry density equal to 87 percent of the dry density by 
ASTM D 1557 at a moisture content within plus or minus 2 percent of the optimum moisture 
content.  Combining geocomposite and geomembrane types with the avoidable soil cover type, 
six configurations of cover were designed and tested.   

The tests were performed in accordance with ASTM D 5321. The results of the tests per-
formed on each cover configuration are summarized in Figure 2 and 3, for micro-spike and dou-
ble-textured geomembrane tests, respectively.  

 

 
 
 
Figure 2: Results of the interface shear strength testing on micro-spike geomembrane 
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Figure 3: Results of the interface shear strength testing on double textured geomembrane 

 
For each configuration, three tests were performed at vertical pressures so that a shear 

strength envelope could be obtained for each configuration.  These normal loads are representa-
tive of the loads expected at the level of the geosynthetics interface under soil cover, potential 
snow load, and construction equipment. Observation of the test set-up and review of the test re-
sult tests indicate that the failures occurred predominantly along the geocomposite and the ge-
omembrane interface, with some exceptions.  In some instances, at low confining pressures, 
failure occurred between the HLP foundation soil and the geomembrane. 

In the design any apparent or even physically justifiable adhesion to geomembrane asperities 
along the failure plane measured in the laboratory were not considered and only the frictional of 
the interfaces were used for design. The analyses performed using the results from testing pro-
gram lead to the conclusion that  

 a single sided drainage geocomposite could not be used due to extremely low interface 
shear resistances;  

 a final cover at a slope inclination of 3:1 (H:V) built with the micro-spike geomem-
brane, a double sided drainage geocomposite, and cover soil from either the A or B bor-
row sources exhibited a static factor of safety greater than 1.5;  

 a final cover at a slope inclination of 3.25:1 (H:V) built with the double textured ge-
omembrane, a double sided drainage geocomposite, and cover soil from the A borrow 
source, exhibited a static factor of safety greater than 1.5.  

However, when pseudo-static stability was considered, it was ultimately recommended that 
the 60 mil LLDPE double-textured geomembrane be used.  The results of the laboratory inter-
face testing indicated that the micro-spike geomembrane interfaces had insufficient large defor-
mation (residual) interface shear strength for satisfactory performance in the event of even low 
to moderate seismic shaking. The residual interface friction angle was measured to be 18 de-
grees for micro-spike geomembrane, the same as the inclination of the slope. 

For this project there was significant discussion with the micro-spike manufacture, which al-
so ultimately performed duplicate confirmatory tests.  The conclusion was, however, that alt-
hough the micro-spike material could be characterized by a generally higher friction angle and 
could be said to provide higher overall shear resistance in applications where high confining 
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stresses are typical (bottom liner applications), for the case of the low-confinement of the cover 
applications the moderate adhesion provided by the double textured geomembrane, made the 
difference 

 

5.2 Liner system 
 
In the preliminary phase of the design of a 70 meter high tailing storage facility a liner system 
consisting from top to bottom of a geocomposite, a needle-punch non-woven GCL, and a 60 mil 
double textured LLDPE geomembrane.  Interface shear test was performed on the proposed lin-
er system and it observed that failure occurred at the GCL/geomembrane interface for each of 
the three confining pressures tested of 50, 100, and 200 psi (or 244, 689, and 1400 kPa). Based 
on the results of the single laboratory interface friction test reported on Figure 4, the engineer 
assigned a residual drained friction angle of 14.8 degrees and an adhesion of 2 kPa to the 
GCL/geomembrane interface.  

The post-peak shear displacement curves (Figure 5) shows some erratic behavior in shear 
load which may indicate some testing apparatus issues. Further, as noted on Figure 4, the appar-
ent adhesion was based on a “best-fit” line which may not reflect a true adhesion value. For the-
se reasons, it was recommended to not account for any adhesion and to use a residual 
GCL/geomembrane interface strength characterized by a friction angle of = 14.8 degrees and 
an adhesion a=-0, for the analyses of the stability of the HLP. 

This interface shear strength was obtained from one test where the sample was “wetted” and 
consolidated for 24 hours at normal load and sheared at 0.04 in/min.  Due to the limited labora-
tory interface shear strength testing performed as well as to address potential uncertainties with 
respect to long-term hydrated GCL strength levels, it was recommended to perform a set of pre-
liminary parametric post-closure slope stability analyses using a residual friction angle of  = 12 
degrees and an adhesion, a = 0 degrees, to represent the potentially weakest “layer’ in the pro-
posed liner system.  This strength envelope is considered reasonable to represent high-normal 
load, potentially large-displacement, and long-term design strength. This strength level is con-
sistent with lower bound interface friction angles/large displacement strength ratios for similar 
GCL/geomembrane interfaces (McCartney et al. 2009) as well as internal large-displacement 
frictional angles of 8 to 13 degrees for reinforced (needle-punched non-woven GCL) GCLs 
(Zornberg et al. 2009).   

For the preliminary evaluations performed, the use of a long-term design strength (  = 12 de-
grees, a = 0) is based on a design approach which considers the lowest potential residual shear 
strength of all interfaces in the lining system which includes evaluation of potential residual 
shear strength of hydrated reinforced GCL, which is essentially the residual shear strength of 
hydrated bentonite, with some remaining fiber inclusions and intact fibers. Note that it could be 
argued that the lowest residual shear strength of saturated bentonite, on the order of 4 to 8 de-
grees, (Fox & Stark 2004) should be used for long term stability. However using such low val-
ues as design values for needle-punched non-woven GCL ignore that there will be remaining 
contribution of the GCL fibers and needle-punched reinforcing, even when considering design 
lives of 100 to 300 years (Thiel & Von Maubeuge 2002).   
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Figure 4: Results of the interface test for the heap leach pad liner system 

 
 

 
 
 
Figure 5: Load-deformation plots for interface test of the heap leach pad liner system 
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6 CONCLUSIONS 

Borrowing on the experience from the landfill design industry, where geosynthetics have been 
used in cover and liner systems for decades, it is the authors’ observation that it is generally ac-
cepted that 3:1 (H:V) side slopes are reasonably conservative for both cover and liner systems 
for the range of typical low interface shear strengths documented. However, this experience has 
been based on test-plot cases studies with limited veneer cover thickness (in the case of veneer 
cover stability) and/or laboratory testing and back analysis of landfill slope studies (in the case 
of global liner stability) that do not begin to approach the heights of currently designed and con-
structed proposed heap leach pads and dry stack tailings facilities and in many instance may not 
consider some of the extreme loading imposed on mining facilities in remote part of the world, 
namely the effect of freeze-thaw, torrential precipitations, and desert environment. Some im-
portant lessons were learned, for example, micro-spike geomembrane results indicated that the 
failure interface appeared to be far more dependent on the test confining pressure than that of a 
double –textured geomembrane, the location of the shear plane (at geomembrane/geocomposite 
vs. geomembrane/foundation soil) also varied depending upon the materials tested and the load-
ing levels.  Because the cost of laboratory testing is ‘insignificant’ compared to construction cost 
for large mining facilities the testing program should investigate multiple combinations of prod-
ucts. 
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1 INTRODUCTION 

Mine facilities are located in every clime and topographic region. Constructing mines, and par-
ticularly tailings storage facilities (TSFs), presents unique challenges including fixed facility lo-
cations, sequential construction schedules, construction season and weather related constraints, 
and difficulties in sourcing specialized materials and contractors. Successfully engineering and 
constructing TSFs under these circumstances requires navigating host country regulations and 
implementing industry best practices, all while ensuring that the finished product can be eco-
nomically constructed on schedule using local materials, labor, and equipment. The engineering 
process requires creating a site-specific design that accounts for local factors including climate, 
geology, hydrogeology, seismicity, and vegetation; optimizing the target site for its intended 
purpose; meeting the client’s operational objectives; and tailoring the construction methods for 
the available expertise and technology.  

TSF design methodology has developed over the past several decades with technology ad-
vancement and experience. Through experience, the mining industry and TSF designers have 
learned that failures (e.g., dam failures, uncontrolled discharges, or environmental contamina-
tion) pose environmental, financial, and even public relations and political risks (Vick 2000). 
Once constructed as an afterthought with little detailed engineering, TSFs are now designed 
with the intent of returning the land to a sustainable, beneficial use following closure. TSF de-
signs employ operational and decommissioning strategies to mitigate unacceptable risk to public 
health and safety and the environment while reducing the need for ongoing maintenance.  

Liner systems are constructed to provide both physical and environmental containment of tail-
ings and process solutions. Historically, compacted fine-grained, low permeability soils have 
been used to provide containment in TSFs. However, geosynthetic liners are increasingly used 

Lining steep rock slopes with a geomembrane liner to facilitate 
tailings facility expansion 
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ABSTRACT: Geomembrane liners are increasingly used to provide containment in tailings 
storage facilities. Typically, geomembrane liners are installed in successive stages with an ex-
panding impoundment footprint and subsequent dam raises, and may require significant im-
poundment grading to provide suitable slope angles and subgrade for conventional liner de-
ployment. Impoundment grading difficulty is increased in mountainous areas where bedrock 
may be shallow and, due to steep topography, grading limits for conventional geomembrane lin-
ing (typically 2H:1V) may daylight well beyond a facility’s boundaries. This paper presents an 
innovative approach to lining steep to vertical rock faces with a geosynthetic system consisting 
of slope reinforcement, liner cushioning, and geomembrane, for an expansion of an existing tail-
ings storage facility.  Additionally, this paper presents recommendations gleaned from both de-
sign and construction experience to advance the application of geomembranes in the mining in-
dustry. 
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to provide containment due to construction ease, a lack of available or suitable on-site sources 
for a soil liner, and effective long-term performance (Blight 2009).  

Typically, after dam construction, the greatest expense incurred in constructing a TSF is the 
earthworks required to construct a suitable subgrade for geosynthetic liners (as well as the costs 
for the liner components). Conventional liner deployment typically requires grading slopes to no 
greater than 2:1 (horizontal:vertical). While these grades may be attainable at every site, they 
can come at high costs if the TSF is located in a mountainous region. Furthermore, given the se-
quential, phased construction nature of TSFs, construction grading can present risks to the integ-
rity of installed liners where later-stage grading can result in rock instability, or denuding slopes 
can increase erosion and landslide potential, onto previously installed liners. In these cases, 
unique liner solutions should be developed to economically provide the necessary containment 
while reducing environmental and construction risks . This paper presents an innovative ap-
proach to lining steep to vertical rock faces with a geosynthetic system consisting of slope rein-
forcement, liner cushioning and geomembrane to expand an existing geosynthetically lined TSF.  
Additionally, this paper presents recommendations gleaned from both design and construction 
experience to advance the application of geomembranes in the mining industry.  

2 PROJECT BACKGROUND 

Mina El Mochito is located in a mountainous region of north-central Honduras. The topography 
is dominated by steep, fault controlled ridges and valleys (horst and graben) where steep to near-
vertical rock faces are common. The Soledad TSF is located in such a valley. 

The Soledad TSF was designed to be constructed in four stages – a starter facility followed by 
three expansions. The Stage 1 starter facility was constructed between 2003 and 2006 and con-
sisted of a 42-m-high zoned earth-/rock-fill embankment and an impoundment basin graded to 
facilitate conventional geomembrane liner placement.  Future phases of facility construction 
were planned and included extension of the liner system up the valley walls. 

Grading beyond the limits of the Stage 1 impoundment was not completed due to topographic 
and budgetary constraints. As a result, near vertical (55 to 90 degree), blocky limestone slopes 
were left in situ within 3 m of the lined Phase 1 facility (Fig. 1). 

 

 
Figure 1. View of steep-walled canyon within the Soledad TSF. 

3 DESIGN CHALLENGE 

The Soledad TSF challenge was two-fold, encompassing both engineering and construction con-
siderations. A geomembrane liner system needed to be developed to provide the necessary con-
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tainment dictated by regulatory permits while facilitating the construction process and mitigat-
ing the potential for damage to previously installed geosynthetic liner during construction.  

The selected design solution is a fairly unique application of liner system design and con-
struction. Whereas a few publicly documented projects present similar lining conditions, none 
(to the authors' knowledge) required construction within such close proximity to an existing 
lined area (Blum1999, Breitenbach 2008). 

4 ENGINEERING DESIGN 

The Soledad TSF expansion engineering design required a multi-disciplinary approach, in-
cluding aspects of geotechnical, mining, and structural engineering. The first step in the design 
process required a thorough geotechnical review of the slopes surrounding the existing Phase 1 
TSF. Field slope mapping included identifying slope angles, geology, topography, and geologic 
hazards. Data collected during the field investigation was used to segregate the slopes into three 
broad categories: slopes that could be lined using conventional lining methods (Zone 1), steep 
slopes that would require slope stabilization and liner protection prior to lining (Zone 3), and 
transitional slope areas where a mixture of conventional and steep slope lining technologies 
would be required (Zone 2). This paper focuses on the Zone 3 (steep slope) liner system design 
and construction.     

The steep slope (Zone 3) liner design needed to address the following factors:  
 Slope reinforcement; 
 Liner protection/cushioning; 
 Liner anchoring; 
 Liner performance; 
 Liner deployment; and 
 Exiting liner protection. 

Each of these factors is discussed in the following sections. 
4.1 Slope Reinforcement 
Before a geomembrane liner could be installed, a slope reinforcement system was required to 
ensure the fractured and blocky limestone rock faces remained stable for the foreseen facility 
life, i.e., approximately 12 yr, after which the rock faces will be buttressed by the tailings im-
pounded within the facility.  

 

 
Figure 2. Close-up of Tensar MineGrid™. 
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Tensar’s MineGrid™ slope reinforcement material, coupled with a 5 m x 5 m rock-bolt pat-

tern was selected as the preferred option to retain loose blocks in situ, protecting the liner from 
rock fall damage. Tensar’s MineGrid™ is a reinforcement mesh fabricated with high tenacity 
polyester fibers with a PVC coating (Fig. 2). The material grade selected (Tensar’s MineGrid™ 
200 x 200) has a 200 kN/m tensile strength, comparable with most wire and cable rock-slope re-
inforcement systems.   

4.2 Liner Protection/Cushioning 
The effective 30 mm x 30 mm grid opening of the Tensar MineGrid™ reduces liner exposure to 
small sharp or pointed protrusions. To further protect the geomoebrane liner from protruding 
rocks and angular edges, a heavy duty geocomposite, Agru America 8-250-8 (a 250-mil HDPE 
geonet with8-oz non-woven geotextile fused to both sides), was specified as a cushioning layer 
between the Tensar MineGrid™ and the geomembrane liner. 

4.3 Liner Anchoring 
Shallow bedrock precluded using a standard anchor trench for the lining system. A structural 
concrete anchor plinth, connected to the rock mass using #8 rock bolts (DYWIDAG #8 Thread-
bar), was designed to anchor the geocomposite and geomembrane liner at the top of the slope 
(Figs. 3-4). The geocomposite and geomembrane liner were attached to the concrete plinth using 
a ¼-in-thick, 2-in wide stainless steel bar anchored every 0.15 m with ½-in stainless steel bolts. 

 

 
Figure 3. Concrete anchor plinth. 

 

Geotechnical considerations

306



 
Figure 4. Geomembrane and geocomposite anchored to plinth. 

 

4.4 Liner Performance 
A 60-mil linear low density polyethylene (LLDPE) liner was chosen as the primary impermea-
ble barrier (Agru America Micro Spike). LLDPE was selected due to its excellent elongation 
properties and compatibility with the existing Stage 1 LLDPE liner. As an added layer of protec-
tion against UV exposure, a thin, sacrificial 6-oz non-woven geotextile (Agru America Agrutex 
061) was specified as over-liner protection. 

4.5 Geomembrane Liner Deployment 
Due to the anticipated difficulty and safety concerns with deploying a liner on steep slopes, ge-
omembrane panels were pre-cut in the staging area. This reduced the quantity and complexity of 
high-angle work required and facilitated liner installation by dividing the liner into manageable 
pieces, obviating the need for the heavy equipment typically needed to support conventional lin-
er installation. 

4.6 Existing Liner Protection 
The typical working bench width between the Stage 1 liner and the new construction was on the 
order of 3 m. In order to protect the Stage 1 liner from damage resulting from rock fall, equip-
ment, and workers, rock-fall fences and sandbag berms were constructed at the base of the steep 
slopes. 

5 CONSTRUCTION 

5.1 Pilot Program 
A pilot construction program was initiated to refine the liner system design and construction ap-
proach. The pilot program consisted of a 25-m-long (approximate) section of a 25-m-high, near 
vertical rock face (Fig. 5). 
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Figure 5. Pilot program slope (approximate limits outlined). 

 
The staging areas at the top and bottom of the pilot program slope were narrow and precluded 

the use of man lifts or cranes. Therefore, manual liner deployment techniques were developed 
that considered the difficulties in working on high angle slopes in windy or wet conditions. The 
experienced technicians from the contractor, rock-bolt drillers, and local laborers were trained in 
high-angle work and rappelling to support the liner system installation and ensure a safe work 
environment. 

 

 
Figure 6. Pilot program slope during construction (geocomposite being installed over Tensar 
MineGrid™). 
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Figure 7. Completely lined pilot program slope. 

 
During the pilot program, the owner, design engineer, driller, and liner installation contractor 

worked as a team to refine the liner system design and construction techniques. As a result, the 
pilot program was completed successfully (Figs. 6-7). 

 
5.2 Construction 
Following the successful completion of the pilot program and the resulting design modifications, 
full-scale construction was initiated. Construction included slope preparation, rock-bolt installa-
tion, anchor plinth construction, Tensar MineGrid™ installation, geocomposite deployment, and 
LLDPE liner installation. Figures 8-10 depict the construction progress from the original slope 
through liner installation. 

Labor-intensive slope preparations began six months before liner installation. This work in-
cluded: 

 Constructing sandbag berms and a temporary rock fall fence below the work area to 
protect the existing liner below; 

 Removing vegetation; 
 Scaling loose rocks; 
 Blunting rock protrusions that could not be removed; and 
 Filling voids with sandbags. 

Once slopes were prepared, labor crews constructed the anchor plinth and the drilling contractor 
installed rock bolts on the specified grid spacing. The rock bolts were proof tested and then cut 
to within 0.3 m of the rock face. 
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Figure 8. Soledad TSF slope prior to slope preparation. 

 
The Tensar MineGrid™ was deployed in pre-cut sections. The top of each panel was folded 

over and stitched using a diamond weave pattern specified by the manufacturer to create a 
sheath for an anchor cable that was connected to dedicated rock anchor bolts along the anchor 
plinth. The sections were then adjusted to ensure proper contact with the slope, proper anchoring 
with the rock bolts, and the correct overlap with adjacent panels. Adjacent panels were stitched 
together using the same diamond weave specified for the top sheath. Retention plates were then 
installed on the rock bolts. Any excess bolt was cut off, a grout cap was cast over the plate and 
bolt head, and sections of conveyor belt were installed to further protect the liner system from 
the bolts. Vertical cables were installed as needed to ensure proper contact between the Tensar 
MineGrid™ and the rock face. Finally, cable sheaths were created at the lateral extents and base 
of the Tensar MineGrid™ and cables were installed to effectively tie the reinforcement system 
together. 

 

 
Figure 9. Soledad TSF slope following slope preparation and Tensar MineGrid™ installation. 

 
After the Tensar MineGrid™ slope reinforcement was completed (Fig. 9), the geocomposite 

was anchored to the plinth and deployed down the rock face in pre-cut panel sections. The pan-
els were then adjusted to ensure good contact with the slope and correct overlap with adjacent 
panels and then connected using zip ties. 

Once anchored to the plinth using a stainless steel compression strip, the LLDPE liner was 
deployed in pre-cut sections. The panels were then welded to the adjacent panels and the exist-
ing liner (Fig. 10). The welds and liner were inspected using industry accepted QAQC controls 
and test procedures. 
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Figure 10. Soledad TSF slope completely lined 

 
Finally, a sacrificial, 6-oz non-woven geotextile (Agru America Agrutex 061) was installed 

over the LLDPE liner to provide UV protection. The geotextile was anchored to the anchor 
plinth and connected to adjacent panels using heat adhesion. 

6 RECOMMENDATIONS 

Based on design and construction experience, the authors present the following recommenda-
tions to successfully design and install geomembrane liner on steep, rocky slopes: 

 Teamwork is key to developing an innovative geosynthetic lining solution. Design 
engineers should work closely with owners, geosynthetic manufacturers, installers 
and the owner to develop a constructible liner system that meets the owner’s needs. 
This process can mitigate costly design changes. 

 A detailed topographic survey of the slope should be performed to facilitate the de-
sign process and geosynthetic panel layout. This survey will aid in rock bolt pattern 
development, geosynthetic panel sectioning, deployment staging, and reduce the 
waste material quantities. 

 A rock-depth contour map of the slope, generated following a shallow drill-
ing/probing program, will help identify areas where slope reinforcement is required, 
thereby refining the design process and reducing project costs. 

 All work crews, drillers, installers, and inspectors should receive high-angle work and 
safety training. Well trained crews are safer, more comfortable, and work quicker. 

 Completing a pilot program ahead of construction helps identify necessary design 
modifications and allows the contractor to work out the methodology for liner system 
installation, both these activities lead to a more efficient installation during the full-
scale program. 

 Rock-face surface preparation activities and rock bolting should be initiated weeks 
ahead of the lining program. Coordination between the contractors (surface prepara-
tion, rock bolting, and geosynthetics installer) is critical to creating a detailed work 
schedule and efficiently completing the project. 

 Access and working benches must be well ordered and staged to support the lining 
activities. This activity is especially critical when these areas are small or narrow. 
Daily reviews of site conditions, personnel, and materials will improve installation ef-
ficiency. 

 The installation team should have a clear understanding of the predominant wind di-
rection(s) and develop the liner system panel staging plan accordingly. 

 Rubber pads (conveyor belt sections) provide excellent barriers between rock bolts 
and the liner system. They also enhance construction speed as they allow liner system 
deployment to continue uninterrupted while the grout cap over the rock bolt cures. 

  High-angle liner system installation is slow. The contractor completed approximately 
400 to 600m2 per day with a 17-person work crew. This installation rate should be 
considered when scheduling the construction program. 
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7  CLOSURE 

The successful completion of the steep slope lining system at Mina El Mochito has shown that 
steep, rock faces can be effectively lined. This paper presented an innovative approach to lining 
steep to vertical rock faces with a geosynthetic system consisting of slope reinforcement, liner 
cushioning, and geomembrane liner, for an expansion of the Soledad TSF.  

A successful pilot program and full-scale installation program were completed. After a year 
of wind and rain, the lining system is performing as designed and all indications are that it will 
continue to perform as intended. Furthermore, the construction was performed within budget 
and with zero lost-time accidents.    

The success of the project was founded on teamwork. A key team of representatives of the 
owner, design engineer, geosynthetic manufacturers, geosynthetic installers, and contractors fa-
cilitated the design and construction process. Working closely together, the design team identi-
fied the materials and methodologies necessary to complete the project on-time and within 
budget. 

While not applicable everywhere, the successful completion of the Soledad TSF lining pro-
gram has resulted in both design and construction experience that advances the application of 
geomembrane liners in the mining industry.   
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1 INTRODUCTION 

Oil sands tailings sedimentation and consolidation may take hundreds of years. For example, 
the field data measured in Suncor Pond 1A (Wells 2011) shows that average solids content is 
increased only about 5.1% in 28 years from the average value of 30.8% in 1982 to 35.9% in 
2010. Therefore, numerical models that represent the process of tailings sedimentation, de-
watering, and consolidation is of importance to model the long-term management of tailings fa-
cilities. 

Consolidation theories have been utilized in Geotechnical engineering for many years.  The 
disposal of tailings slurry has forced a realization that there is a point at which void ratios are 
high and the material behavior is governed by sedimentation rather than consolidation theory. 
This paper presents the coupling of sedimentation theory with large strain consolidation theo-
ries for the purpose of modeling tailings slurries. SVFlux has been historicaly used to solve 
seepage problems for unsaturated or saturated soils, while SVSolid can be used to analyse soil 
strength-deformation. The coupling of SVFlux and SVSolid can be utilized to solve sedimenta-
tion and consolidation problems including small strain and large strain consolidation. 

This paper outlines the theory behind the implementation of the coupled sedimentation and 
consolidation processes. The paper also presents the results of benchmarking studies to deter-
mine the performance of the resulting numerical model. 

Multidimensional coupled sedimentation and consolidation theory 

M. Fredlund, J. Zhang 
SoilVision Ltd., Saskatoon, Saskatchewan, Canada 

D. van Zyl 
University of British Columbia, Vancouver, British of Columbia, Canada 

S. Wells 
Suncor Inc., Calgary, Alberta, Canada 

ABSTRACT: Modelling of the sedimentation and consolidation processes requires specialized 
software and unified theories.  This paper discusses the numerical modeling of coupled sedi-
mentation and large strain consolidation.  Using the two-phase flow theory, it is possible to uni-
fy the theories of sedimentation and consolidation with consistent variables and coordinates, 
and the one-dimensional unified governing equation can be extended to a three-dimensional 
formulation. Four benchmarks were evaluated. These benchmarks included the Sidere Bench-
mark, originally derived by Bartholomeeusen et al. (2002) and the Townsend benchmarks for 
scenario A, B, and D.  Townsend A was solved as a 2D and 3D column to show that the multi-
dimensional formulation demonstrates consistent results. The results indicate that the simula-
tion successfully matches the Townsend benchmark-A, B, and D in pond height, profiles of 
void ratio and excess pore water pressure, etc. The Townsend benchmark-A is also used to veri-
fy the quasi-2D/3D large-strain consolidation and sedimentation. The results obtained from the 
simulation of quasi-2D/3D model are identical to the values obtained from the 1D model. The 
sedimentation is included through the solid settling velocity. The Pane & Schiffman equation 
could be utilized to describe the effect of solids settling on the settlement. 
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2 SEDIMENTATION AND CONSOLIDATION PROCESS 

The major theories of sedimentation and consolidation were developed independently in differ-
ent areas (Toorman, 1996; O'Neil, 2002). Sedimentation theory is primarily utilized in the field 
of chemistry, while consolidation theory (Terzaghi 1943, Biot 1941) is primarily used in soil 
mechanics. Subsequent research was able to link the two to develop a unified theory of sedi-
mentation and consolidation. 

Been (1980) was the first to show the similarity between Kynch’s theory and the traditional 
consolidation. It is found that both the Kynch sedimentation equation and the general large 
strain equation developed by Gibson et al. (1967) can be derived from the two phase flow mod-
el. Been (1980, 1981) also noticed that the effective stress is zero in the sedimentation process 
of suspension. Pane and Schiffman (1985) introduced an interaction coefficient to describe the 
effective stress changing transition from sedimentation to consolidation. Another formulation of 
large strain consolidation proposed by Somogyi (1980) is expressed as the variable of excess 
pore water pressure in the governing equation. Jeeravipoolvarn (2010) used the Somogyi’s 
equation and Pane’s interaction coefficient to model sedimentation and consolidation in the oil 
sands tailings. The development to link the sedimentation and consolidation was also presented 
by Li and Mehta (1998), Toorman (1996, 1999), and Karl and Wells (1999). 

2.1 Kynch sedimentation theory 
Kynch (1952) proposed a theory of sedimentation, which has become popular. It is assumed 
that at any point in the suspension the velocity of falling particle depends only on the local con-
centration of particles. Kynch introduced a concept of particle flux. The governing equation of 
sedimentation for the suspension of particles was obtained according to the mass conservation, 
i.e. 

0)(
y

f
t

bk  (1) 

If the Kynch settling velocity is constant, then Eq. (1) can be rewritten as: 

0
yt s  (2) 

Where t is time, y is the vertical coordinate,  is the volumetric solids fraction, fbk( ) is mass 
flux, and s is the solid settling velocity. 
2.2 Choice of variable 
The state of sedimentation in a suspension can be described using different variables. The most 
commonly used variables include void ratio e (Gibson et al.1967), porosity n (Lee 1979), vol-
ume solid fraction  (Toorman, 1996), excess pore water pressure ue (Somogyi 1984, Jeeravi-
poolvarn 2010), and concentration C. 

One problem in using void ratio as the primary variable is that it tends to an infinite value 
when the mass fraction of a suspension is zero.  The parameter of volume fraction has no such 
problem, but the value of  =1 never occurs in practice (Toorman, 1999). The porosity has a 
similar limitation. 
2.3 Coordinate system and transformation 
There are two types of coordinate systems: Eulerian and Lagrangian. The Eulerian space is 
global and external, and Lagrangian space is local and interior. The governing equation can be 
formulated in Eulerian coordinate system or in Lagrangian system. To implement the numerical 
model with the formulation of Eulerian system, the moving mesh scheme must be adopted for 
the large-strain deformation. However, the numerical calculation can be realized under a fixed 
coordinate if the governing equation is formulated in the Lagrangian coordinate system. The re-
lationship between the Eulerian and Lagrangian coordinate can be expressed as 

000 ,, wwZvvYuuX  (3) 
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where ,  , and  are the Eulerian coordinate; X, Y, and Z are Lagrangian coordinate; u, v, and 
w are the displacement of soil solids; and u0, v0, w0 are the initial displacement of solids. 

Any function F( , , ) formulating in the Eulerian space can be represented in the Langran-
gian space with a general coordinate transformation. Eq. (4) is a simplified coordinate transfor-
mation for use in the 1D or quasi-2D/3D model. 
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2.4 3D governing equation in Eulerian space 
Most available models for sedimentation and consolidation can be developed according to a 
two-phase flow model, which is based on the following assumption (Gibson, English, & 
Hussey, 1967), (Gibson, Schiffman, & Cargill, 1981), (Lee, 1979), (Tan, 1985), (McVay & 
Bloomquist, 1986), (McVay, Zuloaga, & Townsend, 1988), (Burger & Wendland, 2001), and 
(Gustavsson, 2003): 

 The mixture is saturated and composed of fluid and solid phase, 
 The solid and fluid phases are incompressible, 
 No mass transfer takes place between the two phases, 
 Surface tension between the phases is neglected,  
 The relative velocity between the soil matrix and the pore fluid is governed by the Dar-

cy-Gersevanov equation, 
 Soil compressibility and permeability are uniquely determined by the state parameter of 

the mixture, such as void ratio or volume fraction. 

With the above assumptions, the governing equation for water flow can be obtained with the 
formulation of Eulerian space: 
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where k , k , and k  are the hydraulic conductivity along , , and  direction; ue is the excess 
pore water pressure; D[ W(1 + e)]/Dt is the material derivation, which can be extended to 
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Where w is the volumetric water content, s , s  and s  are the solids settling velocity in , , 
and  direction. 

2.5 3D governing equation in Lagrangian scheme 
Using Eq. (4) as the coordinate transformation, the governing Eq. (5) can be formulated in the 
Lagrangrian coordinate. This paper will focus on the saturated soil, so that the Terzaghi’s effec-
tive stress principle will be applied in the following derivation of stress equilibrium, and gov-
erning equation for 1D or quasi-2D/3D. 

2.5.1 Stress equilibrium 
If the shear strength in the x-z and y-z planes can be neglected in the modeling of tailings con-
solidation and sedimentation, the stress equilibrium equation in Lagrangian scheme can be ex-
pressed as Eq. (7) for the saturated soil: 
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Where z is the stress in the vertical direction, w is the gravimetric water content, and s and w 
are the unit weight of solids and water, respectively. 
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2.5.2 Quasi-2D/3D governing equation 
Quasi-2D/3D means the water can flow in true 2D or 3D space, but the solid deformation is 
limited to occur in the vertical direction (Jeeravipoolvarn 2010).  Considering the strain x = 0 
and y = 0, and using coordinate transformation in Eq. (4), the governing Eq. (5) can be repre-
sented as Eq. (8) which is similar to the formulation obtained by Jeeravipoolvarn (2010): 
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where FR is the solid filling rate; tZ  is the tailing mixture filling rate; ttq )(  is the 
surcharge rate; s is the solid settling velocity; and  is the effective stress. 

2.5.3 Somogyi equation 
In the 1-D case, Eq. (8) is further reduced to a formulation similar to the Somogyi equation 
(Somogyi 1984): 
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2.5.4 Hindering settling rate 
As required in Eq. (8) and (10), the sedimentation process is included through the solid settling 
velocity, s, which mainly occurs when the effective stress is less than a minimum value min, 
or void ratio is larger than a critical value em. Many experiments for oil sands tailings material 
show that when mim < 0.1 kPa, there is no unique relationship between the effective stress and 
void ratio, implying that no steady soil structure is formed. Therefore, the value of min = 0.1 
kPa could be chosen, and em can be determined by the material compressibility curve at the giv-
en min.  
  For the stability consideration in the numerical calculation, the settling velocity can be ex-
pressed as a smooth function related to the Stokes velocity and solids content or porosity (Pane 
& Schiffman 1997): 

  )(nfvv sts  (11) 

where st is the Stokes velocity for particle settling and f(n) is a function related to the soil po-
rosity. 
 
Richardson and Zaki (1954) proposed an empirical expression as follows: 

  )1( ssts vv  (12) 

where s is volumetric solid content and  is an empirical parameter in the range 5 to 30 for 
silty natural material (McRobert & Nixon 1976).  

Toorman (1996) and Pane & Schiffman (1997) presented a relationship between particles set-
tling velocity and hydraulic conductivity as follows: 
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where k is the hydraulic conductivity. 

3 BENCHMARKING 

The governing equations for sedimentation and consolidation were implemented in the SVOf-
fice package by coupling the SVSolid and SVFlux software. Eq. (10) is verified with the Sidere 
benchmark (Bartholomeeusen 2002) and Townsend benchmarks (Townsend 1990). The quasi-
2D/3D Eq. (8) is verified by comparison of results simulated with the 1D/2D/3D software for 
Townsand A scenario. 
3.1 1D –Sidere benchmarking (Bartholomeeusen 2002) 
Bartholomeeusen et al. (2002) presented a benchmark referenced as Sidere for 1D large strain 
consolidation. In the Sidere benchmark, experimental results were available to compare the 
pond height, density profiles, and excess pore pressure. The purpose of this benchmark is to 
verify the correct implementation of the Somogyi equation in the software. 

3.1.1 Model description 
The model domain is a 1D column with the parameters of initial height = 0.565 m, initial densi-
ty = 1495 kg/m3, and initial void ratio = 2.47 with a specific gravity = 2.72. A stable soil struc-
ture is formed initially. Only self-weight consolidation is considered in the Sidere benchmark. 

The upper boundary of the model is freely drained, i.e., satisfying excess pore pressure, ue = 
0. The bottom of the model is impermeable for water flow. The material compressibility and 
permeability obey the power function, as given in Eq. (13) and (14):   

  B
cZAe  (13) 

  DCek                                                                                                                      (14) 
where A, B, C, D and Zc are experimental parameters. The value of these parameters are A = 
1.69 kPa, B = -0.12, Zc =0.046, C = 4.14E-9 m/s, and D = 6.59. It is worth noting that the pa-
rameters are fitting parameters only and cannot be related to specific material properties. 

3.1.2 Model results 
The model was setup to simulate 7 days in order to match the previous modeling time.  Figure 
1a shows the simulated pond height from the SVFLUX & SVSOLID model comparing with the 
experimental data from Bartholomeeusen et al. (2002). The legend “SVSomogyi – 1DLC” in 
Figure 1a stands for the Somogyi model for large strain consolidation implemented in the 
SVOffice software. For comparison, Figure 1b illustrates the pond height predicted by other au-
thors for the Sidere benchmark.  The comparison of mixture density with experimental data is 
presented in Figure 2, where Figure 2a is the results simulated in this paper, and Figure 2b is the 
results by other authors. The experimental data in Figure 2 fluctuated in the x direction because 
it was recorded by an X-ray device. 

It can been seen in Figure 1 and 2 that the predicted pond height and density for all cases 
does not match well with the experimental data as provided in the original benchmarking exper-
iment. The reason for this would be subject to speculation. However, when comparing the mod-
eling to  results obtained by other authors, the model simulations obtained by the SVSOLID / 
SVFLUX software are comparable to other model simulations. 
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3.2 Townsend benchmarks 
Townsend & McVay (1990) present four scenarios to predict large strain consolidation. These 
examples are commonly recognized as the most popular benchmark for the evaluation of nu-

Figure 1a. Comparison of predicted pond height 
with experimental data for Sidere benchmarking 

Figure 1b. Pond height predicted by other au-
thors for Sidere benchmarking (after Barthol-
omeeusen 2002) 

Figure 2a. Profiles of the predicted mixture den-
sity for Sidere benchmarking 

Figure 2b. Profiles of the mixture density pre-
dicted by other authors for Sidere benchmarking 
(after Bartholomeeusen 2002) 
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merical model analysis of large strain consolidation. Scenario A is designed for the simulation 
of quiescent consolidation with a uniform initial solids content = 16%, scenario B is continuous 
filling, scenario C is quiescent consolidation with a constant surcharge, and scenario D is two 
layers of quiescent consolidation with the sand/clay capped and non-uniform initial solids con-
tent. This paper presents the comparisons with scenarios A, B, and D.  

3.2.1 Model description for Townsend scenario A, B, and D 
The original Townsend scenario A, B, and D is a 1D model. The model is simulated with the 
1D governing Eq. (10). The geometry of the models is illustrated in Figure 3. In scenario B the 
tailings filling rate = 0.02 m/day, and in scenario D the initial void ratio for sand/clay mixture = 
2.12. 

 
Figure 3. Model geometry for Townsend benchmarking 

 
Power functions were used to represent material behavior in the Townsend benchmark. The 

form of the material relations is defined as Eq. (13) and (14) with the parameters A = 7.72 kPa, 
B = -0.22, C = 2.93E-12 m/s, and D = 4.56 for tailings material of scenario A, B and D. The 
material parameter for sand/clay mixture in scenario D is A = 15.67 kPa, B = -0.24, C = 
1.4942E-12 m/s, and D = 4.15. 

The upper boundary condition is set to excess pore water pressure ue = 0, and the bottom of 
the model is considered impermeable. 

3.2.2 Model results of 1D Townsend-A, B, and D 
The benchmarks are simulated with 1D model for large strain consolidation (1DLC). The model 
is setup to simulate for 20 years. The pond height evolution for scenario A, B, and D is shown 
in Figs. 4, 5, and 6. SVSomogyi – 1DLC in Figs. 4, 5, and 6 represents the numerical results ob-
tained with Eq. (10) of this paper for 1D large-strain consolidation without consideration of 
sedimentation. 

Proceedings Tailings and Mine Waste 2012  |  Keystone, Colorado, USA  |  October 14-17, 2012

319



 
Figure 4. Comparison of predicted pond height of quiescent large strain consolidation for Townsend 
benchmarking scenario A 
 

 
Figure 5. Comparison of predicted pond height with the pond filling and quiescent large strain consolida-
tion for Townsend benchmarking scenario B 
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Figure 6. Comparison of the simulated pond height with the multiple layers of quiescent large strain con-
solidation for Townsend benchmarking scenario D 

 
Figure 7 and 8 present the comparison of profiles of excess pore water pressure and void ra-

tio simulated for Townsend-D.  It can be seen from Figure 4 to 7 that SVSOLID / SVFLUX can 
match the Townsend benchmark reasonably well in the prediction of pond height and profiles of 
excess pore water pressure and void ratio. 

  
 
 
 

 

Figure 7. Comparison of profile of excess 
pore pressure for 1D Large strain consolida-
tion in Townsend-D benchmarking 

Figure 8. Comparison of profile of void ra-
tio for 1D Large strain consolidation in 
Townsend-D benchmarking 
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3.3 Quasi-2D/3D large-strain consolidation 
There is no significant benchmark available for a 2D/3D model. To verify Eq. (8) only illustra-
tive models as shown in Figure 8 are presented in this paper by applying the same material 
properties that are used in Townsend-A benchmark. The purpose of these models is to evaluate 
the difference between the predicted pond height for the 1D/2D/3D models if they have the 
same values of initial pond height, initial void ratio, and material properties. 

 
 
 
 
 
 

 
 

 
The solids can freely deform vertically and in the lateral direction for the 2D/3D column 

models, but a fixed deformation boundary condition is used on the slope of 2D trapezoidal 
model along the bottom and side-slopes. Water is considered to be drained at the top and the 
model is impermeable at the bottom.  

The comparison of the simulated pond height for 1D/2D/3D is illustrated in Figure 9. An 
identical pond height is predicted for the 1D model and the 2D/3D column. There is a slight dif-
ference in the predicted value between 1D and 2D trapezoidal model. The difference is likely 
caused by the fixed deformation setting for the boundary conditions along the slope of 2D trap-
ezoidal model. Figure 10 and 11 shows the identical profiles of void ratio obtained for the 
1D/2D/3D models, where the elevation is located at central line of 2D/3D model domain. The 
contour of void ratio is illustrated in Figure 12 for these 2D/3D models. Initial mesh is plotted 
as an indication how much deformation is obtained. 

3.4 The influence factors on sedimentation 
The sedimentation factor is considered through the solid settling velocity vs variable. Figure 13 
and 14 show the effect of settling velocity on the pond height in 10 year scenarios and profiles 
of void ratio after 1 year. The Stokes velocity is related to the particle size, which is set to 1 µm 
in these illustrative models. It can be seen from Figure 13 that the sedimentation has a distinct 
effect on the settlement of tailings for a void ratio > 6. However, further investigation is neces-
sary to study the effect of solid settling velocity on the tailings settlement. 

 
 

Figure 9. Geometry for the illustrative 2D/3D large-
strain consolidation 

Figure 10. Comparison of pond height simulat-
ed by 1D and quasi-2D/3D for the large-strain 
consolidation with Townsend-A scenario 

Figure 11. Comparison of profile of void ratio 
simulated by 1D and quasi-2D/3D for the 
large-strain consolidation with Townsend-A 
scenario 
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Figure 12. Contours of void ratio for the large-strain consolidation of 2D column, 2D trapezoidal and 3D 
column model 

  
 

4 CONCLUSIONS 

This paper presents a numerical model formulated in the Lagrangian coordinate to simulate the 
large-strain consolidation and sedimentation that is similar to the Jeeravipoolvarn (2010) equa-
tion in the quasi-3D case and to the Somogyi equation in 1D case. SVOffice implements the 
governing equations necessary to couple the SVFLUX and SVSOLID packages to provide a  
solution of combined large-strain consolidation and sedimentation.  

Townsend benchmarking scenarios A, B, and D are selected to verify the 1D numerical mod-
el and quasi-2D/3D model. The results indicate that the simulation can match well with the 
Townsend benchmark-A, B, and D in pond height, profiles of void ratio, and excess pore water 
pressure. The Townsend benchmark-A is also used to verify the quasi-2D/3D large-strain con-
solidation and sedimentation. The results obtained from the simulation of quasi-2D/3D model 
are identical to the values obtained from the 1D model. The sedimentation is included through 
the solid settling velocity as described by the Eqs. (12) and (13). The Pane & Schiffman Eq. 
(13) can be utilized to describe the effect of sedimentation on settlement. Further work will ver-
ify the 2D/3D large-strain consolidation and sedimentation with the field data if it is available 

Figure 13. Settling velocity effect on the pond 
height in the 1DLCS 

Figure 14. Settling velocity effect on the pro-
files of void ratio at 1 year in 1DLCS 
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1 INTRODUCTION 

Liquefaction of mine tailings is a common problem in high seismicity parts of the world where 
mining takes place, and static liquefaction may also be a consideration in these and other mine 
locations. A tailings facility that is not susceptible to liquefaction can be built, and this effective-
ly eliminates the liquefaction risk. Even if the tailings do liquefy, the retention dam is designed 
to contain liquefied material. With a drive to more efficient mining and tailings management, 
thickened and paste tailings schemes are becoming more common. In a typical paste tailings 
project, the design may consist of a small starter dyke with paste tailings stacked behind the 
dyke at slopes of up to 10%, depending on the viscosity of the paste and the method of deposi-
tion. In this case the shear strength of the tailings is key to the stability of the stack. Alternative-
ly, in upstream or centerline raise schemes, parts of the retention dam may be constructed on 
older tailings materials. The strength of the underlying tailings is then also a major consideration 
for stability of the retention dam. 

Much emphasis is placed on liquefaction analysis, and in particular on methods to determine 
whether the tailings will in fact liquefy. However, if tailings are not actively densified or other-
wise treated to enhance their resistance to seismic loading, it is almost inevitable that the analy-
sis will show a high probability of liquefaction under design earthquake conditions typical of the 
mining regions of Peru, Chile, and western North America. It therefore appears more useful to 
focus on the strength of tailings after they have liquefied, to determine whether the tailings facil-
ity will remain intact (it can be partially damaged) and avoid a release of tailings to the envi-
ronment. This strength after liquefaction is called the post-liquefaction, or residual, undrained 
shear strength (Sr). An added advantage of this approach is that it implicitly addresses static liq-
uefaction in that the post-liquefaction strength is considered to be the minimum undrained shear 
strength available under static loading.  

Post-liquefaction undrained shear strength of sandy silt and silty 
sand tailings 

K. Been 
Golder Associates Ltd., Halifax, Nova Scotia, Canada 

J. Obermeyer & J. Parks 
Golder Associates Inc., Denver, Colorado, USA 

A. Quiñonez 
Golder Associates Inc., Houston, Texas, USA 

ABSTRACT: The residual undrained shear strength of cohesionless tailings is an important pa-
rameter for design of tailings facilities, particularly in highly seismic areas such as Peru and 
Chile. In the design earthquake, it is almost inevitable that saturated tailings will have a high 
liquefaction potential. In the event of liquefaction, the post-liquefaction undrained shear 
strength (i.e. the residual undrained shear strength) is the lower-bound strength that can be relied 
upon for stability of the tailings once the ground motions cease. This paper describes a rational 
approach to determine the residual undrained shear strength of sand, silty sand, and silt tailings. 
The tailings properties are determined by a series of drained and undrained triaxial shear 
strength tests. A critical state based constitutive model for cohesionless soils, NorSand, is then 
calibrated to the triaxial shear strength tests to determine the model parameters. The minimum 
undrained shear strength is determined by single-element simulations with the NorSand model. 
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Current practice for residual strength determination has developed mainly in the civil engi-
neering field.  The critical (or steady) state approach to liquefaction was initially based on the 
belief that the undrained shear strength at the critical state was a safe minimum undrained shear 
strength for stability assessment under static liquefaction conditions. However, field evidence 
from both static and earthquake liquefaction case histories indicated that the undrained shear 
strength at the critical state was not an assured minimum undrained shear strength. These obser-
vations have been attributed variously to: incorrect assessments of void ratio (i.e. the undrained 
shear strength at the critical state was not determined correctly); separation of water and sand in-
to layers, leaving a high water content (or pure water) layer above the liquefied soil or tailings; 
and shear band formation, with dilation occurring in shear zones, so that the undrained (constant 
volume) assumption in the critical state approach is violated. These difficult issues have been 
addressed empirically. 

The empirical approach is illustrated on Figure 1, which is taken from Idriss & Boulanger 
(2008) but is based on the work of many authors including Seed (1987), Seed & Harder (1990), 
Olson & Stark (2002), and Stark & Mesri (1992). In this approach, the residual undrained shear 
strength ratio (Sr/ 'vo) is related to the soil strength as characterized by the equivalent clean sand 
normalized penetration resistance (qc1Ncs) from cone penetration testing (CPT).  

The undrained shear strength on Figure 1 has been determined by back analysis of liquefac-
tion failures, generally considering the ultimate slope at which the failed material came to rest. 
There are uncertainties in the calculated strengths since the failure surface has to be estimated, 
as do the extent of the liquefied zone and the strength of the non-liquefied materials in the fail-
ure zone. 

Historically, normalized penetration resistance was typically determined from the SPT 
(standard penetration test), but it is now more common to use the CPT. The CPT is a more relia-
ble, repeatable, and accurate test than the SPT. Nevertheless, the CPT penetration resistance (qc) 
needs to be “corrected” to provide a consistent normalization. First, the resistance is adjusted to 
correspond to the resistance that would be measured if the overburden pressure were 100 kPa (or 
1 ton per square foot), giving the corrected penetration resistance from the CPT (qc1N). Next, it 
was observed that silty sands tend to have lower penetration resistance than clean sands at a giv-
en density. Since the main database is for relatively clean sands, a second correction is made for 
fines content, giving qc1Ncs, where the ‘cs’ in the subscript denotes the equivalent clean sand val-
ue. 

 
 

Figure 1. Empirical approach to determine residual undrained shear strength from CPT data based on case 
histories (from Idriss & Boulanger 2008). 
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There are two main difficulties with application of the empirical approach to tailings materi-
als. First, the approach is valid only for vertical stress levels less than about 400 kPa (about the 
limit of the case history data), and tailings facilities are often deep enough that this effective 
stress is exceeded. The second objection to the empirical approach relates to the fines content 
correction on tip resistance. Neglecting the fact that the correction is an addition to qc1N rather 
than a multiplier, there is an implicit assumption that other behaviors of high silt content materi-
als are affected by fines content in exactly the same way as the penetration resistance. There is 
little evidence, one way or the other, that this assumption is valid, and the assumption is espe-
cially suspect for higher fines content materials such as many paste or thickened tailings materi-
als. In particular, materials having higher fines contents tend to be more compressible and there-
fore less prone to liquefaction and strength loss than clean sands. 

In this paper, we describe a rational approach to characterize the residual undrained shear 
strength of sand, silty sand, and silt tailings. The approach is presented within a framework of 
critical state soil mechanics. The tailings properties as a function of in situ state are determined 
by a series of drained and undrained triaxial shear strength tests. These properties are used to aid 
interpretation of the CPT to define the in situ state, which should also be supplemented by shear 
wave velocity measurements. Once the in situ state is known, along with the tailings properties 
as a function of in situ state, determining the residual shear strength (or any other behavior) 
should be straightforward. However, the potential for shear band formation and localization of 
strains in the field introduces additional complexities. Thus, the results are compared to the case 
history database, such as Figure 1, to confirm their reasonableness. The state of engineering 
practice with regard to these techniques is summarized in this paper, but it is clear that much 
work still needs to be done to allow determination of the post-liquefaction residual strength of 
tailings materials with confidence. 

2 CRITICAL STATE APPROACH 

Robertson (2010) has noted that qc1Ncs is in fact a measure of the state parameter ( ) for sands 
and silts. State parameter is a reference condition defined as the void ratio (e) difference from 
the critical state (Been & Jefferies 1985)
therefore many soil behavior Figure 2, taken from Robertson (2009) shows 

(Qtn) versus friction ratio (Fr) chart. The 
relationship between  and qc1Ncs arises if one considers friction ratio to be a proxy for fines con-
tent. Clean sands are on the left side of Figure 2, where friction ratio is in the range of 0.1 to 
0.3%, giving (for clean sands only, hence the ‘cs’ in the subscript): 

 

Figure 2. Contours of on a normalized CPT chart (from Robertson 2009).  
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 = 0.32 0.21 ,  (1) 

The constants in Equation 1 differ from the values proposed by Robertson (2010) because we 
have found the best fit for clean sands rather than over a full range of fines contents or friction 
ratio. Using Equation 1, the horizontal axis of Figure 1 can be t  
Figure 3, which is a critical state soil mechanics version of Figure 1. The full and broken lines 
on Figure 3 correspond to the “recommended curves” on Figure 1, but the case history data on 
Figures 1 and 3 are different as explained below. 

The critical state approach to residual strength from Jefferies & Been (2006) is adopted in this 
paper. They reviewed and reworked the best documented case histories for residual strength for 
which CPT data were available and presented them in the form of Figure 4. On Figure 4,  has 
been divided by the slope of the critical state line (CSL) ( ), as this enables the critical state 
strength for all materials to be collapsed into a single line. In the context of clean sands or a spe-
cific material, Figure 3. The selected case histories are 
shown, along with the estimated uncertainty around both the residual strength and the state pa-
rameter. In addition, we have separated tailings and non-tailings case histories on Figure 4. 

Two lines are shown on Figure 4. The first is labeled “undrained in small scale (no localiza-
tion)” and represents the critical state strength of the material if the assumption of constant-
volume (undrained) shearing were valid. The critical state strength generally overestimates the 
residual strength from the case histories. The second line on Figure 4 is labeled “locus of locali-
zation during undrained shear in NorSand.” NorSand is the critical state based constitutive mod-
el for sands and silts described in detail in Jefferies & Been (2006). Localization can be predict-
ed (but not modeled) with NorSand for lightly dilatant materials when Drucker’s stability 
criterion for plasticity (Drucker 1959) is violated. The post-peak low point in the NorSand 
stress-strain curve for a lightly dilatant material corresponds to this condition. After this low 
point, work hardening restarts, and the behavior becomes stable as dilation is initiated and over-
takes positive pore pressures from volumetric compression. This is illustrated on Figure 5, 
showing a stress-strain curve and stress path for a typical lightly dilatant material (q is the triaxi-

1 is shear strain). 
The main graph on Figure 5 illustrates what may be occurring. A lightly dilatant material 

(starting at a state close to the critical state line, shown by the black square on Figure 5) will ini-
tially follow the undrained constant void ratio state path to the black triangle. The state path 
moves to the left as a result of increasing pore water pressures causing decreasing mean effec-
tive stress (p'). At the low point in the stress-strain curve (i.e. at the black triangle), localization 
occurs. A narrow shear zone is formed and the material in the shear zone is able to dilate by 
flow of water from the surrounding material into the shear zone. Within the shear zone, the un-
drained or constant volume condition no longer holds true. The state path moves upward to-
wards the critical state at the black circle on Figure 5. 

 

Figure 3. Critical state version of post-liquefaction residual strength graph on Figure 1. 

0.0

0.1

0.2

0.3

0.4

-‐0.200 -‐0.100 0.000 0.100 0.200

Re
sid

ua
l  s
he

ar
  s
tr
en

gt
h  
ra
tio

  S
r/

' vo

State  parameter  

Negligible  void  redistribution

Significant  void  redistribution  

effects

Case  Histories  (Jefferies  &  

Been  2006)

Tailings  Case  Histories  

(Jefferies  &  Been  2006)

Clean  sand  critical  state  line

Geotechnical considerations

328



Figure 4. Post-liquefaction residual strength analysis in Jefferies & Been (2006). Square symbols are for 
tailings case histories. 

 

Figure 5. Possible state path for a lightly dilatant material in undrained loading. Localization occurs at the 
black triangle and the shear zone dilates to the critical state at the black circle. 

 
 
The state path on Figure 5 implies that the material in question will reach the critical state at a 

lower mean effective stress (and higher void ratio) than if it were undrained. Considering that 
the critical state represents the residual shear strength, we now have a method to estimate the re-
sidual strength following strain localization. In other words, we have a theoretical basis on 
which to reproduce the curves on Figures 1 and 3 representing the post-liquefaction residual 
shear strength. There is, however, an important difference. The lines on Figures 1 and 3 repre-
sent lower bounds drawn to encompass data where liquefaction is known to have occurred. The 
critical state approach provides a line that might be expected to pass through the data for a par-
ticular material.  
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3 APPLICATION OF CRITICAL STATE APPROACH 

Application of the critical state approach to engineering requires a modest amount of additional 
data to be collected, assuming that CPTs will be undertaken as part of the conventional ap-
proach. This additional information consists of triaxial testing to determine the critical state line 
and NorSand properties of the materials in question and shear wave velocity measurement to de-
termine the in situ shear modulus. Shear wave velocity measurement can be done at the same 
time as the CPTs are carried out. It requires a special cone (called a seismic cone) containing 
geophones behind the CPT device. When penetration is stopped to add push rods, a surface 
source is triggered and the arrival time of the shear wave at the geophones is measured, from 
which shear wave velocity is calculated. Shear wave velocity is also required to calculate the 
ground response to earthquake shaking, so it may not even be considered “additional data” in 
this context.   

The additional laboratory testing required is a series of about ten triaxial tests on a representa-
tive tailings sample. For paste tailings, tailings may be represented by a single grain-size distri-
bution, but for some tailings deposits there may be more than one material in the facility due to 
segregation. Since we are measuring critical state lines and stress dilatancy parameters, dis-
turbed or reconstituted samples are sufficient. In our experience the additional project cost is 
less than about $10,000 per material. 

The first step in the critical state approach is to determine the in situ state parameter of the 
tailings using the CPT. This step is not considered in this paper, but is described in a companion 
paper by Been et al. (2012) and in detail in Jefferies & Been (2006). The additional laboratory 
testing noted above is an important part of that step, as well as the next. 

the residual undrained shear strength as a i-
zation occurs and is determined using the NorSand model. The relevant parameters for NorSand 
are shown in Table 1, along with a brief explanation of each parameter and how it is derived.  

Since localization in NorSand occurs at what is the low point in the post-peak shear stress 
(indicated by black triangles on Fig. 5), the minimum undrained shear strength could, in theory, 
be determined directly from the triaxial tests. However, to do so would be to ignore the fact that 
the laboratory tests are on disturbed samples and may behave differently from the in situ materi-
al. It is also difficult in practice to prepare laboratory test samples to the desired initial states to 
define the curve well. It is preferable to use the laboratory test data to determine the plastic pa-
rameters and use the shear wave velocity measured in situ to give the elastic parameters in 
NorSand. Then, NorSand is used to indicate the undrained shear strength at localization.   
 

Table 1. NorSand parameters  

Parameter Description How determined 

Void ratio on the CSL at reference pressure 
 (1 kPa) 

CSL on e-log p' diagram, from triaxial 
tests 

Slope of the CSL on a semi-log plot 
Mtc Friction ratio (M=q/p') at the critical state in 

triaxial compression, where q is deviator 
stress and p' is mean effective stress 

Graph of stress ratio (  = q/p') versus 
dilation rate from drained triaxial tests 

N Volumetric coupling in stress dilatancy 
Ratio of maximum dilatancy (Dmax) to the 
state parameter measured at Dmax drained triaxial tests 

H Plastic hardening modulus Fitted parameter (to triaxial tests) 
Ir Rigidity index (G/p') where G is shear modu-

lus 
Shear wave velocity measurements (or 
fitted to triaxial tests) 

Poisson’s ratio Assumed (results are not sensitive to 
 

 State parameter, e – ec where  
ec =  –  log (p') and is referred to as the  
critical state void ratio 

Difference in void ratio from the criti-
cal state void ratio 

* the material and is used to define 
changing state in NorSand.  
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Table 1 indicates how to determine each of the NorSand parameters. Determining , , Mtc, 
N, and  is straightforward from graphical presentation of the test results. Figure 6 shows exam-
ples (not necessarily for the same materials). Determination of H is more complicated and is 
done by fitting of model curves for each test to actual test data. Figure 7 shows how this has 
been done for three undrained triaxial tests on Erksak sand. H is frequently found to vary as a 

, as on Figure 7. The rigidity index is best determined in situ 
from shear wave velocity measurements, although it is also required for the laboratory tests as a 
fitting parameter during the modeling to determine H. (The laboratory and field values of shear 
modulus are expected to differ significantly because small strain modulus will depend strongly 
on the fabric of the material, which is destroyed during sampling.) 

Once the NorSand parameters are determined and the in situ shear modulus or rigidity index 
is known, NorSand simulations of test data can be used to determine the residual shear strength 
as a function of . 

4 RESIDUAL STRENGTH FOR CLEAN SAND AND SANDY SILT TAILINGS 

We can now use the approach described above to compare the post-liquefaction residual 
strengths of a clean sand and sandy silt tailings and ascertain whether any further insights can be 
gained from Figures 3 and 4. Table 2 details a set of NorSand parameters for a clean sand simi-
lar to those typically used for research into liquefaction behavior and another set for sandy silt 
tailings from our project records. For this illustration, which is not intended to represent specific 
materials, we have kept the same plastic hardening modulus (H = 50) for both the clean sand 

. For purposes of this discussion, the 
slope of the critical state line is represented as 10 (defined on base 10 logarithms), as is common 
when plotting experimental data. 

 
 

Figure 6. Determining NorSand parameters from triaxial tests on sands: a) critical state line, b) stress dila-
tancy v 1 is change in shear strain), and c) maximum dilatancy. 
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Figure 7. Fitting of NorSand to undrained triaxial tests on Erksak sand (  = 0.817,  = 0.013, Mtc = 1.26, 
N = 0,  = 3.8,  = 0.2). 

 
 

Table 2. NorSand parameters typical for clean sand and for sandy silt tailings  

Parameter Clean sand Sandy silt tailings 

0.713 0.713 
10 0.032 0.16 

Mtc 1.26 1.45 
N 0 0 

3.5 3.5 
H 50 50 
Ir 300 150 

0.25 0.25 
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material. From this information it is easy to select the minimum undrained shear strength that 
corresponds to the onset of plastic work hardening in NorSand for each test. (However, as the 

-0.07 on Fig. 8b, there is no longer a minimum 
and the deviator stress increases monotonically.) The minimum values can then be plotted along 
with the liquefaction case histories, as we have done on Figure 9 (diamonds represent non-
tailings case histories and squares represent tailings case histories). The undrained shear 
strengths at the critical state are also shown on Figure 9. Unlike Figure 4, the critical state 

 
 

 

Figure 8. NorSand simulations of undrained stress paths with an assumed geostatic stress ratio (Ko) of 0.9 
for a) clean sand and b) sandy silt tailings. 
 

Figure 9. Minimum undrained shear strength for clean sand and for sandy silt tailings from NorSand sim-
ulations on Figure 8. 
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Several aspects of Figure 9 are immediately apparent: 
 The critical state strength for sandy silt tailings is significantly greater than for clean sand, 

given the same initial state parameter. This is 
because the slope of the critical state line is generally greater for sandy silt tailings than for 
clean sand. 

 The undrained shear strength ratio at localization for the sandy silt tailings is significantly 
greater than for the clean sand. 

 The sandy silt tailings undrained shear strength ratio is a reasonable representation of the re-
sidual strength for the tailings case histories (see the squares on Fig. 9). It is not a lower 
bound. 

 Similarly, the clean sand undrained shear strength is a reasonable representation of the resid-
ual strength for the non-tailings case histories. However, these case histories do not all in-
volve clean sands – in fact many involve silty sands – and the line is not a lower bound to the 
data. 

The graphs of minimum undrained shear strength on Figure 9 terminate as the state parameter 
becomes more negative, because a minimum in the stress path does not exist. In the case of 
sandy silt tailings, - -0.11. For 
denser states than these, flow liquefaction will be unlikely, and only limited strains would occur 
after liquefaction. 

5 DISCUSSION AND CONCLUSIONS 

We have presented a critical state soil mechanics approach to determine the post-liquefaction 
undrained shear strength of tailings materials. This work is motivated by the limitations of the 
conventional empirical approach to estimate the post-liquefaction residual strength, namely the 
validity for silty materials and beyond vertical effective stress levels of about 400 kPa. The 
methods require somewhat more laboratory testing than normal, to determine the critical state 
line and NorSand parameters for the materials. In addition, the in situ shear modulus should be 
measured. The extra information is needed because the approach uses measured engineering 
properties of the materials to distinguish between different material types, rather than the fines 
content and the dubious assumption that fines content is a good proxy for material behavior. 

There are two key steps in the critical state approach. The first is to determine the in situ state 
behavior, in this case 

 
As with much of civil engineering, case histories provide a basis for validation of the ap-

proach. The proposed approach is consistent with the available case histories, but this does not 
mean it is validated. There are few case histories, and the available information for each is 
somewhat limited. Nevertheless, the same limited data form the basis for most liquefaction 
analysis approaches. One important difference from the conventional liquefaction case history 
approach needs to be emphasized. Residual strength lines developed using this approach, such 
as those shown on Figure 9, are not intended to be lower bounds to the case histories. By con-
trast, the recommended empirical curves like those on Figure 3 are intended to be lower bounds. 
This difference is appropriate, given that one set of curves is simply a demarcation of observed 
liquefaction behavior and the other is a calculation of expected shear strength. In practice, this 
means the calculated residual shear strength needs to consider a suitable characteristic value of 
in situ state parameter, for example the 20th-percentile value. (Here 20th-percentile means that 
20% of the material .)  

The approach is somewhat speculative in terms of the hypothesis that the minimum shear 
stress that occurs when the NorSand model predicts the onset of localization is in fact the resid-
ual strength that applies in the field. No one has yet observed such shear bands in real case rec-
ords, let alone measured the void ratios, pore pressures, or shear stresses within them. Neverthe-
less, shear localization is a commonly observed phenomenon in laboratory samples and the 
mechanism for field behavior is logical. While more case histories of liquefaction failures in 
tailings would provide input to validate the approach adequately, we would prefer to see an ab-
sence of tailings failures through application of the approach. 
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1 INTRODUCTION 
1.1 General 
The Cone Penetration Test (CPT) is commonly used to assess the liquefaction potential of tail-
ings deposits. However, there is no unique relationship between penetration resistance and liq-
uefaction potential because penetration resistance is affected by soil compressibility as well as 
soil density.  Evaluations of liquefaction resistance must deal with how soil compressibility has 
affected the test data.  To date, there are two ways of approaching this task: (i) an empirical 
“fines content” correction; and, (ii) using measured compressibility directly.  Tailings are often 
fundamentally different from the experience base underlying (i) and thus approach (ii) has in-
creased in popularity in this context.  But, this then leads to a question as to how best to meas-
ure compressibility. 

Although soil compressibility can be measured in the laboratory using samples of the tailings 
of interest, there are practical difficulties with this approach.  Tailings gradations, and hence 
compressibility, vary both horizontally and vertically owing to segregation and layering.  This 
makes laboratory testing to characterize every potential gradation unrealistic.  Plewes et al. 
(1992) took the well-known idea that soil type was related to the friction ratio measured during 
CPT soundings and introduced the notion that since compressibility was related to soil type, 
compressibility could be directly correlated to friction ratio.  This is now usually called the 
Plewes Method.  If the Plewes Method is used without supporting laboratory data it is usually 
referred to as a “screening approach” and often used to identify where samples should be taken 
for further testing.  Once calibrated to a site by laboratory data, the Plewes Method becomes an 
appropriate way to interpolate CPT soundings in a detailed liquefaction assessment.  Either 
way, the Plewes Method provides a measure of the ‘state parameter’ as its output.  The state pa-
rameter is the controlling index of soil behavior during liquefaction.   

Update on the Plewes Method for liquefaction screening 

D. Reid 
University of Western Australia, Perth, Western Australia, Australia 
Golder Associates Pty Ltd, Perth, Western Australia, Australia 

ABSTRACT: A “screening level” method for directly assessing the state parameter in situ from 
CPT data alone, known commonly as the Plewes Method, has been available for 20 years.  Alt-
hough generally accepted as reliable (in a screening context), strictly the method is somewhat 
speculative as it was based on a limited data set consisting of two widely-spaced clusters of da-
ta.  Since publication of the method, the worldwide data set as markedly increased.  Of particu-
lar interest are data related to tailings, as they include a wide spectrum of material that “fills in 
the gap” in the original Plewes Method.  In an attempt to update the method, the collection and 
interpretation (where required) of data from a variety of sites are outlined.  The results of this 
exercise confirm the general correlation utilized in the original Plewes Method, while the scat-
ter observed reinforces the approximate nature of the relationship. 
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1.2 State Parameter 
Any soil can exist over a range of states from loose to dense.  Critical state soil mechanics 
(CSSM) is, to date, the only framework that includes soil density in the stress-strain behavior.  
Loose soil contracts (densifies) as it is sheared while dense soil dilates (loosens); if shearing 
continues sufficiently, regardless of starting density, the same density is obtained.  Casagrande 
(1936) first reported this aspect of soil behavior and called the end density the ‘critical density’.  
Subsequent testing by Taylor (1948) showed that the critical density changes with confining 
stress, with this behavior now being called the critical state locus (CSL).  If the CSL is ex-
pressed as void ratio versus mean effective stress, it normally can be approximated as a semi-
log form with slope .  In the 1960s the CSL was identified as a controlling concept for a com-
plete mathematical description of soil behavior.  In the 1980s, it was recognized that the differ-
ence between a soils current void ratio and that for the critical state at the same stress provided 
a simple index that characterized soil behavior; this difference was termed the state parameter 

.  In the 1990s, the combination of the CSL with  allowed development of mathematical 
models that captured all aspects of soil liquefaction; today, these models dominate understand-
ing of soil behavior.  Jefferies & Been (2006) provide a history of this evolution of understand-
ing.  The attraction of the state parameter is that it is a simple index for engineering practice 
while being firmly anchored in modern understanding of soil behavior.   

Assessing the state parameter in situ is most easily performed with the CPT.  Although the 
CPT is a simple and very accurate test, it presents a challenge to analyze even with modern nu-
merical methods.  So, the approach has been to calibrate the CPT resistance qc to void ratio and 
confining stress in large chambers (large to avoid boundary effects).  Been et al (1986, 1987) 
synthesized this body of calibration data to show that: 

 (1) 

where k and m were soil specific coefficients that depended on the soil compressibility  
(amongst other soil properties), and Qp is CPT tip resistance normalized by mean stress.   

This dependence on compressibility was unsurprising, as workers had identified these effects 
since some of the earliest studies into the CPT (e.g. Schmertmann 1970, Mitchell & Gardner 
1975).  Been et al. (1988) suggested that Equation 1 could be extended by including the excess 
pore pressure measured by the CPT (the normalized parameter Bq), as that would allow a 
smooth transition from clean sands (with drained penetration) to clays (with undrained penetra-
tion): 

 

m
kBQ qp /)1((ln

 (2) 

where k and m continue as coefficients that are largely functions of soil compressibility, defined 
as follows by Been et al. (1988): 

10/85.03/ Mk   (3) 

1013.3-11.9 m  (4) 

where 10 is the slope of the critical state line. 
It should be noted that subsequent to these developments, the form of the inclusion of Bq was 

later subtly modified based on suggestions by Houlsby (1988), which was supported by the 
work Shuttle & Cunning (2008).  These nuances do not affect this attempt to update of the 
Plewes Method conducted here, and are somewhat beyond the scope of the current work. 
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1.3 The Plewes Method 
The Plewes Method provides the coefficients k and m in Equation 2 directly from the CPT data 
itself.  The method was developed by correlating measured compressibility data (from laborato-
ry tests) with the friction ratio measured during CPT sounding through the stratum where the 
samples were obtained for laboratory testing.  The data chosen for the correlation deliberately 
spanned clays and sands, with simple straight-line trend being inferred (despite the absence of 
any silt and silty sand data):  

10/10 rF   (5) 

where the friction ratio Fr is in % (i.e. a typical clean sand with Fr = 0.5% => 10= 0.05).  
Plewes et al (1992) also suggest using an assumed value of 1.2 for M in Equation 3.  Howev-

er, the end-user of the Plewes Method as a screening tool could provide their own estimate de-
pending on their knowledge of the material in question.   

1.4 This Study 
The Plewes Method thus involves utilizing Equations 2, 3, 4, and 5 to estimate  from CPT da-
ta alone.  It is noteworthy that the original data set presented data in two separate groups, with 
one representing relatively clean sands, and the other silty clays.  The straight line relationship 
proposed in the Plewes Method has been questioned on this basis (Jefferies & Been 2006).  Al-
so, although not explicitly mentioned by Plewes et al. (1992), for the silty clay data presented, 

10 values are actually relevant to the normal consolidation line (NCL), not the CSL.  While 
assuming parallel CSL and NCL is likely acceptable for predominately clay soils, it is certainly 
questionable for silts and sands.   

The work conducted in this paper is confined to obtaining additional data points for inclusion 
in the logarithmic chart of Fr 10 utilized in the Plewes Method.  The goal being to assess if 
inclusion of a larger data set, with more even distribution of soil types, can confirm or refine 
Equation 5.  The significant silt fractions of many tailings make these materials ideal candidates 
for this purpose. 

 
2 DATA PROCESSING 
2.1 General and Sources 
A number of data sources were utilized in the current work.  These include: 
 Where possible, the original data utilized in developing the Plewes Method 
 Additional Beaufort Sea construction data not used in the Plewes Method.  
 The Canadian Liquefaction Experiment (CANLEX; Robertson et al. 2000) 
 Davies’ PhD thesis (1999) 
 A number of case histories available in the literature 
 A number of sites investigated by Golder Associates 

These are outlined in more detail below.  The data collected is summarized in Table 1.  Where 
possible, particle size distribution data (PSD) was collected for the sites used, as presented in 
Section 2.8 

2.2 Original Plewes Method Data – Beaufort Sea 
The original data set of the Plewes Method consisted of relatively clean sands used as hydraulic 
fill in works related to oil exploration in the Beaufort Sea, and in situ soils on the seafloor 
where these works were taking place.  The hydraulic fills consisted of Erksak sand used in the 
core of a caisson type drilling unit referred to as the “Molikpaq” at the Tarsuit P-45, Amauligak 
I-65, and Amauligak F-24 sites, and Nerlerk Sand which was used as hydraulic fill during the 
construction of a underwater berm.   

Digital CPT data for the sand fills is public domain and was downloaded from 
www.golder.com/liq.  Additional construction data, including the CPT soundings in the founda-
tion soils, is also public domain having been archived with the Geological Survey Canada (cop-
ies of which were made available to the author). The data was interpreted by the author utiliz-
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ing an assumed bulk unit weight of 19 kN/m3, with a bearing offset of 100 mm as recommended 
by Campanella et al. (1983), and with friction sleeve values across a length of 75 mm averaged 
for use in the calculation.  Critical stat 10 values for the sands were obtained from Been et 
al. (1991) and Jefferies and Been (2006).   

In situ soils for which the author could obtain reasonable estimates of Fr consisted of Units A 
and B at the Tarsuit P-45 site. Both sites are described as silty clays in a summary of the site 

10 for the Tarsuit units was obtained 
from Becker et al. (2006).   

The data collected is presented in Figure 1.  The location of the data is similar to those out-
lined in the original Plewes Method.  Slight discrepancies from the original data set are appar-
ent.  These are likely owing to differing judgments made on the extent of specific stratums, and 
on the screening of some erroneous data at the surface of each penetration.  It also appears that 
Tarsuit Unit A was not used in the original data set.  10 presented represents the 
range of reported values for that material.  The extent of Fr shown represents one-half of the 
standard deviation of the values obtained.  Examination of the Fr results in each stratum indi-
cated that a normal distribution suitably represented the data.   

As indicated in Figure 1 and Table 10 are taken for Tarsuit P-45 and 
the two Amauligak cores, despite all consisting of Erksak sand fill.  PSD data collected during 
construction indicated that the fill utilized at Tarsuit contained slightly more fines   For this 
reason the author has, similar to the authors of the original Plewes Method, differentiated the 

10 10 value presented in Been et al. 
(1991), while Tarsuit is an average value from the three gradations presented in Jefferies and 
Been (2006). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Beaufort Sea Data Reinterpreted  
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2.3 CANLEX Project 
The CANLEX project was a major collaboration of the Canadian mining and oils sands indus-
try, geotechnical consultants, and researchers in the 1990s in Western Canada (Robertson et al. 
2000).  At selected zones within a number of tailings deposits and natural soils, in situ investi-
gation was conducted in conjunction with a comprehensive laboratory characterization.  There-
fore, estimates of Fr 10 were available for each of the sites investigated.  The results are 
presented as average values in Robertson et al. (2000), along with D60, D50, D10 and fines con-
tent for each material.   

2.4 Davies (1999) 
Davies (1999) evaluated additional case histories where both CPT investigation and laboratory 
characterization were conducted at a number of tailings deposits.  Although the development of 
the values utilized was not documented, the data is believed to be of high quality (M. Davies, 
pers. comm. 2012).  The data was digitized from the Davis (1999) through scanning and use of 
a computer drafting package.  PSD information was not available. 

2.5 Other Data from the Literature 
A literature review was performed by the author in an attempt to find more data to utilize in this 
work.  Three case studies involving tailings dam investigations were identified (Shuttle & Cun-
ning 2007, Anderson & Eldridge 2010, McPhail et al. 2004), along with an investigation of 
London Clay related to development of Heathrow Airport Terminal 5 (Gasparre 2005).  Similar 
to the silty clay foundation soils in the original Plewes Method, the London Clay is not liquefi-
able.  However, it was included to provide the widest range possible to the data, with the mo-
tive that interpolation is preferable to extrapolation.  Of note in those results was the parallel-
ism found between NCL and CSL, further justifying the use of the NCL for in situ silty clays in 
the original Plewes Method data. 

In each site utilized, high quality laboratory testing was evident allowing the author to obtain 
critical state parameters directly from the text.  Electronic CPT data was unavailable for any of 
these sites.  Therefore, the author digitized visual results presented in the publication at inter-
vals across the relevant stratum, and averaged these results. 

2.6 Golder Associates Project Data 
Golder Associates has been involved in a large number of investigations of tailings deposits 
around the world, many including laboratory determination of critical state parameters.  These 
provide a useful resource to supplement the current work.  Appropriate permission was ob-
tained to use these sites in the current work with anonymous labels.  In all cases, determination 
of the critical state parameters had been performed in dedicated testing with leading practice 
techniques such as those outlined by Been et al. (1991).  The author was able to obtain electron-
ic CPT results for all the sites.  Fr was calculated as the average value from these results across 
the relevant stratum. 

2.7 Compiled Data 
The compiled data is presented in Table 1.  The data is presented as average values in all cases, 
as many of the sites had insufficient data for statistical analysis of the Fr values.  
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Table 1. Summary of Data ________________________________________________________________________________________________________ 
Source        Site / Soil               10            Fr                               ______   ______       ______ 
                              -     -       % ________________________________________________________________________________________________________ 
Original Plewes Data  Amauligak / Erksak (low fines)        0.031    0.816   0.442 
- Sands       Tarsuit P45 / Erksak (higher fines)      0.043       0.846      0.435 
         Nerlerk                0.053    0.843   0.437 
              
Original Plewes Data  Tarsuit – Unit A             0.50        -     4.86 
- Silty Clays     Tarsuit – Unit B             0.25        -     4.32 
 
CANLEX      Fraser River / Massey           0.038    1.071   0.398 
         Fraser River / Kidd              0.038    1.071   0.369 
         Syncrude / J-Pit             0.035    0.919   0.872 
         HVC Mine / LL Dam           0.068    0.980   0.409 
         HVC Mine / Highmont Dam        0.068    0.980   0.384 
 
Davies        Endako                 0.04      -     0.41 
         KVC                 0.11    -     0.80 
         Alaskan Tailings             0.21    -     1.00 
         Syncrude                0.06    -     0.70 
         HVC                 0.07    -     0.51 
         Sullivan Iron Ore             0.25    -       1.90 
                 
Other Literature    Rose Creek (Shuttle & Cunning 2007)     0.159     1.08        2.0 
         Unspecified (Anderson & Eldridge 2010)      0.541     2.06      2.3 
         Osborne (McPhail et al. 2004)        0.123     0.91     1.25 
         London Clay – T5 Unit C (Gasparre 2005)    0.387     2.74     7.85 
         London Clay – T5 Unit B2 (Gasparre 2005)   0.387       2.90     6.14 
       
 
Golder Project Data  Crown Gold, South Africa         0.085    0.995    1.90 
        Oil Sands Tailings            0.044    0.867     0.43 
        Molybdenum Tailings – Dam        0.115    0.914    1.45 
        Molybdenum Tailings – Beach        0.086    0.713    0.84 ________________________________________________________________________________________________________ 

 
2.8 Particle Size Distributions  
Whenever discrete results were available, PSD data was collected for the sites outlined above.  
These are presented in Figure 2 below.  The data indicates that a relatively wide distribution of 
soils gradations has been utilized in the current work, with materials distributed across the en-
tire spectrum of soils that would be considered liquefiable.  Where only D50 and / or fines con-
tent were available, these are identified as points on the figure.   
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Figure 2 

3 RESULTS AND DISCUSSION 

A summary of the average values for each site analyzed is presented on Figure 3.  The results 
obtained confirm the general trend of the relationship proposed in the Plewes Method.  Howev-
er, significant scatter is evident in the data.  This scatter may be the result of deficiencies in the 
originally proposed relationship.  However, even if the relationship was “perfect”, scatter of 
some degree would still appear on a figure of this kind.  This is a result of the difficulty in en-
suring that the field values of Fr are truly representative of the small sample of soil utilized to 
test for critical state parameters. 

From the additional data obtained, is possible to fit slightly different relationships resulting 
in improved R2 values compared to the original relationship.  However, the author does not be-
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lieve there is sufficient cause to warrant proposing a different relationship at this time.  Collec-
tion of further data may result in such a recommendation in the future. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Updated Plewes Method Data Set  
 

4 CONCLUSION 

Collection of available data within the literature, and the project files of Golder Associates 
has allowed an update to the Plewes Method to be prepared.  This exercise has confirmed the 
general trend proposed in the Plewes Method between Fr and 10.  However, substantial scatter 
is evident in the data collected.  The origin of this scatter is difficult to comment on definitively 
with the information currently available.  It is recommended that when utilizing the Plewes 
Method in a screening capacity, practitioners continue to take cognizance of the approximate 
nature of the method, as this work helps to illuminate. 
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1 INTRODUCTION 
1.1 Interaction of Mine Waste Disposal Facilities and Groundwater 
Hydrogeological conditions at the site of a tailings facility, a waste rock dump, or a heap leach 
pad significantly affect the design, operation, and closure of such facilities. Seepage of process 
water and constituents from a facility may affect the state of the groundwater system. Converse-
ly, local groundwater may surface as springs or rise up into this facility and thereby affecting the 
overall performance of the facility. 

This paper examines the many ways in which mine waste disposal facilities may interact with 
a groundwater system. The paper illustrates some specific situations that arise and suggests 
ways to address issues related to the interaction of mine waste disposal facilities with groundwa-
ter. This is done by drawing on practical examples—actual case histories are not quoted but the 
examples used are based on practice and situations of which the authors are personally aware. 

1.2 Facility and Groundwater Modeling 
At the behest of the British Columbia Ministry of the Environment, Water Protection & Sustain-
ability Branch, the authors along with colleagues in Robertson GeoConsultants and SRK pre-
pared guidelines for groundwater modeling to assess impacts of proposed natural resources de-
velopment activities in British Columbia—see BC MoE Groundwater Modeling Guidelines at 
this link: www.rgc.ca/moe/. This paper draws on the guidelines in order to illustrate analytical 
approaches to modeling seepage through and from mine waste disposal facilities to the site 
groundwater.   

Groundwater issues in the design, operation, and closure of 
tailings, waste rock, and heap leach facilities 
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ABSTRACT: This paper deals with the many ways in which mine waste disposal facilities, in-
cluding tailings, waste rock, and heap leach facilities may interact with their adjacent groundwa-
ter system. The paper first categorizes and discusses ways in which groundwater conditions at 
the mine site may affect the design, operation, and closure of such mine waste disposal facili-
ties. The paper then proceeds to categorize and discuss ways in which a mine waste disposal fa-
cility may conversely impact groundwater systems. The paper lists and describes engineered 
systems that may be needed to control the interaction of mine waste disposal facility and 
groundwater, including: liners, drains, cut-off walls, and dewatering wells. The paper provides 
guidance on theoretical and analytical methods that may be used to model and hence quantify 
interaction between waste facilities and groundwater and to evaluate and assess potential impact 
by mine waste disposal facilities on groundwater. 
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2 GROUNDWATER AS A FACTOR IN FACILITY DESIGN, OPERATION AND 
CLOSURE 
2.1 Site Selection and Design 
Ideally, selection of a new site for a mine waste disposal facility should identify a site with little 
or virtually no groundwater present across the uppermost portion of the subsurface. There are, 
however, few mine sites where the conditions are similar to those found at the Utah Monticello 
uranium mill tailings facility. There the foundation materials are characterized by deep, thick 
layers of Mancos Shale, a geologic formation which was deposited in offshore and marine envi-
ronments and which acts now as a low permeability aquitard with little groundwater of poor 
quality. 

In the far north of Canada and Alaska, the ground may be permanently frozen. The authors 
know of mine tailings facilities in such environments where groundwater is not an issue: it is 
frozen, the tailings freeze, and there is thus little likelihood of seepage. 

At the other end of the scale, in desert areas such as occur in Nevada, northern Chile, and 
large parts of Australia, there is little if any groundwater at the selected site. In fact, the tailings 
facility is likely to be the largest single potential contributor to aquifers. In such circumstances, 
issues of lining, tailings permeability, and downstream cut-off facilities quickly arise and need 
to be analyzed. 

When the local climate of a site is characterized by moderate to high rainfall, groundwater re-
charge may be significant and thus result in the occurrence of a shallow water-table. In this case, 
the potential for seepage of contaminants into downstream aquifers should be assessed early 
enough during the design stage of the mine waste facility. It is recommended that extensive site 
characterization work be completed to develop a good understanding of the local hydrogeologic 
setting under baseline conditions. Typically, such work may include: 
 Geological and geophysical surveys 
 Geotechnical investigations 
 Hydrologic analyses 
 Hydrogeologic investigations 
These studies should define the layout of local geologic formations and establish their ge-

otechnical and hydrogeologic properties. The main focus should be to obtain representative es-
timates of the hydraulic conductivity (K) of these formations in order to evaluate their transi-
missivity and to in turn identify preferential flow paths for groundwater. 

More and more mines are considering tailings thickening or filter pressing as ways to reduce 
overall water consumption and to produce low permeability wastes of low moisture content that 
are unlikely to result in significant seepage to groundwater. For example, the proposed Rose-
mont Copper mine south of Tucson, Arizona, has selected filter pressed tailings for these rea-
sons. 

2.2 Operation and Routine Monitoring 
Assume the selected tailings facility site is in an arid area and is underlain by deep, permeable 
sediments. Assume there is groundwater deep in the sediments, and local concerns give rise to 
the need to limit seepage to the groundwater lest it be impacted. 

Assume the embankment dam needs to be lined with a geomembrane. This is required to limit 
seepage through the embankment, which in addition will include seepage collection drains. The 
question quickly arises: how far up the reservoir area (i.e., that part of the facility where the tail-
ings will be deposited) need the liner to be extended. 

Consider: at the start of operation, water emanating from the deposited tailings will pond 
against the embankment. If there is no liner, much if not all the pond water may seep into the 
foundations soils, to be lost, or to induce water pressures potentially detrimental to embankment 
stability. 

As the tailings are deposited into the reservoir, basal seepage of water from the newly depos-
ited tailings to the foundation soils will occur. The rate of such seepage, which we may term ex-
filtration, is a function of the permeability of the tailings and the foundation soils, the moisture 
content (hence water entry pressure) of the foundation sols, and the rate of consolidation of the 
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tailings as subsequent lifts are placed. And as consolidation of the lower part of the tailings lift 
occurs, there is most likely a significant reduction of permeability of the lower layer of tailings 
and hence reduced seepage to foundation soils.   

To analyze this, it is necessary to characterize the tailings and foundation soils, to undertake 
deposition modeling, and to quantify the consolidation of the tailings as a function of rate of 
deposition and rate of rise. Then impose the seepage quantities thus estimated on the groundwa-
ter to ascertain impact, if any. 

To model these processes, it is in turn necessary for the modeler to be able to rely upon a rep-
resentative set of monitoring data. Hence a groundwater monitoring network should be imple-
mented prior to and throughout the operation of a mine waste disposal facility, with the objec-
tive to monitor and generate historical records of the parameters of interests; such parameters 
may include: 
 Depths (and fluctuations) of the water-table and deeper groundwater levels 
 Groundwater quality for selected contaminants of concern (COC) 
 Surface-water flows and water quality 
 Phreatic levels in embankment dams 
 Seepage flow rates and water quality in underdrains 
These parameters should be monitored using dedicated monitoring devices, including moni-

toring wells, piezometers and weirs. Once in place, the monitoring network should be surveyed 
as specified by a groundwater monitoring plan. Data should be collected and evaluated by per-
sonnel trained to do so. The frequency of surveying intervals should be defined based on the na-
ture of the groundwater regime and waste disposal operations. Highly seasonal climates may in-
duce significant transient changes in the groundwater regime that warrant monthly monitoring 
surveys. On the other hand, dry climates may produce relatively steady conditions and thus only 
necessitate semi-annual surveys. See Section 4.5 for details on the use of the observational 
method. 

2.3 Closure 
At closure a cover will probably be placed over the tailings facility, waste rock, or heap leach 
pad. The cover should be such that it acts, in the long term, as the primary impedance to infiltra-
tion to the wastes and hence exfiltration from the facility.  A well-close mine waste disposal fa-
cility should not have to rely on a liner, if there is one, to limit potential groundwater impact. 
For in the goodness of time, liners will decay and fail to control exfiltration. 

If the cover functions properly, any water entrained in the wastes will, with time, seep out. 
Transient seepage analyses are required to quantify the period over which such drawdown of 
any water table in the waste will occur. The challenge is to establish by predictive seepage mod-
eling that in the long term there will be no continuing impact on groundwater. Note that as a pre-
liminary basis, engineering estimates of seepage from tailings impoundments for example can 
be obtained using relatively simple analytical solutions such as the approach presented by 
McWhorter and Nelson (1978). 

It may be necessary to invoke geochemical processes including attenuation to establish long-
term groundwater protection. If this cannot be done, it may be necessary to install cut-off walls, 
seepage recover systems, or grout curtains to limit long-term groundwater impacts. 

3 FACILITY IMPACTS ON GROUNDWATER 

In principle, seepage from a mine waste disposal facility can originate from different sources. 
For the case of a tailings impoundment, seepage may be sourced from one or many of the fol-
lowing components: 
 The embankment dam 
 Slimes deposits (tailings pore water) 
 The decant pond 
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The relative impacts from either one of these sources will ultimately depend on their connec-
tion with the foundation soils or rocks and their permeability. Provided high permeability mate-
rials are identified, the designer may have to recommend the installation of a low-K liner. Simi-
lar measures may be endorsed for waste rock dumps and heap leach pads. 

It follows that a mine waste disposal facility may have one or more of the following impacts 
on the local and regional groundwater systems: 
 Raise the elevation of the water table as a result of increase input of water to the subsurface 

soils and rock.  
 Lower the elevation of the water table as a result of reduced inflow to the foundation soils 

and rocks—this may occur where a liner is used or the tailings are of lower permeability than 
the permeability of the upper surface of the foundation sols before deposition begins.  

 Introduce constituents (contaminants) into the groundwater thereby causing changes in 
groundwater quality. 

 Change the flow rate at springs or surface seeps where groundwater passing beneath the 
waste disposal facility is affected by increased flow, reduced flow, or the introduction of con-
taminants. 

For complex settings, numerical modeling of seepage may be necessary to quantify these im-
pacts. This topic is now addressed in the following section. 

4 SEEPAGE MODELING 

4.1 Modeling Objectives 
The first step in any seepage and/or groundwater modeling is the setting of specific modeling 
objectives. In the case of seepage from a mine waste disposal facility into a local groundwater 
system, the following are some typical modeling objectives: 
 Predict the future (transient) volumetric flow of seepage from the tailings facility during op-

eration. 
 Predict the future contaminant transport from the waste rock dump to a specified valued eco-

system during operation and post-closure. 
 Predict the reduction on impacted groundwater in response to alternative seepage mitigation 

strategies (e.g., drains, interceptor wells, etc). 

4.2 Data Review and Compilation 
Before modeling, collect and collate data about the site and the mine waste disposal facility.  
This includes information about the following: 
 Local and regional geology, lithology, bedrock structures (including faults and dikes) 
 Spatial distributions and temporal variations in groundwater flow levels, flow directions, and 

flow rates.  
 Spatial distribution of hydraulic properties such as hydraulic conductivity, transmissivity, 

specific yield and specific storage. These properties are typically obtained by means of field 
and/or laboratory hydraulic testing. 

 The geotechnical characteristics of the tailings, waste rocks, materials of the heap leach pad, 
and of foundation soils and rock. 

 Surface water hydrology and climate as it may influence the waste facility hydraulic perfor-
mance and the groundwater flow patterns. 

4.3 Conceptual Model 
There are many varied definitions of seepage and groundwater conceptual models. Regardless of 
the definition, a conceptual model must be formulated before proceeding to numerical modeling.  
This is one workable definition of a conceptual model for groundwater evaluations: 

A conceptual model is a simplified representation of the essential features of the physical hy-
drogeological systems and its hydraulic behavior, to an adequate degree of detail to enable the 
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questions at hand to be answered. 
The conceptual model should be as simple as possible but no simpler than the complexity of 

the real situation demands. Include key components of the mine waste disposal facility including 
covers, liners, and perimeter containment embankments. Include key features of the geology as 
it affects the groundwater flow, including hydrostratigraphic units (i.e. aquifers, aquitards and 
aquicludes), faults, dikes, and the many layers of soil and rock of variable hydraulic conductivi-
ty that make up the groundwater system of interest. Compute a groundwater balance, which in-
cludes the natural contribution and artificial contribution of water/seepage to the system. If rele-
vant, evaluate the degree of groundwater and surface-water interactions as these may result in 
additional groundwater recharge and/or groundwater discharge. A conceptualization of contam-
inant transport may also be included as part of the conceptual model. Potential and likely 
sources of contamination should be specified; the water quality of the resulting seepage plume 
should be characterized and its spatial extent delineated. 

From a mine project standpoint, there are two essentially different conceptual models that 
need be formulated for projects involving modeling of seepage from a mine waste disposal facil-
ity. These are: 
 Baseline or preconstruction conditions, i.e., no mine waste disposal facility yet in place.  
 Operating phase conceptual model, i.e., the mine waste disposal facility is in place and being 

operated. 
The second is generally more complex than the first. In some situations it may be better to 

work with two distinct, uncoupled conceptual models and integrate them only as key interac-
tions are likely to occur in practice. For example, seepage from the tailings may be estimated by 
one model; the seepage flux may be entered as a boundary condition into a second model repre-
senting only the groundwater flow system. 

The conceptual model should also indicate whether the groundwater regime can be approxi-
mated using the assumption of a steady-state or if the need for a transient model is required. 
Note also that depending on the modeling objectives and data available for calibration, the mod-
el may include the waste disposal facility implicitly, or rather as a model boundary condition 
explicitly. 

4.4 Mathematical Modeling 
There are few closed form equations that may be solved to mathematically model seepage situa-
tions as they involve mine waste disposal facilities and their interaction with groundwater.  Most 
projects will demand use of one or more of the many computer codes commercially available. 
Regardless of which is chosen for a specific project, first try to calibrate the numerical model 
against conditions as observed and measured in the field. Calibration methods are generally 
grouped into manual (i.e. “trial and error”) methods and automated method (such as the parame-
ter estimation code PEST). 

In the context of mine waste disposal facilities, calibration approaches will differ depending 
on whether the project involves the design of a new facility, remedial works at an existing facili-
ty, or the design of closure works. For a new facility, the best that can be done is to calibrate for 
existing, pre-mining conditions. If the facility is already in operations and the project involves 
determination and design of expansion or remedial works, calibration of existing conditions may 
include the waste facility and seepage therefrom. If the project involves closure of a mine waste 
disposal facility, there should be historic data that may be used to both calibrate and verify the 
seepage models. 

Once a calibrated numerical model is in place, proceed to predictive modeling. This involves 
running the model to simulate future performance of the mine waste disposal facility and its in-
teraction with groundwater. Predictive models cannot be calibrated or even checked in the 
strictest sense. Accordingly it is prudent to model a series of possible cases. For example, one 
may run simulations for the most likely future performance (expected case), for feasible upper 
bound conditions, and even for extreme worsts case scenarios.  Eventually, the historic record of 
monitoring data of a mine project should be used as model verification targets, i.e. field observa-
tions should be tested against the predictions established by the model. In the case that signifi-
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cant discrepancy arises, the numerical model should be recalibrated in order to simulate the ob-
served groundwater system’s response over time. 

4.5 Use of the Observational Method 
The Observational Method as enunciated by Ralph Peck leads itself to use in the context of 
monitoring and reacting to the performance of mine waste disposal facilities and their interac-
tion with groundwater. This is how Peck formulated the method: 
 Exploration sufficient to establish at least the general nature, pattern and properties of the 

deposits, but not necessarily in detail.  
 Assessment of the most probable conditions and the most unfavorable conceivable deviations 

from these conditions. In this assessment geology often plays a major role.  
 Establishment of the design based on a working hypothesis of behavior anticipated under the 

most favorable conditions.  
 Selection of quantities to be observed as construction proceeds and calculation of their antic-

ipated values on the basis of the working hypothesis  
 Calculation of values of the same quantities under the most unfavorable conditions compati-

ble with the available data concerning the subsurface conditions.  
 Selection in advance of a course of action or modification of design for every foreseeable 

significant deviation of the observational findings from those predicted on the basis of the 
working hypothesis.  

 Measurement of quantities to be observed and evaluation of actual conditions.  
 Modification of design to suit actual conditions. 
This is more or less what can be considered current practice in groundwater monitoring in the 

context of mining and its waste facilities. Yet it is seldom done formally. With the power of 
modern seepage modeling codes it can be done readily and formally and it is thus recommended 
that this be done. The outcome may be documented in the facility’s Monitoring and Operating 
Plan. 

4.6 Model Documentation 
Typically, the outcome of a groundwater modeling study is a report summarizing the main study 
findings and recommendations. As numerical modeling is a staged process, the report should 
clearly document in a concise and transparent manner the development of the model from the 
conceptual stage to the final, calibrated model stage. A report should thus describe and justify 
the following information: 
 Numerical code selection 
 Model domain & boundaries 
 Sources & sinks 
 Calibration methods & sensitivity analyses 
 Model limitations 
 Key findings 

5 SOME SPECIFIC SITUATIONS  
5.1 Section Overview 
The following are some of the many specifics of mine tailings and water rock interactions with 
groundwater.  For each situation, the general outline of field conditions is shown in a figure. As-
sociated text follows.  

5.2 Basic Components of a Tailings Groundwater Model 
Figure 1 shows the most basic components or aspects of a tailings impoundment and a tailings 
facility. The configuration of the components varies infinitely from site to site, but most include 
the following: 
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 Bedrock of low permeability – or maybe higher permeability if it is fractured, faulted, or oth-
erwise disturbed. 

 Colluvial and/or alluvial soils of higher permeability.   
 A groundwater table most often located at some depth in the more permeable materials.   
 The tailings facility itself --- note that the facility generally increases with size over time as 

the mine operates and more tailings are deposited. 
 A river, creek, or waterway to which groundwater flows to emerge as bank seepage, spring, 

or slow baseflow to the water body. 
 

 

5.3 Open Pit 
Figure 2 shows that the situation may be more complex than as depicted in Figure 1. At many 
mines there is an open pit, which functions in a manner that drastically alters natural groundwa-
ter flow conditions. Most often, as the pit increases is size and depth with ongoing mining, the 
groundwater table is lowered by seepage into the pit or through extraction wells installed to 
lower the water table and hence reduce the impact of pore pressures on the stability of the pit 
walls. 

Often the waste rock dump and the tailings facility are close to the open pit. As shown in this 
figure, the waste rock dump is upgradient of the pit. It is probably more cost effective to place 
the waste rock dump downgradient of the pit. Regardless, as the dump grows there will be infil-
trations into the dumps, seepage though the dump, and ultimately exfiltration from the dump. 
Seepage from the dump may occur as infiltration into the foundation soils and rock or may 
emerge as springs, seeps, or wet spots at the toe of the dump. 

As in Figure 1, the tailings facility may also be a source of increase (or decreased) seepage to 
groundwater. 

Keep in mind that the situation shown in Figure 2 is but a snapshot of one instance in time of 
the potential interaction of mine waste disposal facilities and their adjacent groundwater system. 
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The pit is ever getting broader and deeper; the waste rock dumps are ever getting larger and 
more extensive. The tailings facility is always expanding out and up. 

For this reason, mine-related groundwater models should be developed in a manner which al-
lows them to be adjusted in order to reflect the incessant change of mining conditions and mine 
and groundwater interaction. In some instances, the model may have to be updated and recali-
brated using new model parameters and additional monitoring data. 

 

 

5.4 Tailings Seepage Control Facilities 
Figure 3 and 4 show some of the many components that may be included in a tailings facility to 
control, limit, or eliminate seepage from a tailings impoundment to the underlying groundwater 
system. Such interception systems may be required to impede the passage of contaminants from 
the tailings impoundment to the groundwater system, downgradient water bodies, and ultimately 
human, animal, and plant receptors. Alternatively, these systems may be also needed to limit 
water losses in arid climates. 

Typically, seepage interception systems (SIS) consist of a barrier, either physical or hydrau-
lic, which impedes the flow of groundwater further downstream. Physical barriers include cut-
off-walls, sheet piles and grout curtains. Hydraulic barriers consist of seepage interceptor 
trenches and/or extraction wells. Interceptor trenches are often considered cost-effective 
measures for shallow applications, i.e. when the water-table lies close to the ground surface. On 
the other hand, extraction wells represent the most widely used option for groundwater contain-
ment, especially when the depth of the contaminated plume is beyond the constructability of a 
trench. 

Where contamination has been monitored outside the mine’s property boundary, it may be re-
quired to provide a solution scheme for the residual contamination downstream of the intercep-
tion system. One possible mitigation option for shallow plumes is the installation of an infiltra-
tion trench downstream of the interception system. In this case, contaminated groundwater is 
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first intercepted to prevent future seepage from the mine waste disposal facility, and clean water 
is infiltrated downstream in order to accelerate the dilution of the residual plume via artificial 
means. 

Many argue that with time the lower layer of the tailings consolidates and becomes a layer of 
low permeability, thus effectively “lining” the facility. If the tailings are clayey, and they con-
solidate reasonably fast (a bit of a contradiction to be sure) it is feasible a liner-type situation 
may come to be. Only detailed tailings and groundwater seepage analysis (modeling) will enable 
you to explore and prove what is likely to happen. 

 
 
. 
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5.5 Tailings Causing Rise of Groundwater Table 
Figure 5 shows how a tailings facility may act to increase the elevation of groundwater at the 
site of the tailings facility. Say, as shown in the first frame, the groundwater seeps naturally to 
the base of the valley where the tailings are to be placed. With time as the elevation of the tail-
ings increases in the valley, groundwater can no longer seep at pre-construction rates into the 
valley, and instead the water-table is forced to rise along with tailings. 

This is generally considered a positive happening, as the surrounding groundwater seeps into 
the tailings and thereby substantially reduces the potential for contaminant migration from the 
tailings facility to the environment. 

But beware of the three-dimensional issues. At the embankment dam, seepage may still be di-
rected outwards from the tailings facility. Or, worse, inward seepage from the foundation to the 
embankment may induce piping and foundation failure. That is what caused the Teton Dam to 
fail and kill many. 
 
 

5.6 Waste Rock Dump Acid Drainage 
Figure 6 shows a condition that lead to great expense. The upper clayey soils at the site of the 
proposed waste rock dump were stripped.  This was done as the soils were of too low a strength 
to provide for the stability of the proposed waste rock front slopes.  Stripping the upper layer of 
lower permeability soils exposed higher permeability fractured bedrock. 

Then the waste rock was dumped.  The dump grew bigger and bigger.   
As the waste rock was very permeable, rain that fell on the dump infiltrated, seeped on 

through, and flowed into the bedrock.  This additional infiltration to the bedrock caused the 
groundwater table to rise.  It rose so high that it entered and hence seeped through the waste 
rock. 
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The waste rock is acid generating, and now there is an expensive seepage capture and treat-
ment system in place. If engineers and groundwater hydrologists had been consulted during the 
mine planning phase, they may have been able to construct basal drains or even avoid stripping 
away the clay. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5.7 Closure 
Finally all mines close. A cover is placed on the mine waste disposal units. As shown in Figure 
7, the cover should be the only component relied on to limit excess seepage form the waste dis-
posal unit. Liners will not last or at the worst they will simply focus seepage from the waste dis-
posal unit to the toe where it will probably have to be collected for treatment in perpetuity. Note 
that compliance groundwater monitoring may also be required to ensure that potential future 
impacts may be evaluated. Ideally, the long-term performance of the groundwater interception 
systems should be assessed and further evaluated if required using the groundwater model de-
veloped during the operational stage of the mine waste disposal facility. 
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1 INTRODUCTION 
1.1 General 
In arid or semi-arid climates with high evaporation and low seismic risk, upstream construction 
of tailings storage facilities (TSFs) is common practice.  Tailings are often deposited as a segre-
gating slurry in thin layers, with cycling between multiple cells or portions of a cell to allow the 
tailings to undergo air dried densification prior to the placement of the next layer.  This is con-
ducted to reduce the extent of saturated material within the TSF substantially and to increase the 
in situ density of the placed tailings.  These processes increase the strength, and reduce the liq-
uefaction risk of tailings, which is particularly important for the materials located near to the pe-
rimeter embankments.   

This deposition method has been performed for decades, with experience of mine operators 
and tailings designers often providing the dominant analysis tool.  The tailings management 
techniques that have been adopted have often been considered to be adequate to obviate the 
need for detailed liquefaction considerations.  As the analysis methods to investigate liquefac-
tion have improved, and concern for the potential of this phenomenon has increased, reliance on 
experience-based methods must be supplemented with modern analysis.  Modern analyses and 
testing have generally confirmed that there is significant resistance to liquefaction of unsaturat-
ed zones.  However, as upstream TSFs generally continue to increase in height, often beyond 
the originally expected design heights, zones of material that previously would have been far 
from the perimeter embankment may now be in regions where they impact stability (Anderson 
& Eldridge 2010).  These zones may be saturated.  Also, perched layers of saturation are en-
countered within many upstream TSFs.  Thus, it is important to quantify the liquefaction charac-
teristics of tailings that have undergone air drying densification, and are prone to subsequent re-
saturation.  The dry density of the tailings is of paramount importance in this regard, regardless 
of the liquefaction framework utilized.   

The impacts of evaporation on the in situ density of hard rock 
gold tailings 

D. Reid 
University of Western Australia, Perth, WA, Australia 
Golder Associates Pty Ltd, Perth, WA, Australia 

D. Williams 
Golder Associates Pty Ltd, Perth, WA, Australia 

ABSTRACT: Upstream construction of tailings storage facilities (TSFs) is common practice in 
arid and semi-arid climates, especially where this is a low seismic risk.  Air drying of tailings on 
the beach is promoted to reduce the proportion of the TSF that is saturated and increase the in 
situ density and strength of the tailings.  To investigate the effects of air drying on in situ densi-
ty, laboratory testing was conducted using shrinkage tests and modified oedometer testing.  A 
library of field density measurements and in situ tests were referenced for comparison.  The 
work has indicated that the impacts of air drying on the density of tailings were substantial both 
at the surface and at depth.  However, it appears that despite strict management of deposition at 
the TSF, beach densities do not consistently reach the shrinkage limit.   
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In this work, methods to estimate densities resulting from air drying are investigated and 
compared with field data.  The impacts of air drying at the surface on subsequent density at 
depth is investigated and compared to findings from in situ investigations. 

1.2 Background and Related Work 
Tailings practitioners typically estimate density at the design stage based on a combination of 
settling, consolidation, and (where relevant to site conditions) air drying tests.  These tests aim 
to simulate the processes occurring on, and within, a TSF as they relate to density.  Settling tests 
simulate, in a rather idealized way, the process by which solids fall out of the slurry as it runs 
down the beach, and where it enters a decant pond.  These tests are often conducted with no 
drainage, drainage from the top, and double drainage.  This serves to simulate the variety of po-
tential conditions encountered by settling slurry on a beach.  Settled densities measured in this 
manner are often considered to represent conservative values of density in arid climates, owing 
to the expectation that air drying will further densify the material. 

Of interest in the context of settled density is the frequent observation in the literature that in 
situ densities in TSFs (and natural hydraulically placed materials) are often lower than would be 
expected from settling/wet pluviation and subsequent consolidation in quiescent laboratory con-
ditions.  Some examples of this phenomenon have been shown by Chillarige et al. (1993), 
Fourie & Papageourgiou (2001) and Shuttle & Cunning (2007).  To investigate potential causes 
for this, Vaughn (1999) performed experiments showed how pluviating sand in “dirty” water 
consisting of up to 10 g/L of clay could reduce settled density.  Andresen and Bjerrum (1967) 
have made similar speculations as to the causes of this phenomenon.   

In arid environments, where air drying on the beach is planned for and expected, the issues 
relating to estimating settled density can be of secondary concern compared to the density 
achieved through air drying.  This density would then form the basis for the commencement of 
self-weight consolidation as additional layers are placed on top of the air dried tailings.  Unfor-
tunately, air dried density on the beach is unlikely to be a constant value.  Assuming that the 
shrinkage limit of the tailings is constant regardless of conditions at the start of drying, it may be 
difficult to ensure that all tailings on a beach reach the shrinkage limit (or some other criterion).  
Therefore, the uncertainty related to prediction of settled density could extend to the air dried 
density.  These issues are an area of current research (Salfate 2011, Li et al. 2012). 

The densities achieved on the beach are relevant to the densities subsequently achieved at 
depth.  It has been shown that the normal consolidation line (NCL) of soil does not appear to be 
an intrinsic property.  Instead, the NCL is affected by the initial density and sample preparation 
method, as shown schematically on Figure 1a.  Jefferies & Been (2000), Vaid & Chern (1985) 
and Al-Tarhouni et al. (2011) provide evidence of this phenomenon in sands and silts.  Mitchell 
& Soga (2005 p. 214) discuss the range of possible NCLs for soils containing clay minerals.  
While an infinite number of potential NCLs has been shown in the literature based on sample 
preparation, air drying has typically been interpreted as an over-consolidation (OC) process 
(Figure 1b).  This has been shown experimentally for clay soils (Robinson & Allam 2008).  It is 
also an implicit assumption for two of the most robust available evaporation/large strain consol-
idation codes, MinTaCo (Seneviratne et al. 1996) and CONDES0 (Yao & Znidarcic 1997).  It is 
noteworthy that in many occasions where air dried OC was investigated experimentally, vertical 
effective pressures of 1000 kPa or greater were required before the air dried consolidation line 
merged with the slurry NCL.  Blight (1988) presented results of consolidation tests on gold tail-
ings indicating that for samples air dried on the beach, this intersection point may not occur un-
til beyond 10 000 kPa.  Thus, whether such effects of air drying are OC, or creation of an entire-
ly new NCL may be debatable.   
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Figure 1.          a) Infinity of NCL Concept              b) NCL / OC Concept 

 
 
Recent work by researchers at Carleton University (Al-Tarhouni et al. 2011) have investigat-

ed the effects of air dried over-consolidation on the cyclic resistance of tailings.  Prior to this 
work, it has been frequently assumed that air drying of a material to the shrinkage limit would 
result in it being essentially immune to liquefaction (Robinsky et al. 2005).  The results of their 
testing indicate that air drying to the shrinkage limit results in an increase in cyclic strength, but 
that the soil is still liquefiable.  The increases in cyclic resistance are less than those observed 
from mechanical OC of a similar magnitude.  It is important to note that this work was focused 
on testing samples at the same approximate void ratio, i.e. assuming that the NCL of the slurried 
and air dried samples had “re-joined” at the effective pressure tested.  Thus, if an air dried sam-
ple resulted in a higher density at a given effective stress, it could be expected to exhibit a great-
er cyclic strength increase than demonstrated by this work.  This finding further emphasizes the 
importance of accurate estimation of the in situ density achieved through air drying in quantify-
ing the cyclic resistance of tailings.     

Once deposition has commenced at a TSF in an arid environment, partially saturated samples 
from the surface can usually be collected in a relatively undisturbed condition.  These can allow 
estimates of density achieved on the beach to be confirmed or refined.  It is practical to use such 
relatively undisturbed samples from the beach in a consolidation test.     

It is emphasized that this discussion implicitly assumes, conservatively, that the air dried soil 
has been re-saturated after drying by subsequent layers of slurry (or inundation through rainfall).  
The immunity (or significant resistance) of unsaturated soils to liquefaction is accepted here.  
While designing to ensure unsaturated conditions at all locations of relevance to perimeter sta-
bility of upstream TSFs is emphasized, the presence of zones of perched saturation cannot al-
ways be excluded.  The location of the phreatic surface is heavily influenced by the ratio of hor-
izontal to vertical permeability (Vick 1990), which is notoriously difficult to estimate at the 
design stage.  Even if accurately estimated on the scale of laboratory samples in the design 
stage, macro-scale layering and cracking is likely to be of significant importance in situ.  Also, 
continued raising of upstream TSFs can result in saturated zones becoming relevant to stability 
considerations, where these zones may not have been at the outset.  It is therefore useful to es-
tablish that material near the perimeter of TSFs will be resistant to cyclic loading and/or be dila-
tive, if it re-saturates. 
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1.3 Current Work 
The work outlined here attempts to provide some additional insight into prediction of density on 
a tailings beach in an arid environment, and to assess the impacts of air drying on consolidation 
behavior.  The tailings that were utilized were from a Western Australian TSF, at which there is 
a large data set of tube samples from the beach, as well as other in situ tests.  Laboratory tests 
were then conducted to observe how they would compare to values obtained in the field.  Con-
solidation testing was conducted to investigate how air drying on the beach affects the NCL of 
the material.  Cone Penetration Test (CPT) results were interpreted to indicate if the effects of 
air drying densification were observable at depth.  The work conducted is not intended to try 
and improve estimates of air dried density on the TSF in question; that has been refined through 
over a decade of tube samples taken at various locations.  However, such field data provides 
useful comparison to the laboratory testing conducted. 

The identification of the critical state line of different gradations of the tailings is important to 
this work.  However, it was not possible to perform this testing to a suitable standard within the 
required timeframe for submission of this paper.   

2 MATERIAL TESTED  

Tailings available were from an upstream-raised TSF located in Western Australia. This site 
was ideal for the purposes of this study as the authors have access to a large library of tube sam-
ples and other in situ testing to allow comparisons to be drawn.   

The tailing considered is a product of a hard rock mining operation. Tailings are deposited at 
typically 100% gravimetric water content (GWC), consisting of approximate sand, silt, and clay 
sized fractions of 15, 70, and 10% respectively, although segregation occurs across the beaches.  
The clay sized particles do not possess clay minerals or exhibit characteristics of natural clays, 
but are simply the result of grinding of the source rock.  The tailings solid particles have a Spe-
cific Gravity of 2.8, and are non-plastic, common to many hard rock tailings.  Typical of many 
Western Australian mine sites (Newson & Fahey 2003), the process water is hypersaline.  Total 
dissolved solids (TDS) in the slurry water are approximately 100 g/L, with 75% consisting of 
NaCl, the remainder consisting primarily of other forms of salt and water hardness.   

Common to Western Australian upstream TSF operations, tailings is deposited cyclically in 
thin lifts of approximately 200 to 300 mm.  Deposition is cycled around the facility to allow air 
drying to occur prior to placement of the next lift.  The decant pond size is kept to an area of 
less than 10% of the overall TSF beach, well away from the perimeter embankments.   

During yearly reviews and other site investigations, tube samples are collected from the 
beach surface.  Dry density, moisture content, and percentage of fines are determined for each 
tube sample.  Dry densities are corrected for salt content using the expressions shown by Mun-
dle et al. (2012).  The samples are typically collected from relatively dry beaches.  This is owing 
to access issues and the ability of partially saturated samples to be sampled relatively undis-
turbed.  Samples are also collected as close to the decant area as practical, given the above con-
siderations. 

A sample of disturbed tailings that had been collected from a mid-beach location was used for 
the experimental work conducted,  It originally consisted of 63% sand sized particles, and was 
then split into sand and silt fractions by wet sieving.  Owing to the large quantity of material, a 
dispersant was not used in this process.  This resulted in the coarse fraction consisting of ap-
proximately 8% finer than 75 where relevant.  Gradations of 
the tailings at deposition, and the two gradations developed for use in this work are outlined in 
Figure 2. 
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Figure 2. Gradation of samples  

3 EXPERIMENTAL PROGRAM 
3.1 General 
The experimental program was conducted to investigate some of the following: 
 How common methods for predicting density on the beach would compare to those meas-

ured in the case history 
 The variability of air dried density with segregation 
 The impact of air drying on density following re-saturation and subsequent loading, and 

whether this could be discerned at depth from in situ tests 
 

Tests utilized to investigate these issues are outlined below. 
3.2 Settling Tests 
Settling tests were performed within 1000 mL graduate cylinders with 400 g of solids in each 
test.  The tests were performed undrained.  Tests were performed on samples with 8%, 54%, and 
100% fines.  Each gradation was tested at initial slurry GWC of 50%, 100%, and 200%.  Dupli-
cate tests were conducted on the 100% fines samples with NaCl added to the slurry water at a 
concentration of 75 g/L. 
3.3 Shrinkage Tests 
Shrinkage Tests were conducted based on the methods outlined by Fredlund et al. (2011). Four 
tests were conducted on samples prepared as a slurry at 50% GWC using tap water at a variety 
of fines contents.  A further five tests were conducted on samples prepared as a slurry using tap 
water with NaCl added at a concentration of 75 g/L.  One of the tests using salt water com-
menced at initial slurry GWC of 100% to investigate the effects of slurry density on shrinkage 
limit density.  This additional test was conducted on a sample of 100% fines, as this fines con-
tent exhibited the least visible segregation at higher initial GWC.  
3.4 Oedometer Tests 
Consolidation tests were conducted in a 63 mm diameter oedometer.  Slurry samples were thor-
oughly mixed, then poured into the oedometer.  Samples with 54% fines and 100% fines were 
tested.  Slurry GWC of 50% and 100% were used in tests on 100% fines, while only a GWC of 
50% was used with 54% fines samples owing to segregation.  The dry mass of solids was meas-
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ured to allow void ratio determination at the end of the test.  Unlike in conventional oedometer 
testing, where the initial sample height is known to be the height of the ring, this was not the 
case for slurry samples.  The void ratio was estimated based on final height of the sample and 
dry mass of solids.  Owing to the thin resulting sample, and requirement to estimate final vol-
ume from a caliper measurement of the depth to the top of the filter stone within the oedometer, 
this method is not expected to have high accuracy.  A duplicate testing on slurry was performed 
to assess this. 

Air dried samples were prepared using two methods.  Early attempts involved pouring a slur-
ry into the oedometer, decanting water after settling, then allowing drying to progress.  Drying 
could not be allowed to continue to the shrinkage limit with this method, as separation of the 
sample from the walls of the oedometer would occur.  This resulted in a few early attempts be-
ing discarded.  For oedometer-dried samples, drying was observed carefully until it appeared 
separation was imminent.  As a result of this difficulty, a different method was developed.  Slur-
ry samples were poured into a bowl where they were allowed to dry.  To promote separation of 
the sample from the walls of the bowl rather than internal cracking, the bowl was lightly 
greased, and a small gap was trimmed around the perimeter as shrinking progressed.  This re-
sulted in a block of material that could then be sampled using an oedometer ring.  When sam-
pling, the material could be trimmed into an oedometer ring with minimal disturbance.  Some 
minor cracking and flaking at each end was encountered.  Small amounts of material were add-
ed to fill any gaps that occurred.  Over 95% of the volume of the samples was undisturbed mate-
rial directly sampled.  Therefore, it is believed that the results will be largely representative of 
the air dried block. 

Samples that had been air dried using either method were subjected to a bedding load of 
6 kPa.  The sample was then flooded, and swelling or collapse monitored until displacement 
ceased.  Samples were left flooding under a 6 kPa bedding load for a minimum of 5 days prior 
to commencement of the test to ensure near-saturation.  This procedure was applied to simulate 
the process whereby deposition of the next layer would apply load onto the sample, while water 
would draw down into the sample from suction in the unsaturated material.  

The oedometer is not the preferred method to measure the consolidation properties of tailings 
slurry, and hence some justification is required to its use.  The most significant issue with the 
use of oedometers on slurries is inaccurate permeability determination in the increasingly thin 
samples (Olson 1986).  However, this issue is not relevant as permeability measurement was not 
conducted in this work.  It would also have been impossible to acquire sufficient time with a 
Rowe Cell or Slurry Consolidometer in Perth (at UWA or Golder’s Perth Laboratory) for the 
tests conducted with current testing demands.  This is particularly true as air drying of the sam-
ples within the device could take up to one week, and the device would be required throughout 
this process.  Also, it would be more difficult to dry samples separately in bowls, then place or 
extrude them into a Rowe Cell or Slurry Consolidometer.  The use of an oedometer is justified 
on this basis of the above. 
3.5 Slurry Water 
It is acknowledged that the slurry water used is not actual process water, which was not availa-
ble as the experimental program was developed.   It is generally recommended to use the actual 
slurry water in experiments of this nature.  The primary constituent of the slurry water is NaCl, 
which makes up 75% of the TDS.  Therefore, NaCl was added to tap water at the same concen-
tration as it is found in the slurry water for some of the settling and shrinkage tests.  It is hoped 
that reproducing the main constituent of the slurry water will approximate conditions had the 
slurry water been used.  While this limitation of the current work is acknowledged, slurry water 
from site will be obtained and additional testing performed, which should enable confirmation 
of these effects to be assessed. 
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4 RESULTS AND DISCUSSION 

4.1 Settling and Shrinkage Tests 
The shrinkage limit and settled dry densities for each test are plotted on Figure 3 along with all 
of the tube sample results available from the TSF beach.  The settling tests are presented as a 
range of values achieved with different initial slurry GWCs.  The results are plotted in terms of 
dry density and fines content.  The settled dry densities are also shown in Table 1.  

 
Table 1. Settled Dry Densities _____________________________________________________________________ 
Gradation      Initial Slurry GWC    Settled Dry Density         ___________________    ___________________  
             %           t / m3 _____________________________________________________________________ 
8% Fines          50           1.46 
            100           1.32 
            200           1.30 
 
54% Fines          50           1.52 
            100           1.30 
            200           1.23 
 
100% Fines         50           1.25 
            100           1.20 
            200           1.11 _____________________________________________________________________ 

 
The settled dry densities appear to be sensitive to the initial slurry GWC.  This is consistent 

with the findings of Salfate (2011) and others in the literature.  Some caution is required in re-
gards to this finding, however.  It is difficult to assess the impacts of segregation on the results 
achieved with different slurry moisture contents.  Segregation could reduce the packing effi-
ciency of the settled soil.  For the 54% fine fraction sample, significant segregation was visually 
evident on tests at with initial slurry GWC of 100% and 200%.  These results are therefore un-
likely to be accurate, but are shown for comparison purposes.  The samples consisting of 100% 
and 8% fines did not visibly segregate.  However, this was not confirmed with direct measure-
ment.  Settling tests conducted in salt water resulted in the same settled dry density as fresh wa-
ter. 

A number of observations are apparent when the data are assembled in the manner of Fig-
ure 3.  The density achievable for each method was highest for the well graded samples consist-
ing of approximately equal silt and sand fraction, and decreased as the grading becomes more 
uniform.  This is intuitive based on the improved packing efficiency of fine particles filling the 
voids between sand particles, and is supported by many other similar results in the literature.  
The field data obtained generally follows this trend.   

None of the densities measured on the beach were higher than the shrinkage limit densities 
measured in the laboratory, as would expected.  However, the values obtained in the field are in 
almost all cases lower than the expected maximum shrinkage density achieved.  To investigate 
the causes for this, each field sample moisture content was compared to the moisture content at 
the shrinkage limit for that fines content, and the data are differentiated on this basis.  Interest-
ingly, the vast majority of the samples have dried beyond their expected shrinkage limit.  This 
would indicate that they will not achieve further density increases subsequent to when the sam-
ples were taken.  It also indicates that creation of salt crust during evaporation appears not to 
have inhibited drying.  An exception to this is near the decant, where most samples have not 
dried to the shrinkage limit moisture content, as would be expected based on the presence of the 
decant pond. 

The potential causes for the apparently lower field densities than potentially realizable are not 
fully known.  Some potential reasons for this include internal segregation of the tube samples, 
and drying out of the samples through drainage to coarser lenses below where the tube sample 
was taken (rather than evaporative drying).  Internal segregation is likely, given the thin, dis-
crete layers that are typically observed in the tailings in situ.  In one tube sample taken, it was 
possible to separate the sample into two halves given the obvious segregation observed.  Inter-
nal segregation would result in material having fines contents that would result in less packing 
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efficiency compared to that expected for the overall fines content of the sample.  However, in-
spection of Figure 3 indicates that internal segregation would be insufficient in itself to explain 
the lower densities.  It is also worth noting that the shrinkage limit measured in a small sample 
is an idealized maximum value. 

Samples prepared with salt slurry water had slightly higher shrinkage limit densities, and this 
difference increased with increasing fines content.  This is expected owing to the fact that dis-
solved salts increase the surface tension of water (Levin & Flores-Mena 2001), and generate 
osmotic suction (Dao et al. 2008).  The increasing impact of salt with fines content is expected, 
as it is typical that the more compressible and fine-grained a sample, the more susceptible is it to 
variation of pore fluid chemistry (Hu et al. 2008). 

The single test performed to investigate the impact of initial slurry GWC on shrinkage limit 
density indicates that it does have an effect.  A higher initial slurry GWC appears to result in a 
lower shrinkage limit density.  However, the difference is small, possibly within the potential 
error range for this method.  Also, the authors are unaware of any discussion in the literature on 
the impact of initial slurry GWC on shrinkage limit density which is usually reported as a single 
discrete value for each material. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Settling and Shrinkage Test Results  
 

4.2 Consolidation Behavior 
Consolidation results for 100% fines and 54% fines samples are shown in Figures 4 and 5, re-
spectively.  As indicated by these figures, the air drying process has resulted in a significant in-
crease in density that is apparent after re-saturation and further loading.  For the 100% fines 
samples, those samples dried in the oedometer, or dried in a bowl and cored into the oedometer, 
resulted in denser states compared to slurry samples with an initial GWC of 100%.  This differ-
ence prevails to at least 800 kPa.  In the case of the bowl-dried sample, it appears that the result-
ing NCL would not join the slurry NCL within the range of effective stresses that would be ex-
pected within almost any upstream TSF that exists, or is planned.  For the 54% fines sample, air 
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drying has a similar effect, although it appears the bowl-dried NCL will become coincident with 
the slurry.   

Of note is the NCL for the 100% fines samples prepared at a slurry GWC of 50%.  The result 
indicates a denser state across the range of testing compared to a slurry at a GWC of 100%.  
This is consistent with results presented by Hong et al. (2010) regarding the impacts of slurry 
density on consolidation behavior.   

Duplicate testing of the silt, as shown in Figure 4, indicates an accuracy of approximately 
0.05 in terms of void ratio.  Assuming that this is entirely based on experimental error, it indi-
cates the accuracy is adequate to draw conclusions on the difference between air dried and slur-
ry NCLs. 

It is interesting to consider the effects of initial slurry water content on consolidation behav-
ior.  In typical tailings practice, a sample would be poured into the consolidation testing device 
either at the slurry GWC, or at a lower value if the material was segregating.  Compare this to 
behavior on the beach of a TSF.  The slurry commences flow down the beach at the original 
GWC, but as material settles out from this slurry, the GWC reduces.  This process continues un-
til the flow enters the decant pond.  This process, and the relevance of slurry GWC to settling 
density, indicates that settling and consolidation tests should perhaps be conducted at higher ini-
tial GWCs if trying to simulate the behavior of tailings in the decant area. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Consolidation Results – 100% Fines  
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Figure 5. Consolidation Results – 54% Fines  
 

4.3 CPT Results 
The interpretation of two CPT probes of the TSF using the Plewes Method (Plewes et al. 1992) 
is presented in Figure 6.  The Plewes Method allows an estimate of the state parameter to be de-
termined from CPT results.  The state parameter represents the difference between the void ratio 
of the soil, to the void ratio at the critical state line at the same mean effective stress (Been & 
Jefferies 1985).  These results allow an implicit interpretation of the effects of air drying on the 
NCL to be made.  If air drying densification effects are present at depth within the TSF, areas 
where tailings undergo air drying on the beach would be more dilative (i.e., have a lower state 
parameter).  The CPTs were located adjacent to the perimeter embankment, and as near to the 
decant as could be practicably accessed.  Significant air drying has occurred at the perimeter lo-
cation, while minimal air drying would be expected at the decant location.   

The low state parameter results for the upper 5 m of the perimeter CPT, and the upper 2 m of 
the decant CPT are not believed to be accurate.  These uncharacteristically dilatant values are 
likely the result of the tailings at these depth regions possessing high suctions, thus resulting in 
overestimates of tip resistances (of which state parameter estimate is a function).  As most CPT 
calibration chamber testing, including those used to develop the Plewes Method, were per-
formed either on fully saturated or fully dry material, their applicability to unsaturated zones is 
questionable.  This issue is discussed by Pournaghiazar et al. (2011), who showed significant 
increases in tip resistance when probing was conducted through partially saturated sand at the 
same density as comparison probes in saturated sand. 

For the decant location, the tailings were saturated from a depth of 3 m, thus obviating this is-
sue for the remainder of the probing there.  The perimeter location is more nuanced.  At greater 
depths, given the effects of compression, which increases the saturation at a given GWC, drain 
down, and other seepage movements, it is believe the material at this location is close enough to 
saturation that the effects of suction on tip resistance would be minimal.  At some layers en-
countered by this probe small positive dynamic water pressures were measured indicating 
perched saturated zones (or material very close to saturation).  These locations have state pa-
rameter results consistent with zones above and below.  Hence, it is tentatively theorized that 
the tip resistance of this CPT probing has not been significantly affected by suction. 

The comparison of the state parameter at these locations indicates that the increased density 
likely from air drying on the beach is visible at significant depths.  This would indicate signifi-
cant resistance to liquefaction, and dilatant behavior in post-cyclic shear. 
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Figure 6. State Parameter Estimates  

5 FUTURE WORK 

The authors intend to continue investigation of this topic.  This will include determining Soil 
Water Characteristic Curves and critical state line measurement for different gradations of the 
tailings.  Reproducing some of the testing conducted here with slurry water from site will also 
be performed.   

6 CONCLUSION 

A laboratory investigation of tailings settling, shrinkage, and consolidation behavior and com-
parison to in situ data has been conducted.  The results have indicated significant density in-
creases are expected from air drying.  The data generated in the laboratory has correlated rea-
sonably well to field data.  However, it appears that even on a TSF that is carefully managed to 
promote air drying, the dry density at the material’s shrinkage limit is not consistently achieved.  
This further emphasizes the importance of in situ sampling early after the commencement of 
deposition to allow confirmation and refinement of design assumptions.  The comparatively 
higher densities achieved at depth through air drying indicated from consolidation tests was ten-
tatively confirmed from in situ tests. The effects observed should result in significant liquefac-
tion resistance, even were resaturation to occur.  Further proposed work related to this topic is 
envisaged to include determining Soil Water Characteristic Curves and critical state line meas-
urement for different gradations of the tailings. 
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1 INTRODUCTION 

Acid rock drainage (ARD) and heavy metal mobilization at the former Rum Jungle Mine Site 
have led to significant environmental impacts on local groundwater and the East Branch of the 
Finniss River (Kraatz, 2004).  

Rehabilitation in the 1980s involved treatment of highly-impacted pit water, covering the 
waste rock dumps (WRDs) to reduce infiltration and oxygen transport, and backfilling one of 
the open pits with tailings and highly-contaminated soils (Allen & Verhoeven, 1986). Contami-
nant loads from the mine site were substantially reduced by rehabilitation measures but 
groundwater and the East Branch of the Finniss River remain impacted by ARD (Ferguson et 
al., 2012). 

In 2009, the Mining Performance Division of the Department of Resources (DoR) was 
tasked with developing a revised rehabilitation strategy for the former Rum Jungle Mine Site.  
Robertson GeoConsultants Inc. (“RGC”) developed a transient groundwater flow model for the 
Rum Jungle mine site to assist with this rehabilitation planning. The overall objective of this 
modeling work was to understand current groundwater conditions and to evaluate alternative 
rehabilitation options. The objectives of the initial phase of modeling work were to:  

 Develop a conceptual flow model that describes the principal hydrogeologic features of 
the mine site and all available groundwater monitoring data/hydraulic testing data; 

 Calibrate a transient numerical flow model to groundwater level data collected from 
August 2010 to November 2011 and verify the numerical flow model; and 

 Estimate contaminant loads from the above-ground mine waste units to groundwater 
and the East Branch of the Finniss River using the calibrated flow model.   

Numerical groundwater flow modelling at the historic Rum 
Jungle mine site, Northern Territory, Australia 

C. Wels & P.R. Ferguson 
Robertson GeoConsultants Inc., Vancouver B.C., Canada 

 
M. Fawcett 
NT Department of Resources, Darwin N.T., Australia 
 

ABSTRACT: Rum Jungle was one of Australia’s first major uranium mines and produced 
3,500 tonnes of uranium oxide and 20,000 tonnes of copper in the 1950s and 1960s. After mine 
closure, acid rock drainage and the mobilization of metals in mine waste led to significant im-
pacts on groundwater and the nearby East Branch of the Finniss River. Rehabilitation attempts 
were made in the 1970s and 1980s but water quality conditions have deteriorated over the last 
30 years. A revised rehabilitation plan for the site is being developed by the NT Department of 
Resources. A transient groundwater flow model was developed for the site to assist in this re-
habilitation planning.  
 The objective of numerical modeling is to simulate seasonal variations in groundwater flow 
under current conditions and subsequently evaluate alternative rehabilitation options. This pa-
per describes the initial modeling phase, including the conceptual flow model for the site, the 
calibration of the numerical flow model to monitoring data for the 2010/2011 wet season, and 
the verification of the model using results from recent pit de-watering.  
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This paper summarizes the results of this initial phase of modeling and preliminary contaminant 
load estimates. 

2 BACKGROUND 

2.1 Climate & Hydrology  
The former Rum Jungle Mine Site is located 105 km by road south of Darwin in Australia’s 
Northern Territory (NT). The region is characterized by a tropical savannah-like climate and 
typically receives about 1500 mm of annual rainfall. 90% or more of this rainfall occurs during 
a distinct wet season that lasts from November to April.   

The East Branch of the Finniss River flows through the mine site and was diverted during 
mining operations to allow access to the Main and Intermediate ore bodies. Flows from the up-
per East Branch of the Finniss River and Fitch Creek currently flow directly into the East Finn-
iss Diversion Channel (EFDC) and through the Open Pits before flow resumes northward via 
the natural course of the East Branch of the Finniss River (Figure 1).  

Figure 1. Open pits, waste rock dumps (WRDs), and other pertinent features of the Rum Jungle Mine Site 

2.2 Geology 
The Rum Jungle Mine Site is situated in a triangular area of the Rum Jungle mineral field 
known as The Embayment. The main lithologic units in The Embayment are the Rum Jungle 
Complex and meta-sedimentary and subordinate meta-volcanic rocks of the Mount Partridge 
Group. The Rum Jungle Complex consists mainly of granites and occurs primarily along the 
southeastern side of the Giant’s Reef Fault, whereas the Mount Partridge Group occurs north of 
the fault and consists of the Crater Formation, the Geolsec Formation, the Coomalie Dolostone, 
and the Whites Formation.  

2.3 Site Layout 
The mine site features three waste rock dumps (WRDs), the flooded Main and Intermediate 
Open Pits, Dyson’s (backfilled) Open Pit (or ‘Landform’) and the partially-mined Browns Ox-
ide Open Pit (see Figure 1). Other notable features include the East Finniss Diversion Channel 
(EFDC), the former Tailings Dam area along Old Tailings Creek, and the former Copper Ex-
traction Pad between the flooded Open Pits (see Ferguson et al., 2012 for additional details). 
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3 CONCEPTUAL FLOW MODEL 
3.1 Model Domain 
Figure 2 shows the boundaries of the model domain for the Rum Jungle Mine Site. The bounda-
ries of the model domain (shown in red) were defined by local topographic highs and low-lying 
drainage lines (creeks) such that cross-boundary flows into the modeled domain can be as-
sumed to be negligible.   

 

Figure 2. Model Domain 
 

Vertically, the model domain extends from ground surface to a maximum depth of about 150 
m (or about 50 m deeper than the maximum depth reached during mining). All lithological con-
tacts and/or faults within the model domain were assumed to be vertical in orientation and ex-
tend through the entire bedrock aquifer.  

3.2 Aquifer Units & Properties 
The aquifer system at the Rum Jungle Mine Site is thought to be comprised primarily of rela-
tively shallow (typically < 100 m deep), unconfined bedrock aquifers. No information is cur-
rently available on the potential presence of deeper, confined aquifers of regional extent yet 
such aquifers (if present) are not considered likely to influence the shallow groundwater flow 
that controls contaminant transport. 

Bedrock of the Rum Jungle Complex and the Mount Partridge Group comprise the main aq-
uifer of the mine site (see Figure 3). The hydraulic properties of the bedrock aquifer differ ac-
cording to lithology and the degree of weathering and/or fracturing (RGC, 2012). The degree of 
fracturing in the bedrock aquifer is likely depth-dependent to some extent so deeper bedrock of 
the Rum Jungle Complex and the Mount Partridge Group is expected to be less fractured (and 
hence characterized by lower secondary permeability).  
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Figure 3. Hydrostratigraphic units, Rum Jungle Mine Site. 

3.3 Groundwater Flow Regime 
Cross-boundary flows to the model domain are considered negligible so local topographic highs 
(i.e. ridge lines) represent no-flow boundaries and the only source of water to the model domain 
is recharge by rainfall infiltration. Groundwater recharge occurs mainly during the wet season 
and higher elevation areas tend to be preferentially recharged due to the greater available stor-
age above the water table (RGC, 2012).    

Unimpacted groundwater from upland areas tends to flow towards the lower elevation areas 
that correspond to the current course of the East Branch of the Finniss River and its pre-mining 
course in the central mine reach. Upward vertical gradients in these low-lying areas indicate 
that groundwater discharges in these areas and hence contributes to surface water flows.  

Groundwater flow fields within the model domain have been altered by the presence of the 
above-ground mine waste units. Of particular interest is the ‘mounding’ of groundwater levels 
that occurs beneath and near the Main WRD (and Dyson’s WRD). This mounding suggests that 
the heaps represent areas of preferential recharge. Groundwater flow fields are also affected by 
the flooded Open Pits, which can act as sources or sinks for groundwater depending on the sea-
son (RGC, 2012).  

3.4 Contaminants in Groundwater  
Conceptual representations of the major contaminant plumes at the Rum Jungle Mine Site are 
delineated in Figure 4. High concentrations of SO4 and metals characterize groundwater near 
the WRDs/backfilled Open Pit and in the vicinity of the former Copper Extraction Pad (Fergu-
son et al., 2012).  
 

Metals concentrations are particularly high near the Main WRD due to the low buffering ca-
pacity of the underlying Rum Jungle Complex. Groundwater affected by seepage from the Main 
WRD generally moves eastward towards Fitch Creek or westward towards the Intermediate 
WRD. The extents of contaminant plumes originating from the Intermediate WRD are more 
difficult to ascertain but the majority of contaminants are thought to report to the EFDC via toe 
seepage/shallow groundwater discharge from the northern edge of the heap.  
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 Figure 4. Conceptual representation of contaminant plumes in groundwater. 
 
 
In Dyson’s Area, highly-impacted groundwater resides in the shallow bedrock aquifer south 

of Dyson’s WRD and Dyson’s (backfilled) Open Pit. This groundwater discharges primarily to 
the upper East Branch of the Finniss River as impacted groundwater does not appear to be 
transported westward beyond Dyson’s Area due to local topography and/or the low permeabil-
ity of bedrock (Ferguson et al., 2012).   

Moderately-elevated SO4 concentrations characterize groundwater north of the central mine 
reach but metal concentrations in this area are low. This suggests that metals are naturally at-
tenuated in groundwater due to the high buffering capacity of the Coomalie Dolostone and the 
low solubility of most metals under near-neutral pH conditions. Major ions, such as SO4 and 
Mg, are unaffected by this buffering reaction (or retardation) and therefore transported conser-
vatively in groundwater (hence the larger extents of TDS plumes compared to metal plumes).  

3.5 Recharge 
Recharge to undisturbed areas of the model domain occurs primarily during the wet season 
when the majority of rainfall occurs. Previous studies have estimated that only 10% of incident 
rainfall to natural ground surfaces in humid areas of northern Australia infiltrates to groundwa-
ter (as the remainder of incident rainfall is lost via evapotranspiration and surface runoff).  

Seasonal variations in groundwater levels suggest that rainfall infiltration to the Coomalie 
Dolostone is higher than to the other units of the Mount Partridge Group and the Rum Jungle 
Complex. Recharge to the Coomalie Dolostone is therefore likely higher than the generalized 
values for undisturbed ground (say 10 to 15% of incident rainfall), whereas annual infiltration 
rates for the Whites Formation and the Rum Jungle Complex are likely lower by comparison 
(say 5 to 10% and 2%, respectively).  

Net infiltration rates for the mine waste units are thought to be higher than recharge to 
groundwater via natural ground surfaces. This was particularly likely when the WRDs were un-
covered in the 1970s and early 1980s. Daniel et al. (1982) estimated that 50 to 60% of annual 
rainfall percolated through the Main WRD before rehabilitation. Based on previous investiga-
tions and preliminary contaminant load estimates, current rates of net infiltration were estimat-
ed to be about 25% of incident precipitation for the Main and Intermediate Heaps and 50% for 
the Dyson’s WRD.   
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3.6 Groundwater-surface water interactions 
The Main and Intermediate Open Pits cut deeply into the bedrock aquifer in the central mining 
reach and can therefore interact significantly with groundwater in adjacent zones of the bedrock 
aquifer. Pit water and groundwater level data suggest that the flooded Open Pits tend to receive 
flows of groundwater during the wet season but act primarily as sources of water to the 
groundwater system during the dry season (RGC, 2012).  

Higher flows from the Intermediate Open Pit than the Main Open Pit are expected due its 
strong hydraulic connection to the Coomalie Dolostone and the partial backfilling of the Main 
Open Pit with low-permeability tailings (which has likely sealed the deeper pit walls from the 
surrounding bedrock aquifer).  

The Browns Oxide Open Pit is expected to interact significantly with the groundwater sys-
tem at the Rum Jungle Mine Site because it was actively de-watered in 2010/2011. Specifically, 
the Browns Oxide Open Pit is expected to be a major sink for groundwater and therefore likely 
influences the groundwater flow field west of the Intermediate Open Pit near the East Branch of 
the Finniss River. Other major discharge zones for groundwater include Fitch Creek and the 
upper East Branch of the Finniss River, sections of the EFDC, and the East Branch of the Finn-
iss River downstream of the mine site.  

3.7 Conceptual Groundwater Budget 
Using percentage infiltration rates and the areas of undisturbed ground and mine waste units, 
annual recharge to the groundwater system in the model domain was estimated to be 56 to 129 
L/s. The lower estimate reflects 2% recharge for the Rum Jungle Complex, 10% for the Coo-
malie Dolostone, and 25% for the mine waste units, whereas the upper bound estimate corre-
sponds to twice the recharge assumed for the lower bound. 

Flows to and from the flooded Open Pits and groundwater discharge to the East Branch of 
the Finniss River and its tributaries were estimated via Darcy flow calculations and weighted K 
values (results not provided in this paper). This conceptual groundwater budget provides rea-
sonable upper and lower bounds for numerical modeling and emphasizes the significance of 
groundwater discharge to the East Branch of the Finniss River and to the Browns Oxide Open 
Pit (RGC, 2012). 

4 NUMERICAL MODELING  

4.1 Numerical Methods 

4.1.1 Model Setup & Discretization  
Groundwater flow was simulated with MODFLOW-2000 using the Layer Property Flow (LPF) 
package and the Preconditioned Conjugate Gradient 2 (PCG2) solver to solve the flow matrix 
(Harbaugh et al., 2000; Hill, 1990). MODFLOW was run transiently (monthly time steps) to 
simulate seasonal variations in groundwater levels from August 2010 to November 2011.  

All drainage features were modeled using the drain (DRN) package. Groundwater extraction 
due to pumping of private production wells was assumed to be negligible at the scale of the 
model domain and the process of evapotranspiration was accounted for by the use of net infil-
tration rates. 

4.1.2 Spatial Discretization 
The model domain was spatially discretized into a 3-dimensional grid with a uniform grid spac-
ing of 25 m. Initially, 3-layer and 4-layer models were developed and partially-calibrated but 
the model domain was ultimately discretized as a 6-layer model (see Figure 5).  

Current topography at the Rum Jungle Mine Site was used to define the top of Layer 1 and 
the top of Layer 2 outside of the footprints of the WRDs and Dyson’s (backfilled) Open Pit. 
Within the footprints of these mine waste units, the top of Layer 2 was defined by the pre-
mining ground elevation in that area (implying that the thickness of Layer 1 is variable).  
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 Figure 5. Finite difference grid with boundary conditions. 
 

 
The tops and bottoms of Layers 3 to 6 are offset by the thicknesses listed above and hence are 
fixed throughout the model domain.  

Layer 1 is only active within the footprints of the WRDs and Dyson’s (backfilled) Open Pit. 
Layers 2 to 6 were active throughout the model domain except for within the boundaries of the 
three open pits. Inactive cells in these layers represent mined-out portions of the model domain 
that are now flooded with surface water and hence not part of the groundwater system.  

4.1.3 Recharge 
Groundwater recharge to the bedrock aquifer in undisturbed areas of the Rum Jungle Mine Site 
and the above-ground mine waste units was estimated as follows: 

 Total rainfall accumulation for the 2010/2011 wet season was estimated from meas-
urements collected from the rain gauge near the Main WRD; 

 An amount of rain needed to ‘wet up’ the unsaturated zone during the early wet season 
was subtracted from the total rainfall accumulation to yield an estimate of net rainfall; 
and then 

 Net rainfall was multiplied by a percentage infiltration rate to yield a “net recharge 
rate”.    

Total rainfall was 2,576 mm for the 16-month simulation period. Net rainfall was estimated 
to be 2,372 mm by subtracting the average amount of rainfall that accumulates during the early 
wet season before an increase in groundwater levels was observed. 

Figure 3 shows the final distribution of hydrostratigraphic units used to assign recharge rates 
(and hydraulic properties) to the model domain. Recharge rates were initially assigned solely by 
lithology as per the conceptual model but rates were later modified as part of the calibration 
process. Also modified during calibration was the number of recharge polygons per lithologic 
unit (see RGC, 2012 for more details). 

4.1.4 Sources & Sinks 
Heads in cells from Layers 2, 3, and 4 that are intersected by the perimeters of the Main and In-
termediate Open Pits were specified using a transient head boundary (see Figure 5). These cells 
represent the bedrock aquifer that is in contact with standing water within the pits and were as-
signed a head that is equal to the observed pit water level.  
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Relatively shallow creeks, engineered drainage features, and areas where seepage is known 
to express itself at ground surface are represented by drain nodes in Layers 1 and 2 of the mod-
el. Drain conductances across the model domain were typically set to one or two orders of 
magnitude higher than K values for the surrounding aquifer.  

4.2 Model Calibration 

The model domain was initially discretized solely on the basis of lithology and estimates of re-
charge, horizontal and vertical hydraulic conductivity (KH and KV, respectively), specific stor-
age (Ss), and specific yield (Sy) from the conceptual model were assigned. The model was then 
calibrated by manually adjusting recharge and the aquifer properties within an acceptable range 
in order to fit simulated water levels to observed water levels.  

The quality of the fit between simulated and observed water levels was visually evaluated 
based on the geodetic elevation of the simulated water level and the early wet season response 
of the simulated water level to recharge (RGC, 2012).  

Groundwater levels in close to sixty wells across the model domain were simulated during 
the calibration process. An example of the match between simulated and observed groundwater 
levels in the Coomalie Dolostone is shown in Figure 6. These plots highlight the rapid increase 
in groundwater levels during the early wet season and the more gradual recession of groundwa-
ter levels towards the end of the wet season and into the dry season (i.e. from April to August 
2011). 

 

Figure 6. Simulated and observed groundwater levels for a selection of wells screened in the Coomalie 
Dolostone. 

 

4.3 Numerical Modeling Results 

4.3.1 Calibrated Recharges & Hydraulic Properties 
The key aspects of the calibrated recharge rates and hydraulic properties of the hydrostrati-
graphic units are summarized as follows:  

 The Coomalie Dolostone is the most permeable aquifer unit (i.e. up to 1.5x10-4 m/s) in 
permeable zones north of the central mine reach and recharge was typically 20% of net 
rainfall;  

 The Whites Formation is inferred to be an order-of-magnitude or more less permeable 
than the Coomalie Dolostone (i.e. K = 10-5 m/s); this unit is typically more permeable 
in the central mine reach than in the area west of the Main Open Pit and in Dyson’s Ar-
ea; 

 The Rum Jungle Complex is typically characterized by relatively low K values (i.e. K < 
1x10-6 m/s) at greater depths and near the northeast corner of the Main WRD; shallow 
zones of the bedrock aquifer east of the Main WRD towards Fitch Creek are relatively 
permeable due to weathering.     
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Waste rock in the WRDs is inferred to be relatively permeable (K = ~5x10-5 m/s) and character-
ized by higher specific yields than bedrock aquifer units. The mixture of waste rock, tailings, 
and contaminated soils used to backfill Dyson’s (backfilled) Open Pit is inferred to be much 
less permeable by comparison (i.e. K = 2x10-7 m/s) due to the presence of fine tailings in the 
mixture (RGC, 2012).  

4.3.2 Simulated Flow Fields  
The simulated groundwater flow field for April 2011 (the height of the wet season) is shown 

in Figure 7. Groundwater generally flows from topographic highs towards the central mine 
reach and the East Branch of the Finniss River. Groundwater levels near the Main WRD were 
simulated to ‘mound’ due to the low K of the Rum Jungle Complex and flow occurs radially 
outward as a result. Mounding was not simulated near the Intermediate WRD due to the pres-
ence of the more permeable Coomalie Dolostone and Whites Formation in this area. 

 

Figure 7. Simulated groundwater flow field for April 2011 (wet season). 
 
   

4.3.3 Simulated Groundwater Budget  
Key aspects of the simulated groundwater budget are summarized as follows: 

 The Main and Intermediate Open Pits represent a net source of water to the groundwa-
ter system; specifically, net annual flows to groundwater from the Main and Intermedi-
ate Open Pits are 4 L/s and 7 L/s, respectively; higher flows from the Intermediate 
Open Pit are related to its strong hydraulic connection to highly-permeable zones of the 
Coomalie Dolostone;    

 The Browns Oxide Open Pit receives a net annual inflow of 22 L/s and hence is a major 
discharge zone for groundwater due to active de-watering; groundwater discharge to the 
pit is highest in the wet season when groundwater levels in the vicinity of the pit rise 
(and pumping rates are highest);  

 Annual groundwater discharge to the East Branch of the Finniss River downstream of 
gauge GS8150200 (at mine site) was simulated to be 44 L/s; groundwater discharge to 
the various creeks and tributaries of the East Branch of the Finniss River represents an 
additional 73 L/s; 

 Shallow drains near the major mine waste units capture 12 L/s of toe seepage and shal-
low groundwater discharge; flows from the Main WRD and Dyson’s WRD account for 
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half of this annualized flow (4 L/s and 2 L/s, respectively); flows from the Intermediate 
WRD and Dyson’s (backfilled) Open Pit both represent less than 1 L/s.  

Note that simulated seepage flows are generally consistent with preliminary contaminant load 
estimates from RGC (2012) but re-calibration of the model with observed toe seepage during 
the 2011/2012 wet season is planned to confirm this.    

4.4 Model Verification 
In late 2008, water from the Intermediate Open Pit was pumped to the nearby Browns Oxide 
mine (for processing) resulting in a drawdown of the pit water level by about 11 m over three 
months. During this pit dewatering, the groundwater levels at three wells in the central mine 
reach (wells RN022107, RN022108, and RN022081) were monitored.  The response of the 
groundwater system to drawdown of the Intermediate pit (in essence a large-scale pumping test) 
was simulated to verify the numerical model calibration. 

The model generally reproduced the observed drawdown in groundwater levels in the sur-
rounding bedrock aquifer in response to pumping of the Intermediate Pit very well (see Figure 
8). The calibrated model confirmed that the cone of depression due to pumping of the Interme-
diate Pit affects groundwater levels in the Coomalie Dolostone and Whites Formation near the 
pit but not groundwater levels in the Rum Jungle Complex (see Figure 8).  

Model verification results indicate that the strong hydraulic connection that is known to exist 
between the Intermediate Open Pit and the Coomalie Dolostone is well-simulated by the model 
(see water levels for well RN022108). The model also simulates the more modest drawdown of 
groundwater levels in zones of the bedrock aquifer that are located at greater distance from the 
Intermediate Pit (e.g. at well RN022107) and/or only weakly-connected to the flooded Interme-
diate Open Pit (e.g. at well RN022081). These results indicate that the major hydraulic connec-
tions between the Coomalie Dolostone and the flooded Open Pits are well-represented in the 
numerical flow model.  

 

 Figure 8. Simulated and observed water levels during the pit de-watering trial used for model validation. 
 
 

4.5 Model Limitations 
The numerical model is generally limited by simplifying assumptions related to our concep-

tual flow model, including the use of a fixed proportion of net monthly rainfall as a proxy for 
groundwater recharge, the discretization of the model domain into only six hydrostratigraphic 
layers, and the use of an equivalent porous medium approach for groundwater flow in the frac-
tured bedrock aquifer. These assumptions are not considered problematic at regional scales but 
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may hinder our ability to predict groundwater flow locally near the Overburden Heaps and Dy-
son’s (backfilled) Open Pit. 

Another limitation of the model is the non-uniqueness of the flow solution that arises from 
the correlation between calibrated recharge and K values and the lack of calibration to flows. 
The non-uniqueness of the flow solution was evaluated via a series of sensitivity runs that 
showed that observed groundwater levels could be simulated via a number of different combi-
nations of recharge and K (see RGC, 2012 for more details). Re-calibration of the groundwater 
flow model to seepage flow estimates or results from additional large-scale pumping tests 
would reduce this uncertainty (see planned future work in section 6).  

5 IMPLICATIONS FOR REHABILITATION 

5.1 Contaminant Loads to Groundwater 
Simulated toe seepage from the numerical model and seepage water quality data from Ferguson 
et al., (2012) were used to estimate annual contaminant loads from the WRDs and Dyson’s 
(backfilled) Open Pit for current conditions (see Table 1).  

Key aspects of these preliminary load estimates are summarized as follows:  
 The Main Overburden Heap accounts for 50% of the estimated annual SO4 load to the 

East Branch of the Finniss River and is estimated to be a major source of metals (i.e. 15 
to 30%);  

 The Intermediate Overburden Heap accounts for an estimated 25% of the annual SO4 
load to the East Branch of the Finniss River and is estimated to be a significant source 
of metals (~30% of Cu and Mn, 50% of Ni, and nearly 80% of Zn);  

 Dyson’s Overburden Heap accounts for an estimated 15 to 20% of the annual SO4 load 
from the mine waste units and close to 75% of the annual Fe load; this heap is estimat-
ed to be a relatively minor source of other metals due in part to the nature of waste rock 
from Dyson’s Open Pit (which was mined solely for U and not a suite of metals);  

 Dyson’s (backfilled) Open Pit is estimated to be a minor source of SO4 but a major 
source of Cu, Mn, and Ni; these high loads are related to seepage from the mixture of 
highly-contaminated soils and heap leach material used to backfill the shallow portions 
of the open pit. 
 
 
 

Table 1. Annual contaminant loads for mine waste units at Rum Jungle mine site 

            Annual contaminant loads (in t/yr) 

Mine Waste Unit 
Flow, 
ML SO4 Cu Mn Zn Ni Fe 

Main WRD 200 1144 0.7 2.2 1.3 0.8 1.6 
Intermediate WRD 23 593 1.1 2.7 5.0 2.1 1.0 
Dyson's WRD 64 385 0.0 1.0 0.0 0.2 7.4 
Dyson's (backfilled) Open Pit 24 152 1.8 3.2 0.1 1.2 0.2 

Total: 311 2275 3.6 9.1 6.5 4.2 10.2 

 

5.2 Flowpath Analyses 
Flowpath analyses were used to evaluate how contaminants are transported in groundwater 
away from the above-ground mine waste units and near the former Copper Extraction Pad area 
(see RGC, 2012). These analyses provide some perspective on how contaminants move in 
groundwater under current conditions. An example flowpath analysis for the central mine reach 

Proceedings Tailings and Mine Waste 2012  |  Keystone, Colorado, USA  |  October 14-17, 2012

381



 

is shown in Figure 9 and some pertinent findings are summarized below for the high-priority 
areas of the mine site.    
 

Figure 9. Flowpath analysis for groundwater in the central mine reach. 
 
 

5.2.1 Main & Intermediate WRDs 
Near the Main WRD, groundwater flows radially outward from the center of the dump due 

to the ‘mounding’ of water levels. This mounding is caused by high recharge and the low per-
meability of the underlying Rum Jungle Complex. Groundwater in this area tends to be highly-
impacted by ARD due to the low buffering capacity of the Rum Jungle Complex (see Figure 4).  

Mounding does not occur near the Intermediate WRD and hence contaminants from this 
dump are transported northward to the EFDC due to the prevailing direction of groundwater 
flow. Some buffering of groundwater near the Intermediate WRD may occur but highly-
impacted (shallow) seepage suggests that the buffering capacity of bedrock may have been 
overwhelmed (at least in shallow soils/bedrock). 

The flowpath analysis for the Main and Intermediate WRDs indicates that the majority of 
contaminant loads from waste rock in these dumps reports to the East Branch of the Finniss 
River via toe seepage and shallow groundwater flow. The transport of contaminants in deeper 
zones of the bedrock aquifer is therefore limited and surface water quality conditions in the 
East Branch could be improved over a relatively short time period by reducing contaminant 
loads from the Main WRD and in particular the Intermediate WRD.    

5.2.2 Dyson’s Area 
Contaminants from Dyson’s WRD and Dyson’s (backfilled) Open Pit are delivered primarily 

to the East Branch of the Finniss River via toe seepage or shallow groundwater flows. Ground-
water quality data are consistent with the results of the flowpath analysis, as shallow groundwa-
ter is highly-impacted but groundwater further west contains only modest levels of contami-
nants (Ferguson et al., 2012). This pattern of contaminant transport is explained mainly by local 
topography but also the low permeability of the deeper bedrock aquifer in Dyson’s Area.        

5.2.3 Central mine area 
In the central mine reach, contaminants in groundwater appear to have been transported 

from the central mine reach towards the East Branch of the Finniss River prior to development 
of the Browns Oxide Open Pit (see Figure 9, right panel). This flowpath is consistent with 
groundwater quality data from Ferguson et al. (2012), which indicate the presence of a TDS 
plume (but metals concentrations in groundwater are low).  

De-watering of the Browns Oxide Open Pit appears to have caused a cone of depression to 
develop in the central mine reach that causes groundwater to move westward towards the In-
termediate Open Pit and the Browns Oxide Open Pit itself (see Figure 9, left panel). This cone 
of depression may ultimately lead to the transport of highly-impacted groundwater from the 
Copper Extraction Pad area towards the Browns Oxide Open Pit. However, there is no evidence 
that this has yet occurred and pit de-watering is not expected to continue indefinitely.  
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6 FUTURE WORK 
 
The next phase of work at the Rum Jungle Mine Site will involve the evaluation of alternative 
rehabilitation options with the numerical flow model. Planned work to be completed prior to 
predictive groundwater flow modeling includes the following:  

 Update the numerical flow model with groundwater and pit water level data for the 
2011/2012 wet season (which showed a distinctly different rainfall pattern); 

 Re-calibrate the numerical flow model with seepage flow measurements collected by 
the DoR during the 2011/2012 wet season; 

 Refine the preliminary contaminant load estimates with additional seepage flow data 
and observed loads in the East Branch of the Finniss River for the 2010/2011 and 
2011/2012 wet seasons;  

 
These updates to the model will reduce the uncertainty that characterizes the current model cal-
ibration and will ensure that two very different water years are included in the final calibration 
(the 2011/2012 wet season was much drier than the 2010/2011 wet season). Finally, additional 
drilling is planned in the former Copper Extraction Pad area to better delineate the extent of 
highly-impacted groundwater in this area (see Ferguson et al, 2012) and to assess its potential 
to move towards the EFDC and the Browns Oxide Open Pit after rehabilitation. 

Completion of the recommended work will allow a comprehensive assessment of how the 
water quality conditions in the East Branch of the Finniss River could be improved by the alter-
native rehabilitation options and thereby enable the DoR to select the preferred rehabilitation 
option in light of stakeholder interests and priorities.     
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1 INTRODUCTION 
 
Water management at mine sites, either during operations or as part of closure activities, may 
require the disposal of significant quantities of water. Evaporation can be a very useful tool for 
disposal because process waters often cannot be directly discharged to receiving waters prior to  
costly treatment. At mining and milling sites throughout the world, evaporation basins are 
routinely used for wastewater storage and disposal. Proper design of evaporation basins requires 
long-term water balance predictions, and estimates of evaporation rates using site-specific 
climatic data are often an important component of the water balance predictions.  
 The two main factors influencing evaporation from an open fresh water surface are: (1) the 
supply of energy to provide the latent heat of vaporization, and (2) the ability to transport the 
vapor away from the evaporative surface. Solar radiation is the primary source of heat energy, 
while the ability to remove vapor from the surface depends on factors such as the wind velocity 
across the surface and the humidity gradient in the air above the surface. In contrast to fresh 
water systems, however, water stored in evaporation basins often contains elevated salinity due 
to the effects of evaporation. The effects of hypersalinity on the reduction of evaporation rates 
can be considerable, and is often overlooked or underestimated. 

Predicting the effects of hypersalinity on evaporation rate and 
water quality in surface impoundments  

D.B. Levy, Ph.D. 
AXIS Colorado LLC, Fort Collins, Colo., USA 

 

ABSTRACT: Water management at mine sites during operations or closure often requires the 
disposal of significant quantities of water. Evaporation can be a very useful tool for disposal, 
because process waters often cannot be directly discharged to the environment without costly 
treatment. At mining and milling sites throughout the world, evaporation basins are routinely 
used for wastewater storage and disposal. Proper design of evaporation basins requires long-
term water balance predictions, and estimates of evaporation rates using site-specific climatic 
data are an important component of the water balance predictions. However, water stored in 
evaporation basins may contain elevated salinity due to the effects of evaporation. The effect of 
salinity on the reduction of evaporation rate may be considerable when total dissolved solids 
(TDS) concentrations begin to exceed 5 to 10 percent. Determination of site-specific 
evaporation rates for a hypersaline raffinate disposal pond (Uravan, Colorado) was successful 
using both saline/Efresh) obtained from the literature 
and from the results of a pilot-scale field study. An additional consideration of surface 
impoundment management is the effect of evaporation on pond water quality. The chemical 
composition of an evaporating water may pass through a succession of chemical divides that 
ultimately controls the major ion and trace element concentrations of the resulting brine. 
Applications of the conceptual Hardie-Eugster model in conjunction with computer modeling 
are tools that can be used to predict the chemical composition of evaporating pond waters. 
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 A number of mathematical relationships have been developed to predict evaporation rates 
from open water surfaces (e.g., Penman 1948; SCS 1967; Linacre 1977). These equations 
require the input of meteorological data, such as water temperature (To), air temperature (Ta), 
relative humidity (RH), and net radiation. For example, many of the equations are based directly 
on the equation derived by Penman (1948): 
 

  
 E QE an                            (1) 

 
where: Qn = net radiation energy; slope of the saturation vapor pressure vs. temperature 
curve (des/dT) at Ta; Ea = evaporation given by the aerodynamic equation Ea = f(u) [es – ea] 
assuming (To) = Ta, where f(u) = wind function, es = saturation vapor pressure at Ta, and ea = 
vapor pressure of air; and  
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where: Qh = sensible heat transfer; ea = atmospheric water vapor pressure; and eo = water vapor 
pressure at To. Improvements were subsequently made to the Penman Equation by Kohler and 
Parmele (1967) by incorporating differences between air and water temperature when 
computing radiation emission from the water surface. Similar mathematical methods have been 
applied more recently to estimate evaporation from water bodies ranging in size from small 
evaporation pans (Linacre 1994) to large reservoirs, such as Lake Mead (Westenburg et al. 
2006).     
 While evaporative models have the capability to incorporate site-specific meteorological data, 
the equations are based on a number of assumptions that can restrict their use at some locations. 
Historically, pan evaporation data have been the most common method for defining free water 
evaporation, because pans provide one of the most practical methods for measuring evaporation 
rate. A network of Class A evaporation pans exists in the USA from which evaporation data can 
be obtained from various national and regional climate offices. The primary use of pan 
evaporation data is estimation of lake evaporation and crop water loss. Pan evaporation rates can 
be used to estimate lake evaporation rates by applying a pan coefficient (Eo/Ep),which has been 
shown to vary between 0.62 and 0.80 (Linacre 1994). A pan coefficient of 0.70 has been 
adopted as the standard value for application to reservoirs (Christiansen and Mehta 1965) and 
surface impoundments (Pochop et al. 1985).  

2 SALINITY EFFECTS ON EVAPORATION RATE 
 
It has long been recognized that the evaporation rate from a free water surface is reduced by 
salinity. Lee (1927) recognized that brines from Owens Lake, California, evaporated more 
slowly when compared to fresh water, and showed that the evaporation rate decreased 
approximately 1 percent for each 0.01 increase in specific gravity (SG). At the Utah Bonneville 
Salt Flats, Turk (1970) conducted experiments during a one-month period by concentrating 
shallow brine collected from the playa using evaporation. Solution densities ranged from 1.21 to 
1.33 g/cm3 and were maintained by adding fresh water to compensate for evaporative losses. 
Turk’s results also showed a decrease in mean daily evaporation rate with increasing SG when 
brine evaporation rates were compared to those of fresh water. Similar experiments were 
conducted by Salhotra et al. (1985) at the southern end of the Dead Sea, where evaporation pans 
were filled with mixtures of Mediterranean and Dead Sea brine in various proportions. Not only 
did the Dead Sea experiment demonstrate the reduction in evaporation rate with increasing 
salinity, the study also showed that the relative rates of reduction compared to fresh water varied 
throughout the year.   
 The primary effect of salinity is to reduce the saturation vapor pressure (es) of the solution 
(Harbeck 1955). Equation (1) shows that the rate of evaporation is proportional to the difference 
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between the pressure of saturated vapor at the water temperature and the vapor pressure of the 
air. For fresh water, this can be expressed as: 

]e - [e  E as   fresh c                           (3) 

where: es and ea = vapor pressures of the water surface and the overlying air, respectively, and c 
is a constant.  For a saline solution, Equation (3) can be re-written as: 

]e - [e  E assaline c                          (4) 

 

fresh

saline

E
E                              (5) 

The reduction in evaporation due to salinity expressed as Esaline/EFresh is referred to as the 
evaporation ratio (ER). Evaporation ratios obtained from the experiments conducted by Turk 
(1970) and Salhotra (1985) are shown on Figure 1. As would be expected, trends in the ER 
indicate that the rate of water evaporation decreases with increasing SG. By characterizing the 
ER values for a given water, the rate of saline water evaporation can be estimated by applying 
the ER of the brine to the rate of freshwater evaporation, assuming all other factors remain 
constant.  
 

 
 
Figure 1. Reduction in evaporation rate (Esaline/Efresh) as a function of specific gravity. Bonneville Salt 
Flats (Turk 1970) and Dead Sea (Salhotra 1985).   
 
 Although the magnitude of the ER is primarily affected by salinity, certain climatic 
conditions have been shown to affect the ER, even when both the fresh and saline waters are 
exposed to the same conditions. Evaporation ratios for the Dead Sea brines studied by Salhotra 
and others (1985) are shown on Figure 2. As expected, the ERs indicated a decrease in 
evaporation rate with an increase in salinity; however, the ER also varied seasonally. The data in 
Figure 2 indicate that the ER is lower in the winter months, when RH is higher and air 
temperature is lower.  
 The effect of climatic conditions on ER was discussed by Harbeck (1955), who showed that 
ER decreases as RH increases, if all other factors remain constant. This observation was 
confirmed by the work of Moore and Runkles (1968), who evaluated the effects of different 
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atmospheric conditions on brine evaporation by systematically varying temperature, wind, and 
humidity. For example, at a TDS of 300,000 mg/L, a wind speed of 16 miles per hour, an air 
temperature of 76 F, and RH = 40%, the ER was approximately 0.80. However, under the same 
conditions but with RH = 80%, the ER was approximately 0.45. Under certain conditions, when 
humidity is high and there is a substantial reduction in saturated vapor pressure due to salinity, 
cessation of evaporation, or even reversal of vapor flow in the form of condensation can occur 
(Harbeck 1955; Turk 1970). 
 

 
Figure 2. Evaporation ratios for Dead Sea solutions of various specific gravity (Salhotra et al. 1985). 

3 UNITS OF MEASURE 
 
Different units of measure are used in work performed on saline waters and the various units can 
be related if the chemical composition of the water is known. Some researchers use salinity, 
which is a measure of the salt content expressed as per mil (‰, or parts per thousand). The total 
dissolved solids (TDS) concentration, typically expressed in units of mg/L, is another common 
measurement of salt content. The experimental determination of TDS by drying and weighing 
can be time-consuming and expensive, and therefore indirect measurement of electrical 
conductivity (EC) or SG is typically used. The SG is a dimensionless unit defined as the ratio of 
a material’s density to the density of water at a specified temperature.  
 Both SG and salinity are dependent upon the type of salts in solution, and the TDS can be 
related back to SG and salinity, providing the type of salts in solution is known. The 
relationships between salinity, TDS, and specific gravity for two water types (MgCl2 vs. NaCl) 
are shown on Figure 3. For either type of solution, there is a linear relationship between TDS 
and SG. However, for any given TDS concentration, the SG depends on the solution 
composition. For example, Figure 3 shows that a MgCl2 solution containing a TDS of 200,000 
mg/L has a lower SG compared to a NaCl solution with the same TDS. Therefore, the specific 
chemical composition of a brine is an important factor affecting the rate of evaporation because 
evaporation rates are directly affected by changes in SG (Figures 1 and 2).  
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Figure 3: Relationship between TDS, specific gravity, and salinity for MgCl2 and NaCl. 

4 DETERMINING SITE-SPECIFIC EVAPORATION RATES 

Three approaches can be used to determine site-specific ER values in order to predict 
evaporation rates for hypersaline waters: (1) literature review with initial estimates, (2) bench-
scale laboratory testing, and (3) field-scale studies. Taken together these three approaches 
provide an initial estimate of the likely contribution of evaporation in the short and long term, 
strictly controlled experimental results to identify most significant solution effects, and lastly 
field-scale studies that begin to bridge the scale differences between bench work and site 
facilities. Field-scale studies also incorporate the random and uncontrollable site-specific 
climatic effects that are difficult to reproduce in laboratory settings. 

4.1 Literature Method for Determining ER  
The existing literature should first be examined when evaluating the potential effects of salinity 
on evaporation rates. Information regarding the major ion chemistry and TDS concentration can 
then be used to estimate ERs and consequently determine if the salinity will be an important 
factor affecting evaporation rate. Consider a hypersaline chloride-rich water containing a 
measured TDS concentration of 75,000 mg/L. This brine contains more dissolved salts 
compared to ocean water and would be expected to have a SG of approximately 1.05 according 
to Figure 3. Using the data presented by Turk (1970) in Figure 1, a SG of 1.05 corresponds to an 
ER of approximately 0.95. In other words, the estimated reduction in evaporation efficiency is 
5%. Because water types and environmental conditions are site-specific, estimates of ERs can be 
improved by collection of data using controlled laboratory and field investigations. 

4.2 Laboratory Method for Determining ER  
Small-scale evaporation tests conducted in the laboratory provide a simple approach for 
comparing relative evaporation rates, and allow various environmental conditions to be 
controlled. Equal volumes of the test water and fresh water (distilled or deionized) are placed 
into large beakers and allowed to evaporate. At various evaporative stages during the course of 

  

Proceedings Tailings and Mine Waste 2012  |  Keystone, Colorado, USA  |  October 14-17, 2012

389



the experiment, the beakers are again weighed, sampled for chemical parameters (e.g. TDS), and 
then re-weighed after sampling. For each stage of evaporation, the concentration factor (CF) can 
be calculated based on the measured water loss:   

 

ionconcentrat initial
 samplingat  ionconcentratCF                     (6) 

 
The cumulative concentration factor (CCF) for each sample is then computed from the product 
of the CF values. The ratio of the CCF values for the test water compared to the fresh water 
(CCF ratio) represents the ER (Equation 5).   

At a minimum, the samples collected for chemical determinations should be analyzed for 
TDS and SG. Determination of TDS is usually performed by an analytical laboratory, while SG 
can be obtained using a hydrometer at the time of sampling. Samples may also be collected for 
analysis of major ion and trace element concentrations to understand the chemical evolution of 
the water during evaporation. Knowledge of the water chemistry can be used to determine the 
chemical composition of pond precipitates (sludge) and to evaluate potential environmental 
hazards associated with dissolved constituents (Section 6).          

4.3 Field Method for Determining ER  
A field setting provides less control over climatic factors, but allows for larger-scale 
experiments to be conducted under actual conditions. Because ER is a relative measure of 
evaporation rates, ERs measured in the field should be similar to those measured in the lab. 
However, studies have indicated that ERs decrease with increasing RH, and the combined 
effects of all environmental factors are difficult to predict (Section 2). Therefore, it is 
recommended that both laboratory and field studies be conducted to determine ER if the 
resources are available. 

Studies conducted in the field should be located as close as possible to the proposed or 
existing evaporation facilities. Ideally, a small weather station can be used to collect climatic 
data such as wind speed/direction, temperature, solar radiation, and relative humidity. If site-
specific evaporation data for fresh water are not available, it may be desirable to monitor fresh 
water evaporation from a Class A pan during the course of the experiment. This information is 
used to check the validity of using regional evaporation data records to predict evaporation at 
the site.  

Field tests carried out on the same scale as laboratory tests would be the most accurate 
because evaporation can be measured directly by weight loss. However, if larger-scale tests are 
desired, then monitoring of a conservative tracer (such as chloride or lithium) can be used to 
monitor evaporation. For the fresh water comparison, a small amount of the tracer must be 
added at the beginning of the test. At each stage of evaporation, the CF can then be calculated 
based on the increase in concentration of the conservative species (Equation 6). While use of a 
conservative tracer allows evaporation tests to be conducted on a larger scale, some brines may 
present certain analytical challenges, which can result in inaccurate CF calculations. 

5 APPLICATION OF EVAPORATION RATIO DATA 

The goal of characterizing ER for a saline water is to develop a tool for predicting the rate of 
evaporation relative to fresh water. Evaporation rates for fresh water at a given location can be 
estimated on a monthly basis by using historical pan data to obtain average evaporation rates. 
While site-specific records of pan evaporation are preferred, long-term data are usually not 
available for many sites. Therefore, climatic records from the nearest pan evaporation stations 
are used as a best estimate. These records are available from the National Climatic Data Center 
(NCDC) and the Western Regional Climate Center (WRCC). Once the basis for understanding 
fresh water evaporation rates has been established, the evaporation rate for saline water in a 
surface impoundment can be calculated by applying the respective ER and pan coefficient.     
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 Evaporation ratio data were applied to several evaporation ponds during closure of the former 
Uravan uranium milling facility (Uravan, CO) in 2002. An example is provided for a high-TDS 
raffinate pond (Pond 1, TDS = 395,000 mg/L) and a relatively low-TDS raffinate pond (Pond 4, 
TDS = 42,400 mg/L) (Table 1). In the absence of site-specific pan evaporation data for Uravan, 
data from the nearest station in Grand Junction were obtained from the Western Regional 
Climate Center. The average pan evaporation for April (from 1962-2000) was 6.5 inches. Using 
the period of record and the dimensions for a standard Class A pan, this corresponds to a pan 
evaporation rate of 4.1 gallons per minute per acre (gpm/acre). Using the standard pan 
coefficient (Eo/Ep = 0.70) yields a lake evaporation rate of 2.9 gpm/acre for fresh water (Table 
1). 
 Once the fresh-water lake evaporation rate was estimated, both literature and field values for 
the ER were obtained (Table 1). The ER literature (ERlit) values were determined from the 
relationships on Figure 3 for a MgCl2 water in conjunction with the data from Turk (1970) on 
Figure 1. Field ER values (ERfield) were measured during a 3-week large-scale evaporation 
experiment of the impoundment water which utilized fresh water as a control. By applying these 
ER values to the lake evaporation rate in Table 1, the predicted evaporation rates for Pond 1 
were 1.7 and 2.2 gpm/acre using ERlit and ERfield, respectively. These values bracket the 
observed evaporation rate of 2.0 gpm/acre that was measured from known pond dimensions in 
conjunction with a survey of the water surface elevation. The predicted evaporation rates for 
Pond 4 were essentially equal to the calculated fresh-water evaporation rate, due to the relatively 
low TDS. The predicted evaporation rates for Pond 4 (2.8 and 2.9 gpm/acre) were thus in good 
agreement with the observed evaporation rate of 3.0 gpm/acre (Table 1). Comparable results 
were obtained during the following months of May and June, and support the use of either ERlit 
or ERfield values for predicting evaporation rates in hypersaline surface impoundments.     
 
 
Table 1. Evaporation statistics and predicted evaporation rates at Uravan, Colorado. _____________             ________________________________________________________________ 
Parameter              Pond  1      Pond  4 _______________________________________________________________________  ___             __ 
Initial TDS (mg/L)           395,000      42,400  
Pan evaporation (inches)              6.5            6.5 
Pan evaporation rate (gpm/acre)           4.1            4.1    
Lake evaporation rate (gpm/acre)       2.9            2.9  
Evaporation ratio from literature (ERlit)     0.60           0.98 
Evaporation ratio from field study (ERfield)    0.77          1.0  
Predicted rate using ERlit (gpm/acre)      1.7          2.8 
Predicted rate using ERfield (gpm/acre)     2.2          2.9 
Measured pond evaporation rate (gpm/acre)    2.0          3.0 _______________________________________________________________________  ___             __ 
* Example provided for month of April 2002 using pan evaporation rates from Grand  
Junction, Colorado and ERlit for MgCl2 water.   

6 EVAPORATION EFFECTS ON WATER QUALITY 

The net effect of evaporation is to remove pure water from solution, increasing the 
concentrations of dissolved constituents. The behavior of a dissolved constituent during 
evaporation can be classified as either conservative or non-conservative. Conservative elements 
(e.g. sodium, chloride, bromide) are highly-soluble and their concentrations will increase 
directly in response to evaporation. For example, evaporating a solution of sodium chloride 
(NaCl) to one-half of its initial volume will usually cause the NaCl concentration to increase by 
a factor of 2. Other elements display non-conservative behavior during evaporation (e.g., 
calcium, iron, aluminum), with concentrations less than would be predicted from evaporation 
alone. Non-conservative behavior may result from precipitation as discrete mineral phases or 
coprecipitation with common carbonate (calcite) or sulfate (gypsum) minerals.   
 The basic principles describing the chemical evolution of natural waters during evaporation 
are described by the Hardie-Eugster Model (Hardie and Eugster 1970). An important concept of 
the model is that of a chemical divide, which is a stage of evaporation where chemical 
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precipitation produces a change in the relative concentrations of dissolved constituents. The 
composition of a water during evaporation may pass through a succession of chemical divides 
that ultimately control the composition of the resulting brine. In most natural waters, calcite 
(CaCO3) is the first mineral to precipitate and cause a chemical divide (Drever 1988) (Figure 4). 
The chemical evolution of the water following calcite precipitation will depend on the ratio (in 
equivalents) of calcium to carbonate alkalinity (Ca2+/HCO3

- + CO3
2-). If the ratio (Ca2+/HCO3

- + 
CO3

2-) is greater than 1, a significant fraction of the carbonate species will be removed from 
solution due to calcite precipitation, and the evaporating water will evolve into a low-alkalinity, 
neutral-pH brine. On the other hand, if the ratio (Ca2+/HCO3

- + CO3
2-) is less than 1, essentially 

all of the calcium will be removed from solution as calcite, and the evaporating solution will 
evolve into a high-alkalinity, high-pH brine. The Hardie-Eugster Model also predicts the 
precipitation of either sepiolite (Mg2Si3O7.5OH·3H2O) or gypsum (CaSO4·2H2O), depending on 
the composition of the solution following the first chemical divide (Figure 4). Sepiolite does not 
form in all environments, and it has been suggested that carbonates can be substituted for 
sepiolite as the predominant magnesium-bearing phases in some brine evolution models 
(Eugster and Jones 1979). 
 
 
 

 
 
Figure 4:  Possible geochemical pathways during the evaporation of natural waters (after Drever 1988). 
  
 
 The chemical divide concept may also be useful when evaluating trace element 
concentrations during evaporation. Conservative behavior of trace elements during evaporation 
is generally favored by high TDS and elevated carbonate alkalinity, and therefore potentially-
hazardous concentrations may arise in surface impoundments where mine or process waters are 
disposed using evaporation. A renowned case of hazardous trace element exposure was 
documented at Kesterson National Wildlife Refuge in California during the 1980s, where 
widespread waterfowl deaths and deformities were attributed to elevated selenium in areas used 
for evaporative disposal of agricultural drainage waters (Ohlendorf et al. 1986). Subsequent 
studies have shown that uranium, molybdenum, boron, arsenic, and vanadium are also elevated 
in a number of alkaline evaporation basins used for agricultural drainage water disposal in 
California (Tanji et al. 1992).  
 Surface impoundments used in mining and other industrial activities may also present specific  
environmental exposure hazards. A national study released in 1983 indicated there were 30,000 
surface impoundments in use by various industrial sectors in the USA (USEPA, 1983). Results 
from a more recent study indicate there are approximately 18,000 surface impoundments 
(excluding mining) used for treating, storing, or disposing of non-hazardous wastewater 
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(Johnson et al. 2003), with up to 46% of the facilities containing at least one impoundment that 
releases chemicals of concern to the environment. At mining and milling sites, surface 
impoundments used for solution storage and wastewater disposal may present potential hazards 
to ecological receptors. For example, storage ponds containing cyanide at gold mining 
operations have been known to attract and kill wildlife. Surface impoundments associated with 
trona mining or coal-fired power plants contain elevated salinity that can cause waterfowl 
mortality from salt encrustation or ingestion. Process solutions from the fertilizer industry can 
be extremely acidic and therefore harmful to wildlife that consume or come into contact with 
low pH wastewater.                   

7 PREDICTIVE GEOCHEMICAL MODELING 

A number of geochemical modeling programs have the ability to simulate the sequence of 
mineral precipitation and chemical evolution of evaporating waters. Users should be cautious of 
limitations in ion-activity calculations when modeling hypersaline waters. The geochemical 
code PHREEQC (Parkhurst and Appelo 1999) is a widely-used program with the capability of 
predicting mineral precipitation and solution speciation during evaporation. Latest versions of 
PHREEQC allows for calculation of ion activities using the virial coefficient approach of Pitzer 
(1991) that is valid for ionic strengths >5 m. Forward modeling to simulate evaporation is 
conducted by the sequential removal of water from the chemical system. The computed 
saturation index values for potential mineral phases are then used to define the specific mineral 
phases allowed to precipitate in subsequent simulations. PHREEQC also has the capability to 
simulate ion exchange and surface complexation reactions for trace elements and the major ions 
during evaporation. The examples provided in the literature for evaporation of seawater (Appelo 
and Postma 2005) and rainwater (Parkhurst and Appelo 1999) can be consulted when 
developing geochemical evaporation models for surface impoundments.         

8 SUMMARY AND CONCLUSIONS 

Successful water management through evaporation at mine sites requires an understanding of 
the climatic and chemical factors which affect the rates of evaporative water loss. While rates of 
fresh water evaporation can be estimated from pan evaporation data, the effects of salinity 
should also be considered due to the potential for reduction in evaporation rates with increasing 
salinity. The combined effects of climate and salinity are difficult to predict, however 
characterization of evaporation ratios for waters of various salinities and chemical compositions 
provide an effective tool for quantifying reductions in evaporation rate. Methods which utilize 
information from the literature, results from bench-scale laboratory studies, and information 
from field-scale studies provide an effective and quantitative approach for understanding salinity 
effects on evaporation rates. An additional consideration for surface impoundment management 
is the potential for environmental hazards associated with elevated concentrations of trace 
elements or other constituents. The conceptual Hardie-Eugster model or more rigorous 
geochemical modeling can be applied to predict solution chemistry and evaporite mineralogy in 
surface impoundments used for evaporative wastewater disposal.         
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ABSTRACT:  The coal mining industry has traditionally relied upon approaches for 
determining safety zones when mining under or near bodies of water that are principally 
based on US Bureau of Mines Information Circular (IC) 8741 by Babcock and Hooker 
(1977). The proximity distances are limited by controlling the water inundation or seepage 
primarily for miners’ safety.  Since this initial work, research into mining under bodies of 
water has developed from subsidence studies performed by Kendorski (1993) and Bai et al. 
(1995).  Recently, recovery of mineral reserves near bodies of water owned by the 
government is showing higher occurrence. In the USA, underground coal mining has 
affected surface bodies of water at public reservoirs and facilities owned or managed by the 
US Army Corps of Engineers.  Lawsuits have become more numerous when detrimental 
effects of underground mining result.  Such as in one case, damages in excess of $58 million 
were levied when the coal operator caused the failure of a dam necessitating the draining of 
a recreation lake (Hopey 2008).  Most recently, the US Army Corps of Engineers and the US 
Department of Justice lost a federal lawsuit in Ohio to stop underground mining at a state 
park lake (Gray 2011).  
 Conventional factor of safety analysis methods and empirical approaches to quantify 
offset distances for mining under surface bodies of water appear to be in question as they do 
not adequately support the assessment of risks essential for managing dams, flood systems, 
and projects (USACE, 2008).  The research presented in this paper addresses the 
development of a tolerable risk guideline approach based on offset distances for 
underground coal mining near surface bodies of water.  This research involved identification 
of subsidence and seepage angles of draw that influence the likelihood of the progression of 
seepage erosion at the rim of a reservoir.  A potential failure mode analysis was developed 
considering the likelihood and consequences of permeability changes in subsurface soils.  
An event tree analysis is proposed and formulated to include subsidence and seepage 
induced parameters based on literature reviews of field data.  These event trees are linked to 
the conventional seepage failure events typically considered in risk analysis methods used 
by the US Bureau of Reclamation.  A sensitivity analysis is used to develop further insights 
in the estimated risk outcomes.  For the ranges studied, the analysis determined that at a 200 
ft (61.54 m) offset distance, a permeability increase will occur below the rim of a reservoir 
78% of the time. As the offset distance increases to 600 ft (184.62m), the probability of 
increased permeability will reduce to 6%.  The results show the probability that sub-surface 
erosion may occur from mining at distances far exceeding current offset guidelines. 
 
 
 
 
I   INTRODUCTION 
 
The need for energy both nationally and internationally often results in mineral and gas 
extraction encroaching near or beneath bodies of water.  Since the early 1970’s the former 
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US Bureau of Mines performed studies to provide information for coal extraction beneath 
surface bodies of water (Babcock and Hooker 1977).  The proximity distances are limited by 
controlling the water inundation or seepage primarily for miners’ safety.  The extraction of 
underground coal reserves often extends into areas outside of traditional surface mine 
boundaries.  In West Virginia, coal mining near and under coal waste impoundments occurs 
(MSHA and OSM 2003, OSM 2006) but in the past ten years there have been two sites 
where coal mining is proposed near US Army Corps of Engineers’ dams and reservoirs.  The 
first site was permitted by the West Virginia Department of Environmental Protection 
(WVDEP) in 2011 and is located near Tygart Lake in Taylor County, WV.  The second site 
is currently being evaluated by the US Department of Interior, Bureau of Land Management 
prior to a federal coal sale at East Lynn Lake in Wayne County (WVDEP 2011, US Bureau 
of Land Management 2011).   
 Elsewhere in the region, other cases of coal mining near bodies of water have become 
news worthy. In Pennsylvania, USA, a mine company was sued by the state Department of 
Conservation and Natural Resources for compensatory damages in excess of $58 million.  
The lawsuit claimed that the coal operator caused the failure of Ryerson Dam, necessitating 
the draining of Duke Lake, a popular recreation facility (Hopey 2008).  In Ohio, the US 
Army Corps of Engineers and the US Department of Justice lost a federal lawsuit which 
would have stopped underground mining and tunneling underneath the east branch of 
Sunday Creek (Gray 2011).  
 This lawsuit has brought into question the ability to assess and quantify risk due to 
underground mining or gas extraction from beneath dams, reservoirs, and rivers.  
Conventional factor of safety analysis methods and empirical approaches to quantifying 
offset distances for mining under surface bodies of water appear to be in question for being 
able to adequately assess risks, which is essential to managing dams, flood systems, and 
projects (USACE 2008). 
 
2 RESEARCH AIM AND SCOPE 
 
The specific aim of this research was to investigate risk factors at dam and reservoir sites 
due to changes in the spacial and mechanical characteristics of the subsurface environment 
resulting from mineral recovery of mined solid strata, coal or metal/nonmetal ore.  
Quantifying the risk factors may lead to a better understanding of the mining effects on such 
factors as seepage and foundation strength reduction.   
 The scope of the research was broken into three areas.  The first area included a review 
and comparison of the historical design guidance documents which have, by default, become 
embraced by the mining community.  The second area identified critical issues in the 
methods and limitations of the guidelines. The third research area addressed development of 
a risk based approach with a sensitivity study based on data from literature.  
 The outcome of this paper will show that the historical guidance has had no comparison 
with current dam safety procedures or practices and that a solution method to quantify the 
risk issues associated with the encroachment of mining to civil works is attainable. 
 This paper will develop a step-by-step method to determine the potential risk to a dam or 
reservoir from longwall mining near its perimeter. It will approach this method by 
considering not only subsidence effects from the mine, but the effects through changes in 
permeability and groundwater flow that can propagate sub-surface erosion. It will then be 
linked to known probabilities for sub-surface erosion to occur to develop risk potential based 
on offset distance. 
 
3 LITERATURE REVIEW 
 
The coal mining industry has traditionally relied upon approaches for determining safety 
zones when mining under or near bodies of water that are principally based on US Bureau of 
Mines Information Circular(IC) 8741, Babcock and Hooker (1977), and reports by Wardell 
(1976), and Skelly and Loy (1976).  These references determine offset distances for 
underground mining extents that are based upon both empirical relationships and analytical 
approaches using deterministic solutions.  The proximity distances are limited by controlling 
the water inundation or seepage primarily for miners’ safety (Babcock and Hooker 1977), 
(Skelly and Loy 1976).   
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 The US Bureau of Mines Information Circular(IC) 8741, Babcock and Hooker (1977), 
hereafter referred to as IC8741, is the most widely referenced document providing barrier 
offset distance information for use in mines.  The IC8741 guidance was based on empirical 
analysis and developed specifically to improve mines against water inundation, thus to 
protect miners from mine inundation.  The guidance provides recommendations for mining 
near surface bodies of water and near dam structures.   
 The recommendations for mining near surface bodies of water includes the following 
criteria: i) minimum 200 ft (61.54 m) horizontal offset from the high water mark for depths 
up to 350 ft (107.69 m) below ground surface which develops approximately a 29.74 degree 
angle of draw at that depth; ii) below 350 ft (107.69 m) the offset zone extends outward 25 
degrees from the vertical or 65 degrees from horizontal; and iii) directly below the surface 
water reservoir, mining can occur at a depth of 60 times the thickness of the seam for a 
longwall type mine. 
 With respect to dam structures, the criteria includes: i) mining under the dam structure is 
not recommended; ii) mining near a dam requires a minimum offset of 200 ft (61.54 m) for 
depths up to 350 ft (107.69 m); and iii) an offset zone that extends outwards 25 degrees from 
the vertical or 65 degrees from horizontal beyond a depth of 350 ft (107.69 m).  The IC8741 
criteria identify a permitted strain of 8.75 mm/m (0.875%) below a surface body of water.   
 The research reports conducted by Wardell (1976) and Skelly and Loy (1976) were 
combined to become IC8741. In 1979 a comprehensive report was published by the US 
Bureau of Mines and focused on the criteria when surface water is a hazard to mining 
(Kendorski et al. 1979).  This was the last concise national study that focused on this type of 
research. Mine subsidence produces two related zones of influence described as: i) the angle 
of draw due to subsidence, and ii) the induced angle of groundwater influence.  Figure 1 
illustrates these zones with correlation to the offset zones recommended by IC8741.   
 Data for the Appalachian coal fields indicate that the subsidence angle of draw can 
extend more than 40 degrees. The Mining Engineering Handbook listed typical values of 
angle of draw ranging between 10 to 38 degrees for the eastern United States (Singh 1992). 
For case history data Booth reports the range for Appalachia and Illinois subsidence 
generally falls between 20 to 40 degrees (Booth 2006). Peng discussed that the range of 
angle of draw has been reported to be between 4 to 45 degrees. However, in the 
development of a database for subsidence from longwall mining, Peng found the maximum 
angle of draw for 110 cases was 24 degrees. In 95% of these cases the subsidence was 
reported to be less than 20 degrees (Peng, et al. 1995).   The angle of groundwater influence 
correspondingly ranges from 16 to 60 degrees (Booth 2006). Generally groundwater 
influence is within 40 degrees unless in areas of steep terrain. However, in one case study, 
the range of groundwater or “dewatering” influence reached 70 (60 + 20) degrees (Reed and 
Rauch 2001).  
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Figure 1: Subsidence Angle of Draw and Angle of Groundwater Influence 
 
There is an interrelationship of these two effects, specifically the subsidence strain causing 
surface deformation changing strata permeability.  Figure 1 illustrates that at an 
approximately 200 ft (61.54 m) offset, the angle of groundwater influence will extend into 
the surface water reservoir at the high water mark elevation for the full range of influence. 
 Kendorski identified that the subsurface strata permeability increases when strains due 
to mining are greater than 0.001 in/in, or 0.1%.  Ground surface cracking develops parallel 
to mine edges directly above the mine with extensional strains ranging 0.006 to 0.009 in/in .  
Field measurements indicate maximum tensile strains of 0.0134 and 0.021(Kelleher, 1991).   
 From the hydrogeology perspective, Booth  presented research on the effects of mine 
subsidence related to issues including the advance of the subsidence wave which induces 
tension and compression strains leading to zones of subsidence extension, compression, and 
fractured zone (Booth, Curtiss et al. 2000). The overburden strata strain effects culminate to 
permeability changes occurring in the near surface soils.  The changes occurring during 
mining are the highest.  Booth reports that reductions in the subsidence compression have 
been shown at approximately -10x.  While the permeability increases in the extension 
(dilation) zones range from +10x to +1,000x.  These changes have permanent effects on the 
groundwater system. 
 
4 RISK BASED APPROACH FOR DAM SAFETY 
 
The US Bureau of Reclamation (USBR) and the US Army Corps of Engineers (USACE) 
incorporate risk analysis as the primary dam safety decision making tool and have noted the 
continued need for development of dam safety analysis, guidelines, and procedures 
(USACE, 2008).  These organizations define and estimate risk based on understanding and 
documenting what the major contributors are in initiating a dam failure and why they occur.  
While the USBR and the USACE have been performing multiple levels of risk analysis for 
over fifteen years, the need for continued development and tracking of conditions which 
influence risk is still needed (RECLAMATION, 2011).   
 The remainder of this paper is dedicated to development of an alternative risk based 
analysis approach for determining offset distances at USACE reservoirs due to underground 
coal mining. The important problem is that underground mining for energy extraction near 
or under bodies of water at USACE and the USBR projects may raise the risk to that dam or 
reservoir.  The USACE methodology involves fully describing and evaluating site specific 
Potential Failure Modes (PFM) then applying event trees for a site-specific analysis.   
 The method advanced involves the following steps is illustrated in Figure 3: 
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4.1 Modeling method and scope 
1. Perform Failure Mode Identification of seepage effects due to a full extraction longwall 

mining event initiated near a reservoir rim. 
2. Apply verbal probability transforms for categorizing risk based on likelihood of 

occurrence (Vick, 2000) 
3. Perform sensitivity analysis on Event Tree probabilities using verbal transforms linked 

with published USBR risk values.  Incorporate the probability of occurrence for the 
angle of subsidence draw and angle of groundwater influence to permeability increases 
due to extension of overburden strata.   

4. Identify Tolerable Risk (Pf) leading to determination of total probability of failure 
(PFMA) correlated to a minimum offset distance L. 

5. Compute the tolerable risk (total) to the reservoir undergoing an increase in overburden 
soil seepage above a threshold value. 

 

 
 
Figure 3: Process of Analysis 

 
4.2 Modeling Assumptions  
 
The following assumptions were made to define the analysis. 
1. The type of mining method studied is the longwall, full extraction versus the room and 

pillar mining method.  The analysis for a longwall method is advanced in this paper 
because the mining approach has been permitted at locations near the Tygart Lake Dam 
and Reservoir, Taylor County, West Virginia (WVDEP, 2011).  This mining method 
was also selected based on literature data availability in order to assess frequency of 
occurrence relationships to develop probability factors. 

2. The mine depth is 350 ft (107.69 m) below ground level, comparable with IC8741 
requirements. 

3. The reservoir pool elevation is the Flood Control Pool – Probable Maximum Flood 
(PMF) level. 

 
Table 1 presents the influence factors on the likelihood of progression of a reservoir rim 
foundation erosion condition. This is caused by an increase in overburden soil permeability 
resulting from full extraction longwall mining subsidence occurring parallel to the reservoir.  
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RECLAMATION  &  USACE 
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RESULTS 
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Guidelines 
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Table 1: Influence on Likelihood of Seepage Increase 

Internal Erosion Through the Foundation, Failure Mode (IEF) 
Initiator:  Full extraction longwall coal mining at 350 ft (107.69 m) below ground level, subsidence 
wave is parallel with reservoir rim.  Mining causes the removal of rock and coal strata leading to 
subsidence of mine roof and overburden strata.   
 
Failure Progression:  Subsidence displacements develop horizontal and vertical fissures 
accelerating seepage rates and promotes that expands the mobility and distribution of groundwater. 
Factors or Conditions More Likely Neutral Less Likely 
Hydraulic gradient 
across foundation 

High Average Low 

Foundation type Sedimentary soils,  w/ 
high clay % 

Fractured sandstone 
with fault lines 

Intact sandstone w/ 
minimal fault line 

Relative Density or 
consistency 

Loose / Soft Medium dense / Stiff Dense / Very stiff 

Pool Elevation High, history of high 
flood levels with high 
PMF storage 

Average, PMF storage 
is low 

Low, no PMF 
storage 

 
Field data was limited while doing this analysis. Peng developed a database of case studies 
for subsidence.  110 studies were analyzed with the angles of draw given. For the purposes 
of this report, 34 of these occurrences were used because they ranged at depths below 350 
feet (107.69m). This data was used to determine the probability of angle of draw based on 
occurrence (Peng, et al., 1995).  
 Reference data from the SME Handbook (Singh 1992) and Booth (Booth, 2006) provide 
ranges for angle of subsidence. These values were similar in nature ranging from 10 to 40 
degrees. No field data was given so estimates were used. The mean angle of draw was used 
as the highest probability based on the ranges. The other possible angles of subsidence 
decreased in probability as they moved farther from the mean value. Low probability was 
given to angles of draw that fell out of the data given by the two sources. This was for an 
event that fell outside the ranges given. 
 The angle of groundwater influence defines the zone in which groundwater flow is 
changed due to subsidence. There is no direct correlation between this angle and the angle of 
draw from subsidence except that it extends past the angle of draw. The probabilities used 
for this analysis are based upon the expectation that groundwater influence occurs past zone 
of subsidence. The highest probabilities are given to the ranges equal to or slightly past the 
angle of draw. As the angle of groundwater influence extends farther past the subsidence 
zone, the likelihood of a change in permeability decreases.  
 The probability of increased permeability was estimated based on Booth (Booth, 2006). 
This factor is dependent on the type of overburden, therefore site specific. Sandstones tend 
to increase in permeability in the range of one order of magnitude while shale increases by a 
magnitude of 2 to 3 times (Van Roosendaal, Kendorski et al. 1995). These are the maximum 
changes in the permeability of the rock and will decrease over time. However, permanent 
change for hydraulic conductivity is normally an increase in 1 order of magnitude. The 
values for this analysis assumed the greatest likelihood of increase to be an increase of 100x 
with slightly lower probability for an increase of 10x and 1000x.  
 Table 2 shows the probability for the angle of groundwater draw based on subsidence 
ranges from the SME Handbook. The values in the table depict groundwater being affected 
past the angle of subsidence.  
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Table 2 – Degree of groundwater draw based on angle of subsidence 

 Angle of Subsidence 
Groundwater 
Draw  (Booth 

2006) 

0-10 
Degrees 

10-20 
Degrees 

20-25 
Degrees 

25-30 
Degrees 

30-35 
Degrees 

>35 
Degrees 

0-10 Degrees 0.20 0.01 0.01 0.01 0.01 0.01 
10-20 Degrees 0.50 0.19 0.01 0.01 0.01 0.01 
20-30 Degrees 0.20 0.50 0.23 0.18 0.01 0.01 
30-40 Degrees 0.09 0.20 0.50 0.55 0.22 0.17 
>40 Degrees 0.01 0.10 0.25 0.25 0.75 0.80 

Total Probability 1.00 1.00 1.00 1.00 1.00 1.00 
 

Table 3 provides estimates for the increase in permeability within the zone of groundwater 
draw. As detailed previously, the actual change is dependent on strata type and distributed 
strain. Since this is site specific, the values are similar for each angle of groundwater draw. 
Highest probability was given for an increase by two orders of magnitude because both shale 
and sandstone can fall into this range. For groundwater draw occurring within 10 degrees of 
the mine, a slightly higher probability for a decrease in permeability was given. For this 
analysis, any increase in permeability was determined to have potential for erosion to occur. 
 
Table 3 – Changes in permeability based on angle of Groundwater Draw 

 Groundwater Draw 
Permeability 

(Van 
Roosendaal, et 

al. 1995) 

0-10 
Degrees 

10-20 
Degrees 

20-30 
Degrees 

30-40 
Degrees 

>40 
Degrees 

No Increase 0.15 0.15 0.15 0.15 0.15 
Increase 10x 0.25 0.25 0.25 0.25 0.25 

Increase 100x 0.30 0.35 0.35 0.35 0.35 
Increase 1000x 0.25 0.22 0.24 0.24 0.24 
Decrease 100x 0.05 0.03 0.01 0.01 0.01 

Total Probability 1.00 1.00 1.00 1.00 1.00 
 
Table 4 depicts the probability of occurrence for each event based off the ranges provided by 
the SME Handbook. Figure 4 shows one branch of the event tree to show the paths taken for 
probability of erosion. The values given in that branch are circled.   
 
 
5 RESULTS 

Using event trees based on longwall mine subsidence and groundwater draw, the probability 
for seepage to occur above was determined for offset distances of 200, 400 and 600 ft 
(61.54, 123.08, 184.62 m). The results are shown in tables 5, 6 and 7 respectively. These 
were based on values of angle of subsidence taken from literature. The data provides the 
likelihood that changes in seepage will occur at a reservoir rim or foundation during 
maximum flood conditions. 

  

Proceedings Tailings and Mine Waste 2012  |  Keystone, Colorado, USA  |  October 14-17, 2012

401



8 
 

Table 4 – Event tree for probabilities based off of SME Handbook 

 

 
 

Table 5 – Probability of Exceedance for 200 ft (61.54 m) offset 
200 ft (61.54 m) 

Offset Probability of Exceedance 

Angle of Draw Peng SME Booth 
0-10 Degrees 1.34E-01 7.56E-03 1.26E-02 
10-20 Degrees 2.55E-01 1.34E-01 1.01E-01 
20-25 Degrees 7.41E-02 4.12E-01 2.06E-01 
25-30 Degrees 0.00E+00 1.65E-01 2.06E-01 
30-35 Degrees 0.00E+00 4.94E-02 1.65E-01 
>35 Degrees 0.00E+00 8.23E-03 8.23E-02 

Total Probability of 
exceedance (Pf) 

0.46 0.78 0.77 

 
Table 6 – Probability of Exceedance for 400 ft (123.08 m) offset 

400 ft (123.08 m) 
Offset Probability of Exceedance 

Angle of Draw Peng SME Booth 
0-10 Degrees 1.59E-02 9.00E-04 1.50E-03 

10-20 Degrees 5.02E-02 2.64E-02 1.98E-02 
20-25 Degrees 2.97E-02 1.65E-01 8.25E-02 
25-30 Degrees 0.00E+00 6.84E-02 8.55E-02 
30-35 Degrees 0.00E+00 4.10E-02 1.37E-01 
>35 Degrees 0.00E+00 7.13E-03 7.13E-02 

Total Probability of 
Exceedance (Pf) 0.096 0.309 0.397 
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Table 7 – Probability of Exceedance for 600 ft (184.62 m) offset 
600 ft (184.62 m) 

Offset Probability of Exceedance 

Angle of Draw Peng SME Booth 
0-10 Degrees 1.27E-03 7.20E-05 1.20E-04 

10-20 Degrees 9.12E-03 4.80E-03 3.60E-03 
20-25 Degrees 5.40E-03 3.00E-02 1.50E-02 
25-30 Degrees 0.00E+00 1.20E-02 1.50E-02 
30-35 Degrees 0.00E+00 1.08E-02 3.60E-02 
>35 Degrees 0.00E+00 1.92E-03 1.92E-02 

Total Probability of 
Exceedance (Pf) 0.016 0.060 0.089 

 
The results show that at a 200 ft (61.54 m) offset (guidelines set by IC8741) the probability 
for seepage to occur ranges from 46% to 78%. The values used from Peng are based on field 
data that showed subsidence angles less than 24 degrees. Ranges from SME and Booth were 
similar in nature and provided similar results. At 400 ft (123.08 m) the probability of 
seepage ranged from 9.6% to 39.7% and at 600 ft (184.62 m) the range fell between 1.6% 
and 8.9%. This shows that permeability changes can occur at or under a reservoir rim during 
maximum flood conditions 1 out of 11.24 to 1 out of 62.50 times at an offset of 600 ft 
(184.62 m). 

Using the data gathered on seepage, it was combined with documented USBR data for 
average estimated values ranging from 2x10-3 to 1x10-2 of initiating probability for 
foundation erosion due to seepage (Gobla 2012).  This range is considered for purposes of 
this sensitivity analysis only.  Actual ranges of foundation erosion are site specific. 
 The final probability gives the risk that sub-surface erosion will occur at the given offset 
distances. These probabilities take the probability of exceedance determined above and 
multiply it by the estimated probability of sub-surface erosion. In this analysis 1x10-2 was 
used, this is the minimum value range per the USBR. While this value is for sub-surface 
erosion in a foundation, it was also estimated to be the initiating probability for sub-surface 
erosion at a reservoir rim. The probability shows that sub-surface erosion is likely to occur 
between 0.463% and 0.776% of the time at a 200 ft (61.54 m) offset distance . At 400 ft 
(123.08 m) the probability reduces in range of 0.0958% to 0.397% and at 600 ft (184.62 m) 
the range is between 0.0158% and 0.0889% for sub-surface erosion to occur. An example of 
the total probability of exceedance for the 200, 400, and 600 ft (61.54, 123.08, 184.62 m) 
offsets are shown in table 8 - 10. The final offset distances (L) are shown in Figure 5. 
 
Table 8 – Probability of Erosion at 200 ft (61.54 m) offset 

Barrier Offset (L) Total Estimated Probability 
due to longwall mining 

Bureau of 
Reclamation 

(Foundation only) 

Total Probability of 
exceedance for 

erosion 
Peng 4.63E-01 1.00E-02 4.63E-03 

SME Handbook 7.76E-01 1.00E-02 7.76E-03 
Booth 7.72E-01 1.00E-02 7.72E-03 

 
Table 9 – Probability of Erosion at 400 ft (123.08 m) offset 

Barrier Offset (L) Total Estimated Probability 
due to longwall mining 

Bureau of Reclamation 
(Foundation only) 

Total Probability of 
exceedance for 

erosion 
Peng 9.58E-02 1.00E-02 9.58E-04 

SME Handbook 3.09E-01 1.00E-02 3.09E-03 
Booth 3.97E-01 1.00E-02 3.97E-03 
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Table 10 – Probability of Erosion at 600 ft ( 184.61 m) offset 

Barrier Offset (L) Total Estimated Probability 
due to longwall mining 

Bureau of 
Reclamation 

(Foundation only) 

Total Probability of 
exceedance for 

erosion 
Peng 1.58E-02 1.00E-02 1.58E-04 

SME Handbook 5.96E-02 1.00E-02 5.96E-04 
Booth 8.89E-02 1.00E-02 8.89E-04 

  

  

Figure 5: Probability of erosion based on offset distance using SME Handbook ranges of Subsidence 
  

6 CONCLUSIONS 
 
IC8741 is an empirical approach used for improving the safety of miners working under 
bodies of water.  These methods present offset distances and identify values for strain which 
are 8.75 times larger than the strain values known to cause permanent permeability increases 
in overburden soils. Coupled with the dynamics of the subsidence waves which develop 
zones of tension and compression, it leaves questions as to whether IC8741 remains 
appropriate for use when mining near critical infrastructure such as dams and reservoirs 
owned by the public and managed by the USACE and USBR.   
 The methods presented in this paper shows that while guidelines based on subsidence 
may limit hazards to miners, it may not be sufficient for protection of the surface water 
body. Changes in groundwater flow can affect the integrity of a surface structure through 
sub-surface erosion.  
 In summary, the contrast between IC8741 and research from the areas of subsidence and 
hydrogeology indicate the following: 
 
• The angle of subsidence draw in Appalachia ranges upwards of 40 degrees while the angle 

of draw recommended by IC8741 using a 350 ft (107.69m) deep mine offset at 200 ft 
(61.54 m) is a 29.74 degree angle of draw.  Therefore IC8741 can underestimate the 
subsidence effect on strain. 

• IC8741 recommends a 0.0087 mm/m maximum tensile strain in overburden strata.  
Literature indicates that a tensile strain of 0.001 in/in causes permanent increase in 
permeability (Kendorski 1993). 

• IC8741 does not address development of the groundwater angle of influence.  In 
Appalachia this angle can extend up to 80 degrees from the vertical edge of a mine 
affecting surface water head and flow (Reed and Rauch, 2001). 
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• The IC8741 guidelines are intended only for the life of the mine.  No information is 
provided for the following conditions: when pillar deterioration occurs, when pillar’s 
punch through roof or floor layers, or for full extraction retreat mining. 

 
 This analysis estimated offset distances for potential sub-surface erosion to occur based 
on angles of draw and groundwater influence. Correlated with changes in permeability 
dependant on strata type, the estimates determine the probability there will be changes in 
seepage at or below a reservoir at various offset distances. For the ranges provided by the 
SME Handbook, the analysis determined that at a 200 ft (61.54 m) offset permeability 
increase will occur below the rim of a reservoir 78% of the time. As the offset increases to 
600 ft (184.61m), the probability of increased permeability will reduce to 6%. The potential 
for initiation of erosion, based on the USBR analysis, is combined with these values to 
determine the total likelihood erosion will occur at a particular offset. This is illustrated 
under the conditions that the probability of exceedance (P) for sub-surface erosion reduces 
from P = 7.76E-3 at 200 ft (61.54m) offset to P = 5.96E-4 at 600 ft (184.61m) offset.   
 The results show sub-surface erosion can occur from mining at distances far exceeding 
current offset guidelines. Further research needs to be conducted to determine the effects on 
groundwater draw from subsidence related issues to determine the actual risk to reservoirs 
and critical infrastructure when mining occurs. 
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ABSTRACT: The World Health Organization (WHO) considers arsenic to be a major 
contaminant of concern in aqueous waste streams.  While the elemental arsenic is toxic, the 
aqueous oxyanions of arsenic are more so.  These aqueous forms (arsenate and arsenite) are the 
most common forms of arsenic released during mining processes. Current technologies, from 
chemical to mechanical treatments, are quite effective at meeting the governmental discharge 
criteria of removing aqueous arsenic oxyanionic contaminants. However, an innovative 
technology has been developed to not only successfully reduce such aqueous forms of arsenic 
generated during mining processes to a level below the discharge criteria, but also decrease the 
sludge volume generated, and increase the sludge to reduce the leaching or re-dissolution of the 
arsenic which is a possibility for many other treatment technologies. 
 
 
 
 
 
1 INTRODUCTION 
 
Arsenic is an oxyanionic inorganic contaminant belonging to the pnictogen group; thus, 
arsenic is chemically similar to nitrogen, phosphorus, antimony, and bismuth.   Arsenic 
is a widely distributed element in the Earth’s crust with an average terrestrial 
concentration of ~5 ppm (Riveros 2001). Though there are only a select few minerals 
that offer commercially viable concentrations of arsenic; there are more than 300 
different arsenic containing minerals. These minerals are often associated with sulfur or 
metal containing ores such as arsenopyrite, nickeline, oregonite, and realgar (Matschullat 
2000).  Environmental arsenic contamination can occur through a number of processes 
that are most often associated with human or natural activities. Some examples include 
the dissolution of arsenic containing minerals, volcanic activities, mining processes, and 
the usage of fossil fuels; though arsenic can also lead to contamination through its 
application as a pesticide in timber preservation.  Arsenic occurs in naturally high 
concentrations in Argentina, Chile, China, India, Mexico, Bangladesh, and the USA; 
which could be due to the dissolution of arsenic containing minerals (WHO 2011). It is 
clear that arsenic contamination is a global issue that calls for immediate action.    

 Arsenic is globally accepted as a highly toxic contaminant.  The World Health 
Organization (WHO) recommends a 10 ppb arsenic concentration in freshwater systems, 
of which the US EPA has implemented as a discharge criteria (WHO 2011 and US EPA 
2011).  The EPA listed arsenic in at least 1,149 of the 1,684 sites listed on the National 
Priorities List (ATSDR 2011 and Wikipedia 2011).  Groundwater contamination can 
occur through a range of potential pathways.  Arsenic poisoning has occurred through 
natural contamination in Taiwan, Chile, Mexico, Argentina, India, USA, New Zealand, 
Poland, Spain, China, Srilanka, Canada, Hungary, Japan, Vietnam, and Bangladesh, 
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while industrial processes associated with the mining industry occurred in Mexico, 
Czechoslovakia, Japan, Australia, India, Canada, Greece, Ghana, USA, and others 
(Mandal 2002). (Figure 1) There is little in the way of preventative measures that can be 
done from natural contamination, prevention of industrial contamination is of large 
interest.   

 
Figure 1:  Global arsenic poisoning 

 
1.1 Arsenic:  cradle to grave 
 
As arsenic exists in the Earth’s crust in an average of 5 ppm, it is certain to rise in many 
mining processes.  As an ore or mineral (the cradle), arsenic is typically associated with 
sulphides in the form of arsenide (As –III).  During mining processes, arsenic has a few 
potential pathways to approach its grave.  During smelting processes, the arsenic is 
vaporized where it is typically collected in a scrubber. Arsenic may also be oxidized 
during pH adjustments, leaching processes, or even under standard environmental 
conditions. Though arsenic may exist in multiple oxidation states, arsenite and arsenate 
are the most common forms associated with mining related activities (Atker 2011). 
(Figure 2)   Elemental arsenic is relatively insoluble in aqueous systems, but arsenite 
and arsenate are both water-soluble oxyanions— they are the more toxic and 
problematic for treatment of mine process waters. (Figure 3)  Considering most 
countries place arsenic restrictions on both the air and aqueous discharge criteria, 
treatment is required.  Before a treatment plan can be implemented, an understanding of 
the handling, storage, and grave of the secondary waste is required.  Though the desired 
outcome may be to use a back-fill or to resell the arsenic, the fact is that most will end in 
a tailings pond or dam where its leachate will require constant monitoring and possibly 
retreatment.   
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Figure 2:  Most common oxidation states of arsenic 

 
As (III)   >   As(V)   >   As (0)

Toxicity  
Figure 3:  Order of Toxicity of arsenic species 

 
 Though reselling is an attractive procedure, the likelihood of such a method is quite 

slim as most treatment methods end in a dilute, slurried mass and would require 
significant processing in order to isolate a grade of arsenic that would be pure enough 
for resale.  These limiting impurities would be various oxidation states of iron, calcium, 
sulfates, and others.   
   In order to apply this sludge as back fill, or to understand the requirements of the 
tailings facility, the sludge volume and stability of the treatment plan must be 
understood.  An example of a successful means for removing arsenic that unfortunately, 
lacks stability, would be lime precipitation.  Lime precipitation is a common tool 
applied for removing many inorganic contaminants, and was historically applied as an 
arsenic treatment method (Moon 2004).  This method works by generating the insoluble 
salt, calcium arsenate (Figure 4). However, the instability of this salt has forced the 
industry to abandon calcium treatment in favor of methods with more stable byproducts. 
Evidence suggests that when calcium arsenate is exposed to even atmospheric levels of 
carbon dioxide, calcium carbonate is formed and arsenic is left in its water-soluble 
forms. This lack of stability in the sludge demands that it be disposed of as hazardous 
waste, or the leachate recollected and retreated.  While calcium treatment may be a 
temporary solution to contamination, a more effective and sustainable method is 
needed.     
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Figure 4:  Lime treatment of arsenic contaminated water 

 
1.2  Coagulation 
 
Coagulation/coprecipitation is a common technique for treating arsenic contaminated 
mine effluents.  Such a process typically involves lime softening and oxidation prior to 
coagulation.  The US EPA considers iron coagulation as the “Best Demonstrated 
Available Technology” (BDAT) (Riveros 2001). Coagulation is an effective tool at 
removing a broad spectrum of contaminants, but unfortunately generates a large amount 
of sludge that is considered hazardous waste (as leaching is expected) and the sludge 
will require further treatment (Krause, E. 1989). An understanding of the oxidation state 
of the arsenic is critical to successfully treat arsenic due to the very stable water-soluble 
arsenite trimer or polyarsenite structure, which is not easily broken with standard 
coagulants (Wang 2000). (Figure 5)  One potential reason would be the lack of 
nucleophilicity of the arsenite structure due to delocalization of the electron density 
within the polymeric or caged structure.  This nucleophilicy or localized charge density 
would be necessary for strong coordination with the ferric ions.  An oxidizing agent will 
disrupt this stable structure forming a species that is significantly easier to treat, 
arsenate. 
 

Fe

O-

-O
O

As O

-O

-O

As

O

-O O-

O-

As
O O

O
As

As

As O

OO

Arsenite (AsO2)
As4O6

Arsenate (AsO4)

Oxidant
FerricDifficult with

standard coagulants

As
O O

O
AsAs

As
O

O

O

O O

O

n

or

 
Figure 5:  Ferric treatment of arsenic contaminated water 
 
1.3  In-Situ Solidification – Chemisorption Treatment Method 
 
Adsorption, as it applies to contaminated mine effluents, is the process where the 
contaminant is extracted from the liquid phase (solution) to the solid surface interface of 
the two phases. Chemical adsorption or chemisorption takes place as a result of a 
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chemical bond or coordination being formed between the solute (dissolved species) and 
the adsorbent. An adsorbent (IP-1*) has been previously introduced as a novel tool for 
the effective removal of arsenic, selenium, cadmium, and others from both synthetic 
waters, as well as mine effluents (Moore 2010, Moore 2011, Moore 2011).  This process 
involves the symbiotic interactions between a cross-linking agent and an inorganic 
polymeric media in solution, which would maximize the quantity of active sites 
available for the interaction with the arsenic oxyanion. (Figure 6)  Encapsulation of the 
chemisorbed contaminant is believed to occur due to the irregular nature of the cross-
linking process, thus providing an immobilized amorphous solid mass.  Such solid mass 
can be removed from solution with relative ease by gravitational settling, filtration or 
other conventional solid removal methods. There are many factors affecting adsorption 
such as nature of the adsorbent, the adsorbate, the solvent, and others. Adsorption 
processes are capable of removing contaminants if the adsorbent (solid surface) is 
selected carefully and the solution chemistry is controlled. 

 
 
Figure 6: Schematic representation of In-Situ solidification – chemisorption method. 
 
   It was reported that arsenate was removed from synthetic waters from 25.5 ppm to 
below the 10 ppb discharge criteria with the IP-1* sorbent. Comparative parallel studies 
were also conducted for standard coagulants such as ferrous chloride and ferric chloride. 
(Figure 7) When the IP-1* sorbent is applied, the pH for optimal arsenic removal is 
greater than 6. Similarly, the ferrous chloride coagulant achieves optimal arsenic 
removal at a pH of greater than 6. For both the ferrous and IP-1* treatments, arsenic 
concentrations can be further decreased with the increase of pH. The ferric coagulant 
requires a much tighter pH range; the EPA discharge limit of 10 ppb can be attained 
while operating at a pH range of 4-5. Water that approaches the treatment facility with a 
pH of less than 4 has little to no reduction of the arsenate concentrations when the 
treatment package consists of the standard coagulants. However, 98% reduction was 
observed with the IP-1* technology at pH levels as low as 4.    
 

 
 

Figure 7: Comparison of treatment technologies as a function of pH (Initial concentration of 25 ppm) 
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2 RESULTS AND DISCUSSION 

 

2.1  Arsenic removal 
Mine water was obtained from two geographically independent mine sites in Western 
United States and was shipped in 5 gallon buckets to the Atlanta R&D center (Atlanta, 
GA USA) where it was subsequently stored in a cooling unit at 34oF.  (Figure 8)  The 
arsenic levels in these water samples ranged from 35-50 ppb of which were believed to 
be dominantly arsenate.  Contamination of the water was due to mineral dissolution 
either from the open-pit dewatering process or through run-off.   
 
Water Chemistry Concentration (ppm) Contaminant Concentration (ppm)
Phosphate BRL Selenium BRL
Aluminum < 0.1 Arsenic 0.035-‐0.050
Calcium 35-55 Mercury BRL
Copper < 0.1 Cadmium BRL
Iron < 0.1
Magnesium 15-35
Manganese < 0.1 Conditions
Potassium 10-20 pH 6.5-‐7.5
Sodium 35-50 Conductivity (µS/cm) 500-‐1000
Bromide < 0.5 TSS (ppm) 40-‐60
Chloride 10-20 TDS  (ppm) 400-‐500
Fluoride 1-3 Alkalinity (CaCO3) 22
Nitrate 1-5
Sulfate 100-500  
Figure 8:  Water chemistry range for the two mine waters being evaluated 

 
   To reduce the arsenic levels to the necessary discharge limit, the adsorbent (IP) was 
applied to both water sources. The adsorbent was applied either as a filter media or 
through a batch process.  As long as the particle size was maintained below 1000 micron 
the IP could be successfully applied as a media for reverse filtration or packed bed 
yielding effluents containing a < 5 ppb arsenic level.  The IP media was not strong 
enough to withstand a fluidized bed system and ended in a fine suspension that cycled 
through the fluidized circuit. The IP could also be dry fed or slurried and fed into a mix 
tank containing the arsenic contaminated water where it is allowed to agitate at 400-500 
rpm.  After a controlled mix time the water is transferred to a settling tank where it can 
be combined with a flocculant to increase settling rates or can be allowed to settle 
naturally.  The filtrate was transferred through a Whatman qualitative filter paper No. 5 
(pore size of 2.5 µm), which gave a clear, visible solid free water sample for ICP. 
Evaluations of the IP adsorbent as a batch process yield an effluent of < 5 ppb in both of 
the mine waters evaluated.  (Figure 9)  The 10 ppb limit recommended by WHO can be 
reached with 500 ppm treatment in both waters.   
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Figure 9:  Dosage demand of various forms of the IP adsorbent as a function of arsenic removal 

 
   The rate of arsenic removal with 600 ppm IP treatment suggests at this dosage that ~ 
77% of the arsenic is removed within the first hour, which meets the WHO 
recommended limit of 10 ppb.  (Figure 10)  Only 4 ppb arsenic is removed after the first 
hour before the minimum detectable limit of the ICP method was met.  The rate is 
measured by calculating the percent difference of arsenic per difference in time.  
Though 9.06 ppb arsenic remains, the levels can be further reduced with increased 
contact time, as suggested in Figure 10.  If the IP dosage was increased to 800 ppm then 
58% of the arsenic is removed within the first 5 minutes, yielding ~13 ppb arsenic. 
(Figure 11) Increasing the dosage to 1600 ppm will yield 92% removal (2.52 ppb) 
within the first 5 minutes.  If the IP dosage was further increased to 2400 ppm then the 
minimum detectable limit of 0.5 ppb can be met within the first 5 minutes of contact 
time.    

 
Figure 10:  Rate of arsenic removal with 600 ppm IP 
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Figure 11:  Evaluating the effect of treatment dosage on the rate of arsenic removal 

 
2.2  Sludge volume 
 
As previously discussed, ferric coagulation or co-precipitation is the most widely 
practiced method for arsenic removal from mine effluents. However, other ions can 
contribute to significant chemical consumption, consequently contributing to sludge 
volume (volume of the secondary waste).  There is a significant amount of literature on 
the topic of iron-based coagulation of arsenic.  It is well known that the optimal pH 
range for such coagulation is 4-6 (   1995 and Papassiopi 1996). (Figure 12) 
Under the optimal conditions a 10/1 iron/arsenic ratio is required for synthetic water.  Of 
course, this ratio will be significantly affected by the presence of competing ions that are 
often associated with mine effluents, such as sulfates and nitrates.    
 

 
Figure 12:  pH effect on optimal iron/arsenic ratio towards arsenic removal  

 
   Generally, as the chemical consumption is increased, the generated sludge volume is 
also accordingly increased between the ferric coagulation and IP. (Figure 13)  The 
synthetic water contained 12 ppm total arsenic, which was oxidized to the arsenate form 
through the addition of bleach (sodium hypochlorite).  600 ppm of each treatment was 
independently dosed and allowed to agitate according to the optimal pH and contact 
conditions for each treatment.  The ferric coagulation yielded a mass that occupied 
~17% of the total volume in the vessel, while the IP adsorption yielded a volume that 
barely covered the bottom of an equivalent vessel.  After filtration the wet cakes were 
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weighed and the IP generated a mass 84% less than that after the ferric coagulation.  The 
bulk of this ferric-arsenate mass was due to the adsorption of water into the secondary 
sludge.  This is evident after the solids were allowed to air dry overnight, which yielded 
a ferric sludge volume that is approximately the same as the IP.    
 

 
 

 

IP Fe
Wet  Cake  Mass  (g) 0.756 4.786
Dry  Cake  Mass  (g) 0.286 0.274

Solids  in  Wet  Cake  (%) 38% 6%  
Figure 13: Comparison of sludge volume after arsenic removal 

 
2.3 Sludge stability 

 
The Toxic Characteristic Leaching Procedure (TCLP) is an industrially accepted tool 

for evaluating the stability of the sludge generated. The EPA preferred method of 
evaluating the sludge stability or leaching characteristic is known as TCLP method 
1311, which evaluates the stability of the sludge at a pH of 4.93 and at a pH of 2.88; of 
which both are adjusted with acetic acid (US EPA 2011).  TCLP is not meant as a 
comprehensive evaluation, but rather a screening tool to assist in understanding the life 
of the sludge and consequently, its necessary disposal.  This method is dominantly 
focused on the sensitivity of leaching to pH, but one must also consider environmental 
conditions and long-term stability.     

 Recent studies suggest that the iron salts generated during coagulation may not 
possess the long-term stability that was once thought to be the case.  The stability can be 
increased by the applying an elevated temperature (< 100 oC) during the treatment 
process while at a low pH, which would generate an arsenical ferrihydrite species. 
However, the less stable ferric-arsenate structure is dominantly generated if the Fe (III) 
to As(V) ratio is elevated, which would be expected for most mining processes.  This is 
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due to the elevated level of competing ions associated with mining processes that would 
also consume the ferric coagulant (Riveros 2001).   
   The sludge generated from the successful treatment of lab generated water containing 
25.5 ppm arsenate with IP was submitted to an external lab for TCLP analysis. The 
aforementioned EPA method 1311 was employed for TCLP analysis, and no detectable 
amount of arsenic was leached under either pH experiments.  In a separate experiment, 
the sludge was allowed to sit stagnant in the water to evaluate the stability over time.  
Though this study is not complete, after 14 days the level of arsenic remaining in the 
water did not exceed 10 ppb.  
 
 
3 EXPERIMENTAL 

 
3.1  Materials 
 
Sodium arsenate (Na2AsO4) was purchased from Aldrich and used as received with no 
further purification. Lab-made aqueous solutions containing arsenate were prepared by 
dissolution of the above chemicals in city of Atlanta tap water. Caution! Sodium 
arsenate is extremely toxic and should be handled and disposed according to regulations 
for toxic substances. 
 
3.2  Instruments 
 
In this study, a Thermo Scientific ICP-AES system model iCAP 6500 equipped with a 
charge injection device (CID) detector and a CETAC ASX-520 autosampler was used 
for determination of arsenic species in water samples. Low detection limits (5 ppb for 
arsenic) were achieved by pre-concentration of 100 mL aqueous samples. Quantitative 
elemental analysis of trace elements was conducted on a Bruker S4 Explorer 
wavelength-dispersive X-ray fluorescence spectrometer. Element distribution of arsenic 
before and after treatments was used for qualitative and quantitative analysis of 
chemisorption of the contaminant species on inorganic polymeric solid sorbent.   
 
4  CONCLUSIONS 

A new chemisorption technology (IP) was developed and was previously reported as 
being capable of removing major contaminants, such as; selenium, arsenic, and 
cadmium to levels that meet the EPA discharge recommendations.  The IP has since 
been applied, on lab scale, to two different mine effluents that are contaminated with 35-
50 ppb arsenic with the purpose of minimizing sludge volume and improving sludge 
stability.  It was discovered that the WHO recommended 10 ppb limits could be reached 
within the first hour of agitation at a minimum dosage, and that the rate could be greatly 
improved with increased IP dosage.  The IP also generated almost 84% less sludge 
volume (Wet Cake) than the ferric coagulant at equal dosages.  Evaluating the sludge for 
leachability by TCLP yielded non-detectable limits of arsenic at both pH’s 4.9 and 2.88.  
The stability of the sludge is currently being evaluated at the process pH over time to 
better understand the life of the sludge in an active tailings facility.  Evaluating the 
sludge in an aqueous environment for 14 days suggests that the arsenic is contained and 
that it will not be re-leached as evident by the arsenic levels remaining constant.  The 
study continues to further prove the time stability.    
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1 INTRODUCTION 

Water pollution associated with mining activity has been a problem for societies probably since 
pre-historic times although it may have not been recognized at the time.  The pioneering hard 
rock miners in the Colorado Rockies recognized the impacts from poor water quality; the water 
entering some of their underground workings was so metal-laden and acidic that they could not 
use it to feed their boilers.  In some mines, acid water dissolved iron rails, plating out dissolved 
copper in the process.   In the 16th century, the author G. Agricola in his book De Re Metallica, 
noted that water contaminated by mining activities "poisons the brooks and streams, and either 
destroys the fish or drives them away”. 

Modern mining activities, both coal and hard rock, can generate much the same problem, but 
with the large volumes of ore and waste rock being excavated and moved, the impacts to the en-
vironment are magnified a billion-fold.  It is commonly referred to as acid rock drainage or 
ARD.   The sources of water pollution/ARD include draining adits and tunnels, leachate from 
waste rock and tailings/coal refuse facilities, and water accumulating in or discharging from 
abandoned pits.   Even the construction of highways in geological terrain containing pollution 

Engineered pumpable pHoamTM:  an innovative method for 
mitigating ARD 
 

J.J. Gusek  
Golder Associates Inc., Lakewood, Colorado, USA 

B. Masloff, J. Fodor, and D. Dunham 
Cellular Concrete Solutions, LLC, Golden, Colorado, USA 

 

ABSTRACT:  If one can embrace the medical analogue, much of the mining industry currently 
suffers from a massive bacterial infection. When pyrite-bearing or sulfide-bearing rock for-
mations, tailings, or mine wastes are infected by Acidithiobacillus ferro-oxidans, the likelihood 
of forming acid rock drainage (ARD) is almost guaranteed.  The “pharmacy” of antibiotics 
available is extensive, ranging from solid alkaline amendments like limestone to liquid “medi-
cines” such as sodium lauryl sulfate, sodium thiocyanate, waste milk, and bipolar lipids.  Unfor-
tunately, the “geo-medical” teams of geochemists, microbiologists, engineers, and mine manag-
ers lack the tools to surgically apply these active ingredients where they are needed most with a 
minimum of waste.  Distribution of fine grained limestone on the surface of an acidic mine 
waste dump is analogous to applying a bandage soaked in antacid to treat an upset stomach. The 
implementation of up-to-date best management practices has not healed the patient; an equiva-
lent combination of hypodermic needle, cyber knife, and arthroscopic probe is clearly needed. 

Using an engineered, flow-able or pumpable foam or pHoamTM as the medicinally analogous 
“dextrose delivery solution” for solid and/or liquid “geo-antibiotics”, the authors have combined 
off-the-shelf technologies that have been previously applied in solving geotechnical problems in 
the mining industry.  A patent for the innovative process is pending.  This paper discusses 
method concepts and the advantages it could provide over conventional BMPs.  Preliminary la-
boratory test results suggest that the delivery of solid and liquid materials into porous, unsatu-
rated rock can provide a variety of ARD-suppressing coatings. The timing of ARD-suppressing 
materials’ application to ARD-prone wastes in the mining and processing cycle may govern 
whether these materials behave as a post-infection medicine or as a vaccine that prevents infec-
tion altogether. Field demonstration sites are being sought. 
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generating rocks has been identified as a problem. The Tennessee Department of Transportation 
commissioned a guideline document, which focused on pollution prevention and ARD mitiga-
tion best management practices (Gusek et al., 2008). 

 
1.1 ARD Formation 
 
The formation of ARD is a natural process.  In the presence of air, water, and bacteria, sulfide 
minerals such as pyrite oxidize and produce sulfuric acid; concurrently, iron and other metals 
are released into the water.  The problem can be associated with both coal and hard rock opera-
tions where previously-buried sulfide minerals are exposed to oxygen and water.  The descrip-
tions of the bio-geochemical reactions responsible for ARD are found in many ASMR papers 
and will not be repeated here.  However, it is prudent to revisit the general conditions required 
for ARD to form. 
 
1.2 ARD Tetrahedron Relationship 
 
Considered simply, the elementary ingredients required for the formation of ARD are analogous 
to the components needed for the burning of combustible materials.  To have a fire, one must 
have air, heat and a fuel source.  To have ARD, one needs air, water, and a pyrite source and the 
bacteria to speed reactions that would otherwise occur slowly:  consider an "ARD Tetrahedron" 
concept (see Figure 1), with each requirement positioned at a vertex.  If any of the primary in-
gredients are missing, isolated, or chemically neutralized, fire/ARD will not form.  The oxida-
tion of pyrite is an exothermic reaction very similar to conventional combustion.  In some ex-
treme cases pyritic mine wastes have actually spontaneously ignited (Li & Parr, 1926), resulting 
in localized sulfidic air pollution. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. ARD Tetrahedron (Kleinmann, 2012) 
 

The tendency of a given rock or material to produce ARD is predicted by a number of stand-
ard tests, including acid-base accounting tests, humidity cell tests, and column leach tests. 

2 ACTIVE INGREDIENTS THAT CAN SUPPRESS ARD PRODUCTION 

Researchers and practitioners of water pollution mitigation have identified various active ingre-
dients that can be applied to potential water pollution situations both within the mining industry 
(including ARD production) and in similar conditions (e.g., road construction).  Many of these 
concepts have been successfully demonstrated on laboratory scale, but only a few have been 
tried at actual sites.  The active ingredients include liquids, solid particles, gases, and living mi-
crobes; they are all designed to disrupt the ARD Tetrahedron relationship (Figure 1) and thereby 
prevent or suppress ARD.  Examples of each active ingredient type follow. 
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2.1 Liquid Active Ingredients 
 
Olsen, et al. (2006) provides a comprehensive discussion of ARD-suppressing liquid reagents 
which is summarized and expanded here.  Examples of liquid active ingredients include:  sodi-
um lauryl sulfate, a common surfactant identified as a bactericide that mitigates the oxidation of 
the mineral pyrite, bi-polar lipids (Zhang et al., 2003), and sodium thiocyanate appears to have a 
similar effect.  Sodium hydroxide and hydrated lime solutions can adjust the pH of acidic pore 
water in contact with pyritic rocks and thus suppress ARD-generating bacterial activity. 

Additional examples of liquid active ingredients include solutions of dissolved potassium 
permanganate (KMnO4) which has been shown to coat particulate mine waste materials with a 
layer of manganese dioxide and isolate pyritic rock from air and water and thus suppress ARD 
formation.  Waste milk has been shown to encourage a bio-film of bacteria that out-compete the 
suite of acid-generating bacteria and it also creates a reducing environment inimical to oxidizing 
bacteria and provides nutrients for sulfate-reducing bacteria (Jin et al., 2008 and ITRC, 2011). 
Solutions of dissolved phosphate have been shown to complex with dissolved iron and starve 
bio-oxidation of pyrite through disruption of the kinetics of ARD formation.  However, use of 
this active ingredient has undesirable consequences if it is not properly controlled because it is a 
microbial nutrient.  Silicate-based liquid active ingredients that coat the surfaces of pollution-
prone materials have also been developed (e.g., Keeco Mix (Mitchell et al., 1999)).  

While not practical in typical situations, waste paint might be used to suppress pyrite oxida-
tion and prevent ARD. 
 
2.2 Solid Active Ingredients 
 
Examples of solid active ingredients include:   
 
 limestone, dolomite, cement kiln dust, steel slag, sodium bicarbonate, fly ash and other coal 

combustion by-products, and various pozzolanic materials which can provide acid-
neutralizing alkalinity to pyritic rocks and mine wastes which are prone to produce ARD; 

 slow-release bactericides (Rastogi, et al., 1986) such as the commercial product ProMacTM  
which can suppress pyrite oxidizing bacteria; 

 organic materials such as cellulose, wood, paper, bio-solids, fiber, animal and vegetable pro-
tein whose decay can create conditions that suppress pyrite oxidation and ARD; and 

 processed peat, natural peat, zeolite minerals, manganese oxides, iron oxides, and similar 
man-made products such as resins known to adsorb heavy metals. 

 
Additional examples of solid active ingredients include:  zero valent iron, nano-scale iron, 

powdered iron oxy-hydroxides, and powdered copper.  These materials have the ability to chem-
ically alter dissolved pollutants and as a result, detoxify them. 

 
2.3 Gaseous Active Ingredients 

 
Examples of gaseous active ingredients include:  carbon dioxide or nitrogen which can displace 
oxygen in the pore spaces in unsaturated, particulate mine wastes and thereby suppress ARD 
production; and hydrogen sulfide which also may have a similar effect as well as immobilizing 
heavy metals that may be in solutions in contact with particulate mine wastes.  While using gas-
eous ARD suppressing materials is theoretically possible, their use to date has been minimal.  
Oxygen depletion through encapsulation or total, permanent immersion in weakly oxygenated 
water is a passive approach to ARD management. 
 
2.4 Microbial Active Ingredients 
 
Examples of microbial active ingredients include common materials that typically include bacte-
rial suites including the bacteria Desulfovibrio, which under certain conditions and in the pres-
ence of other cellulose-degrading bacteria can out-compete Acidithiobacillus ferro-oxidans and 
thus suppress ARD (Zhang, et al. 2003).  Common microbial source active ingredients may in-
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clude municipal sewage bio-solids, composted animal manure, and organic soils harvested from 
natural wetlands.   

Table 1 below summarizes some common ARD-suppressing materials available and what 
vertex of the ARD Tetrahedron they are known to suppress, but delivering these to large vol-
umes of materials or areas has been problematic, especially if the materials are deposited or en-
countered in an unsaturated condition. 

 
Table 1. Summary of materials known to suppress ARD 

Basic ARD  
Ingredient The “Geo-Medicines” Anticipated ARD-Suppressing 

Reaction 

Air 

Fresh or composted wood chips, 
sawdust, or cellulose 

Consumes oxygen by organic de-
cay 

Mushroom compost 

Animal & vegetable protein 

Municipal sewage bio- solids  

Paper products 

Nitrogen 
Displaces air/oxygen 

Carbon dioxide 

Water 

Potassium permanganate solutions 

Coats reactive surfaces to render 
them impermeable 

Keeco Mix (micro-silicate)  

Bentonite clay  

Paint (latex or oil-based) or other 
water-resistant coating material 

Sulfide 

ChitoremTM Add organic matter and alkalinity 

Limestone  

Neutralize acidity/add alkalinity 

Dolomite 

Kiln dust 

Sodium bicarbonate 

Alkaline fly ash 

Flue gas desulfurization waste 

Pozzolanic materials (cement) 

Steel slag 

Lime solution 
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Sodium hydroxide solution 

Ammonia solution 

Bacteria 

Sodium lauryl sulfate (aka sham-
poo)  (Kleinmann, 1982)   

Bactericide 

Alkyl-benzene sulfonate (aka 
laundry detergent)  

Milk 

Bi-polar lipids 

Potassium Humate (Leonardite)  

Sodium thiocyanate solution 

Phosphate solution 

Composted animal manure 
Inoculate ARD-prone rock with 
beneficial competing bacteria (Jin 
et al., 2008) 

Municipal sewage bio-solids 

Natural soils from wetlands 

3 LIMITATIONS OF CONVENTIONAL ACTIVE INGREDIENT APPLICATION 

Many of these pollution mitigation strategies and methods were patented but have not been 
widely applied despite their potential to solve a specific ARD problem.  The primary reason for 
this situation relates to the inability of practitioners to deliver and apply active ingredients to 
large volumes of potentially-ARD-generating materials.  When active ingredients are carried in 
a conventional suspension or slurry (for solids) or a conventional solution (for liquids), there is 
much waste and little if any hydrologic control.  This is especially true when the liquids are in-
jected into permeable materials such as a pile of mine waste rock or coarse coal refuse. 

For example, the injected fluids are drawn by gravity toward the bottom of the pile with little 
horizontal dispersion; multiple injection boreholes with close spacing may be required to effec-
tively deliver the active ingredients to the waste horizon target.  Excess fluids drain out the bot-
tom of the pile and may be difficult or impossible to capture and recycle.  However, the process 
has been demonstrated (see Fisher Coal Mine below). 
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4 CASE STUDIES OF CONVENTIONAL ACTIVE INGREDIENT APPLICATION 

4.1 1996 – Fisher Coal Mine, Pennsylvania, USA 
 
A pumped injection technique for suppressing ARD is well-documented in Plocus and Rastogi 
(1997) which required four deep injection wells [16 m (53 ft) deep] and 25 shallow injection 
wells 3 m (10 feet) deep to treat only about 1,200 m2 (0.3 acres) of a coal mine waste pile in 
Pennsylvania.  In order to implement their injection plan, pumping equipment with a pressure 
capacity of 20.7 megapascals (3,000 psi) was required.  The active ingredients they used were a 
20% solution of sodium hydroxide followed by a 2% solution of sodium lauryl sulfate, injected 
sequentially.  While the process worked and the treatment appears to still be working 16 years 
later (Plocus, 2011), the technology was not considered practical. 
 
4.2 1996 – Fran Coal Mine, Pennsylvania, USA 
 
Schueck et al. (1996) reported on treating pods of pyritic material in a backfilled surface coal 
mine pit with FBC ash grout in three ways:  
 

1) injection grouting only,  
2) capping only, and  
3) both capping and grout injection. 

 
Based on the water chemistry results from monitoring wells, Option 3 worked the best fol-

lowed by Option 1. Schueck et al. (1996) reported:   
 

The inability to control final grout placement is a major drawback of the injection process… 
Because the grout is a viscous fluid, it will tend to flow into high permeability zones when 
pumped into spoil under pressure. If the permeability within the [pyritic rock] pod is low, 
the injected grout may flow away from the pod instead of filling the voids within the pod as 
intended or else the well will accept very little grout. When this happens, AMD abatement 
will be limited or will not occur at all. 

 
4.3 2003 - Neves Corvo Copper-Tin Mine, Portugal 
 
Verburg, et al. (2003) reported the results of a 30-week monitoring humidity test cells filled 
with pyritic mill tailing paste to evaluate various ARD-prevention strategies.  They found that 
“the bactericide-amended samples demonstrate consistently higher values for paste pH and low-
er values for SC [specific conductance] than the other samples, both in the short term and long 
term”. The results further demonstrated that the application of the bactericide had a beneficial 
effect (i.e., preventing growth and bacterial activity) during all stages of acid generation at this 
site.  The effects of the bactericide application persisted throughout the 30-week monitoring pe-
riod.  Contrary to the findings of Plocus described above, the authors believed that “under op-
erational or post-closure conditions, periodic or continuous application of a surfactant-type bac-
tericide is generally required to maintain effectiveness”. This belief may be related to the 
perceived difficulty in evenly applying a bactericide to tailings in an operational environment. 
 
4.4 2006 – Sequatchie Valley Coal Mine, Tennessee, USA 
 
An injection/treatment process similar to the one described by Plocus and Rastogi was imple-
mented at the Sequatchie Valley coal mine in Tennessee.  In this case, waste milk and a bacterial 
inoculum (biosolids) were injected into mine waste that had been reclaimed and revegetated by 
the Western Research Institute (Jin, et al., 2008 and ITRC, 2011) in order to establish a bio-film 
of bacteria on the pyritic waste that would out-compete acido-thiobacillus ferro-oxidans and 
thereby prevent ARD.   

While details are lacking, the technology was implemented in a 4 ha (10 acre) area exhibiting 
a seepage of about 0.12 m3/min. (30 gpm).  Ground water upstream of the test plot exhibits typi-
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cal ARD characteristics, depressed pH (5.5 to 6.0 s.u.); the seepage downstream of the test plot 
exhibits a pH of 6.8 to 8 about four years after the initial injection event (ITRC, 2011). 

5 FOAM:  AN INNOVATIVE ACTIVE INGREDIENT DELIVERY METHOD 

Foam is a two-phase fluid consisting of a gas component surrounded by a thin fluid phase that is 
developed with a soluble surfactant or soap. Research efforts are underway to use this engi-
neered material to deliver ARD-suppressing liquid-phase active ingredients (e.g., bactericides) 
which can be entrained in or are a part of the foam structure.  In addition, solid phase ARD-
suppressing ingredients such as limestone, lime, steel slag, biosolids, or cement kiln dust can be 
entrained and suspended in the foam structure.  Such mixtures comprised of ARD-suppressing 
components are hereafter referred to as pHoamTM to distinguish it from common foams used in 
other industrial applications, including fire-fighting.  

The proposed pHoamTM method solves the active ingredient delivery problem by increasing 
the mobility and surface area of solutions or mixtures of active ingredients without sacrificing 
hydrologic control.  Active ingredients suspended or contained in a pHoamTM of pre-determined 
"stability”, can flow omni-directionally or bi-directionally from a single injection point as an 
advancing front.  The density of the pHoamTM composites will typically be less than 320 kg/m3, 
which should lower injection pressures and increase the injection duration and coverage from 
each injection point. 
 
5.1 pHoamTM Stability 
 
The term “stability” used here refers to the general characteristics of the mixture with regard to 
longevity of the foam structure, its density, water content, and fluidity.  For example, a pHo-
amTM could be designed to be thick enough to resist being drawn by gravity to the bottom of a 
given zone being treated and would advance in three dimensions, as a bulb.  It could also com-
pletely fill an underground mine adit or coal mine entry.  It would be expected to penetrate any 
roof falls as long as the collapsed material was permeable.  

Alternatively, the pHoamTM mixture could be designed with a high “slump” (using a term fa-
miliar to those dealing with concrete designs) that would fan out generally in two dimensions, 
following a horizontal plane as in the case of covering a relatively flat tailings surface or follow-
ing the floor of an open pit or pit bench or mine adit/entry. 
pHoamTM longevity can be manipulated to a desired time required for maximum treatment or 
travel through the material treated.  For example, if a pHoamTM were to be applied to acidic 
mine waste on a truck load by truck load basis, the pHoamTM structure might only need to per-
sist for an hour or less, as long as the pHoamTM permeates the entire load.  Conversely, pHo-
amTM injected into a waste rock dump might be designed to persist for several days to allow 
maximum penetration. 

The water content of pHoamTM can be adjusted to produce a relatively dry pHoamTM which 
barely changes the moisture content of the rock mass being treated.  When the bubble structure 
collapses, the entrained moisture will coat the nearby rock particles.  If the rock mass has a rela-
tively high field capacity, a soil characteristic, compared to the moisture content of the pHo-
amTM, little if any leakage from the treated mass should result.  The active ingredients, both liq-
uid and solid, should remain within the waste mass and not flow or rinse out.  

Conversely, a high water content pHoamTM might be used to rinse out undesirable target con-
taminants from the mine waste.  For example, a high water content pHoamTM could rinse out re-
tained nitrate contamination derived from blasting agent residue in a waste rock dump that 
would otherwise require an extended period to be flushed out by pulses of infiltration of rain or 
snow melt. 
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5.2 The Physics of pHoamTM 
 
As discussed by Blauer and Kohlhass (1974): 
 

Generally, foams are dispersions of a relatively large volume of gas in a relatively small 
volume of liquid. When the volume of liquid is considerably greater than that of gas, the 
gas bubbles are, as a rule, spherical and their mutual interaction is weak. These systems 
are known as "gas emulsions."  In a true foam, the bubbles are so crowded that their shape 
is deformed, usually polyhedral. 
 

Since the pHoamTM is mostly comprised of a gas phase with very little liquid (e.g. foam might 
be formulated to be 10% water and 90% gas), the liquid is more likely to be retained as a coat-
ing on the rock particles when the foam structure de-stabilizes.  If a solid phase is present in the 
pHoamTM, it is more likely to be deposited on the surfaces of the mine waste instead of being 
carried away by gravity drainage in a conventional slurry suspension. Polymer additives can al-
so be used in conjunction with pHoamTM composites. The polymer can bond the active ingredi-
ents to the mine waste. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Injection of pHoamTM into a Mine Waste Dump (after G. W. Wilson, 2008) 
 

Also, as the solid phase is a relatively small volumetric component of the pHoamTM mass, it is 
difficult to completely fill the pore spaces between the permeable mine waste particles.  This is a 
desirable condition, as it allows multiple events of active ingredient injection; i.e., a “booster 
shot” of antibiotics is required if the active ingredients are consumed and require replenishment. 

The particle size distribution of the mine waste will certainly influence pHoamTM designs.  
Consider the heterotrophic nature of a typical mine waste dump (Figure 2).  Due to the natural 
particle size segregation associated with end-dumping from trucks over the edge, a zone of larg-
er waste particles will be typically found at the toe of each lift.  These high-permeability zones 
can act as preferred pathways for air and water which will promote ARD formation.  Injected 
pHoamTM would also follow these preferred pathways, depositing ARD-suppressing reagents 
where they could provide the highest benefit.  Fine-grained zones adjacent to coarser zones 
would tend to “wick” the liquid phase of active ingredients into the matrix and retain it with ca-
pillary force.  The wicking could be facilitated by the decreases in surface tension provided by 
the surfactant component of the pHoamTM.  It is likely that solid phase ARD-suppressing rea-
gents would be deposited adjacent to the finer-grained zones as a “rind” of beneficial treatment. 
 
5.3 The “Heat-Seeking Missile” Effect 
 
It is well known that pyrite oxidation is exothermic.  This reaction can result in elevated temper-
atures in mine waste and in the worst situation, actual combustion. Common sense suggests that 
when foam or pHoamTM approaches materials with elevated temperatures, the foam/ pHoamTM 
bubble structure will collapse as the liquid component evaporates.  This feature could potentially 
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give pHoamTM a “heat-seeking missile” capability that could automatically deliver more ARD-
suppressing active ingredients to a mine waste site in the zones where it is needed the most.  Hot 
zones in the mine waste would become “sinks” for pHoamTM bubble disintegration and resultant 
preferential deposition of more active ingredients compared to cooler zones nearby. 
 
5.4 The “Balloon” Effect 
 
Foam and/or pHoamTM mixtures behave somewhat elastically in the sense that air could be in-
jected into the center of mass of a bulb of foam/pHoamTM and it should inflate much like a bal-
loon.   This is especially true if the bulb is situated in a porous medium such as mine waste rock. 
For example, injecting pHoamTM followed by an episode of injecting air or other gas should 
push the pHoamTM further away from the injection point without the need for additional reagents 
(i.e., surfactants, water, or ARD-suppressing materials).  Logically, this situation cannot be ex-
tending indefinitely.  The moisture and surfactant contents of the bubbles comprising the pHo-
amTM in the advancing front would likely be consumed by the drier conditions of the mine waste 
rock and the “balloon” of pHoamTM would dissipate. However, the balloon effect may be used 
to advantage to extend the penetration of the ARD-suppressing materials at a much lower cost 
than using a pHoamTM mixture alone. 

6 POTENTIAL APPLICATION SITUATIONS – MEDICINE OR VACCINE? 

When does ARD-prone rock get infected?  Conventional wisdom suggests that freshly-
excavated rock containing pyrite has a relatively small acidophilic population when it is being 
excavated from a working face in a mine.    Prolific infection with acidophilic bacteria does not 
appear to be instantaneous and sometimes months may pass before low-pH ARD is exhibited in 
runoff and/or seepage.  The whole point of adding alkalinity to satisfy acid-base accounting 
based ARD-suppression criteria is to allow the amendments to collectively behave as a preven-
tive “vaccine” to suppress acidophilic bacterial activity.  Wilson (2008), in his discussion of 
cover installations on waste rock, suggests that ARD prevention as the waste is placed should 
help to minimize future ARD treatment liability.   

 It is uncertain how long a bactericide needs to be contact with the target organism to be ef-
fective.  However, from a pHoamTM perspective, a diluted pHoam recipe whose bubble structure 
decays in less than an hour (i.e., one with a relatively low “stability” as previously discussed) 
might be analogous to a “weakened virus” that would deal with human or animal disease.  This 
is a topic that could benefit from future research.   

Logic would therefore suggest that the amount of ARD-preventing “pHarmacueticals” may 
be less (and therefore less expensive to apply) as a preventive vaccine compared to the amounts 
needs to “medically” address a larger, more-established and problematic acidophilic microbial 
community.  In other words, applying an ARD preventive vaccine may be much more cost ef-
fective than waiting until mine closure to address this issue.  To be effective, however, vaccina-
tion efforts must be thorough as even small volumes of un-vaccinated ARD-prone rock could 
eventually re-infect adjacent treated areas.  The re-infection mechanism is another topic that 
could benefit from future research; or:  should standard humidity cell tests be inoculated with 
acidophilic bacteria? 

7 EQUIPMENT 

The production of pHoamTM uses common construction equipment including tanks, mixers, 
compressors, reagent feeders and piping.  Foam generation equipment typically has no moving 
parts.  For example, a photo of an in-line static mixer is shown in Figure 3. A schematic layout 
of a pHoamTM system for treating a heap leach pad is provided in Figure 4; while the equipment 
spread may appear simple, the innovation in the technology lies in designing the pHoamTM with 
the desired stability that matches the ARD-suppression situation. 

Because up to 90% of the pHoamTM composite is a gas, large volumes of mine waste (or mine 
voids) can be treated using minimal amounts of water and active ingredients. 
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Figure 3. Static mixer used to combine solid and foam components to create pHoamTM 

 
 
 

 
 
 
 

8 FOPIFIDPF 

 
Figure 4. Example  pHoamTM  System Schematic Layout  

 

9 LABORATORY TEST WORK 

9.1 Static Test Coating of Coarse Grained Rock 
 
 
 
 
 
Figure 4.  Example pHoamTM System Schematic Layout 
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8 LABORATORY TEST WORK 

8.1  Static Test Coating of Course Grained Rock 
 
Practitioners in the petroleum industry have been injecting foams into porous media since the 
1970’s as evidenced in the technical literature (e.g., Blauer and Kohlhass (1974)) but the geo-
logical settings were significantly different from those faced by the mining industry.   To vali-
date the technology with regard to ARD-suppression, the authors conducted several laboratory 
scale demonstrations.  The first demonstration validated that a pHoamTM mixture could be de-
veloped to coat large particles of rock with a thin layer of fine-grained limestone with little wa-
ter.  Figures 5A through 5B compare the initial pHoamTM application on the left with the lime-
stone-coated rocks about an hour later on the right.  Figure 5C is a close-up photo of the rock 
surface with a safety pin for scale; the rock in Figure 5D exhibits a coating (estimated <1mm 
thick) on the treated surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A - pHoamTM applied to test rock          B - test rock after about 1 hour   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C - test rock surface pre-pHoamTM application               D - test rock surface post-pHoamTM application 
 
Figure 5.   Laboratory application of pHoamTM to a clean gravel test rock 
 
 
8.2 pHoamTM Injection into Coarse-Grained Rock Filled Column 
 
The authors next filled a 150 mm diameter 3 meter long clear plastic tube with test gravel (nom-
inal diameter 25mm particles) after inserting a garden hose tremmie pipe into the sealed bottom 
of the pipe.  The tube was positioned at a reclining angle of about 20 degrees on a sawhorse 
support. The pHoamTM injection rate was on the order of 0.75 liters per second (12 gpm).  The 
void space in the tube was estimated to be about 15 liters (40% voids).  The pHoamTM advanced 
in a steady front from the bottom to the top of the tube in about 20 seconds after which the pHo-
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amTM feed was suspended. However, the pHoamTM continued to expand and fill voids in the 
gravel after the feed was suspended.  See Figure 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Gravel in column is encapsulated with pHoamTM after feed was suspended 
 
8.3 Humidity cell tests on pyritic mudstone 
 
To demonstrate the effectiveness of pHoamTM in suppressing pyrite oxidation with very little 
water and anti-bacterial surfactants, humidity cell tests were conducted using a net neutral pyrit-
ic shale from a site in Ireland.  This material has been used extensively as construction fill and 
pyrite oxidation has resulted in swelling/heave beneath concrete floor slabs and significant 
structural damage to residences and public buildings.  The heave was due to the swelling of the 
shale particles from the formation of gypsum. 
 
Three 13.4 kg samples of the shale (6.1% moisture content) were treated with different pHo-
amTM mixtures: 
 
1. 4% strength Sodium Lauryl Ether Sulfate (SLES) alone – a proven acidophilic bactericide 
2. 4% strength Dodecyl benzene sulfonate (DBS) – another bactericide 
3. 4% strength SLS plus 0.57g/kg MicroCGTM, an organic heterotrophic bacteria nutrient 
 
Gas contents of the pHoamTM varied during the injection event directly into the humidity cells.  
The net strength of bactericide in the pHoamTM was about 0.12% by volume.  Compare this to 
the 2% bactericide strength used in the injection at the Fisher Mine site by V. Plocus, a dilution 
of about 1:17.  
 
The primary goal of the pHoamTM treatment was to stop the formation of gypsum.  This was in-
dicated by comparing the sulfate concentrations in the rinsate from a control humidity cell with 
the rinsates from the three pHoamTM treated cells.  As shown in Figure 7, the sulfate concentra-
tion in the control stabilized at about 1,400 mg/L after the residual gypsum was rinsed from the 
sample.  The sulfate concentrations in the pHoamTM treated cell rinsates dropped similarly to the 
control, but the concentrations were much lower than the control.  After Week 7, the sulfate lev-
els in the control stabilized while the levels in the treated rock samples continued to decrease. 
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A swell test sample of rock was treated with pHoamTM containing SLES alone (Cell 1 mixture) 
and the heaving appeared to cease almost immediately.  The longevity of the treatment is cur-
rently being assessed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.  Sulfate concentrations in rinsate from humidity cells containing three pHoamTM treated samples 
of pyritic shale and an untreated control 
 

9 COSTS 

It can be safely projected that the more “stable” the pHoamTM mixture is, the more expensive it 
will be due to increasing surfactant requirements.  Preliminary cost estimating model results 
suggest that treatment costs will be primarily influenced by: 

 
1. surfactant type - there are natural, protein-based surfactants that may double as oxygen-

depleting active ingredients 
2. surfactant strength - a short-lived ARD pHoamTM “vaccine” formulation may not require as 

much surfactant as one designed to persist for several days and travel great distances (sev-
eral hundred meters) in a “medicinal” formulation being injected into a thoroughly-infected 
mine waste mass (e.g., mine waste or coal refuse dump) 

3. Cost of solid active ingredients  (e.g., biosolids, alkalinity sources) 
4. Cost of liquid active ingredients (e.g., water-soluble organic materials or alkalinity sources 

or non-surfactant bactericides) 
 
 Labor and equipment costs per tonne or cubic meter of mine waste treated are expected to 

be less than 20 percent of the total on preliminary economic estimates. The preliminary cost es-
timating model results were strongly influenced by the values assumed for the active ingredi-
ents.  

 For example, some municipalities currently pay over US$316 per dry tonne to dispose of bi-
osolids [20% solids by weight] produced from waste water treatment plants (Carollo Engineers, 
2008).  Biosolids, which are predominantly comprised of organic carbon, may be a suitable sol-
id-phase ARD suppressing material as data in Pichtel and Dick (1991) suggest. Consequently, if 
a municipality was willing to pay a mining company a fraction of its current biosolids disposal 
cost, the “credit” from this income stream could significantly offset surfactant, labor and equip-
ment costs and the final cost of ARD prevention using the pHoamTM technology may be very 
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low and sustainable. In an ideal situation, the mining company (or any other public, private, and 
non-profit entity) utilizing the pHoamTM process to deliver ARD-suppressing materials that oth-
ers consider a waste might actually turn a small profit.  Of course, as soon as the municipality 
discovers that there is a market for their biosolids/waste material, the price they are willing to 
pay for its disposal may change.  Procuring multiple sources of a given active ARD-suppressing 
ingredient well in advance would be advised. 

If biosolids’ application as an ARD-suppressing material is practical, why has it not already 
been used?  A primary reason may be related to regulatory hurdles and public misperceptions of 
using human waste, even though it has been processed.   The secondary answer, as would be 
true with any other material in the “ARD pHarmacy”, is that a practical way of delivering it to 
coat large volumes of mine waste has not been available. 

Perhaps this second condition is no longer true. 

10 SUMMARY 

The pHoamTM ARD-suppression technique is an emerging technology and the potential ad-
vantages of treating large volumes of mine waste with little water have yet to be fully devel-
oped.  The technology could find application at both active and abandoned mines, either under-
ground or surface, and could address mine wastes such as tailings, waste rock and even backfill 
in pits that have been fully revegetated without re-disturbance.   The design of pHoamTM appli-
cations will be site specific, and will depend on the grain size, geochemistry, and in-place per-
meability of the mine waste, among other factors.  It does not appear to be appropriate for appli-
cation in fully-saturated or flooded conditions although pHoamTM with a density heavier than 
water is possible. 
 
10.1 Future Study and Technology Development 
 
Much study remains to advance the pHoamTM ARD-suppression technique from an emerging 
technology to a best management practice. As such, the authors are seeking demonstration sites 
that ideally exhibit the following conditions: 

 
 Has research funding available  
 Contains mine waste that is fully characterized, mapped, and is acid generating 
 Is an active mine site/plant with a steady, consistent stream of acid-prone waste (e.g., coarse 

coal refuse or coarse tailings) that could be evaluated in test piles or lined test containers 
 Is relatively small in scale (0.5 to 1 hectare) (1 to 2 acres) 
 Is relatively accessible by conventional construction equipment 
 Is amenable to “dissection” after pHoamTM application 
 Has documented ARD impact 
 Is on publicly-owned land (USFS, USBLM, USEPA Superfund) 
 Is not a part of or contingent upon ongoing litigation 

 
 To quote a Latin proverb:  Nihil simul inventum est et perfectum. [Nothing is invented and 

perfected at the same time.] 
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ABSTRACT:  In-situ recovery methods accounted for about 95% of the uranium produced in 
the U.S. in 2007.  The method extracts uranium by dissolution and mobilization of uranium 
minerals in sandstone aquifers.  Geochemical changes that are important in the successful 
recovery of uranium are mainly related to oxidation of reduced minerals such as uraninite.  
However, these changes can also influence the approach and timeframe to achieve restoration of 
the aquifer.  Often at the end of restoration, contaminant levels increase because of re-oxidation 
of uranium and from slow desorption of contaminants adsorbed to various mineral phases.  
Successful restoration strategies must consider the whole mining cycle process including 
subsequent groundwater flow of water into the restored aquifer.  This paper explores the 
advantages of using groundwater flow and reactive transport models to understand the 
subsequent rock-water interactions during mining and restoration.  Optimization can minimize 
the time required to mine the uranium and minimize the time and costs required for restoration.  

1 INTRODUCTION 

The in-situ recovery (ISR) process for uranium differs from conventional mining techniques in 
that the uranium resource is not excavated.  Rather, the process employs a system of injection 
and recovery wells to access the roll front deposits from the surface without the need for a pit.  
The leaching agent, which contains an oxidant such as oxygen and either CO2(gas) or sodium 
bicarbonate (baking soda) is injected through wells into the ore body in a confined aquifer to 
dissolve the uranium.  This solution is then pumped via the recovery wells to the surface for 
processing.  The method has several advantages over conventional mining.  ISR mining requires 
low capital costs for mine development.  There is no waste rock and no tailings pond.  The 
technique requires a smaller workforce which, combined with the lower capital costs, make it 
profitable on lower grade uranium deposits. 

2 FLOW AND REACTIVE TRANSPORT MODELING 

The models used for this paper include MODFLOW and PHT3D.  MODFLOW (Harbaugh et 
al., 2000) was written by the U.S. Geological Survey and is widely used and accepted by the 
hydrogeologic community.  PHT3D (Prommer and Post, 2010) combines two modeling codes 
for reactive transport modeling.  MT3DMS (Zheng and Wang, 1999) is used to solve the 
advection-dispersion equation and PHREEQC Version 2 (Parkhurst and Appelo, 1999) is used 
to calculate the chemical conditions at each transport step.  Both MT3DMS and PHREEQC are 
in the public domain and, like MODFLOW, are widely regarded by the scientific community.  
These three modeling codes are among the most widely used by hydrogeologists and 
geochemists today.  They can be used in conjunction to solve complex three-dimensional 
hydrogeochemical problems.  ISR restoration is such a complex problem. 
   The modeling data were obtained from the Agencywide Documents Access and 
Management System (ADAMS) database maintained by the Nuclear Regulatory Commission 
(NRC).  Several sources from the ADAMS database were incorporated into the generic model.    
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The purpose was to develop a “proof of concept” model capable of implementing the surface 
ionization and complexation model (SICM) (Dzombak and Morel, 1990) during the restoration 
of the generic uranium ISR mine. 

The model consisted of several steps.  The first step represented the ore recovery process 
(in-situ recovery) and during this step uraninite and pyrite were oxidized and dissolved.  Kinetic 
based rate laws were used to add uranium, iron and sulfur into the ore recovery solution as a 
function of time.  For uraninite, the rate law by Posey-Dowty et al. (1987) was employed with 
some minor modifications.  For pyrite dissolution, the well-known Williamson and Rimstidt 
(1994) rate law was used.  Iron from the dissolving pyrite was allowed to precipitate as the ferric 
oxide goethite, which for these simulations provided the hydrous ferric oxide (HFO) adsorption 
sites. Some goethite was present in the flow field prior to the start of mining.    

The second step represented the restoration treatment.  The oxidant supply is halted, which 
stops the uraninite dissolution, and water is flushed through the zone.  Rather than using a 
simple groundwater sweep approach, the impact of different injection solutions which resulted 
in different distribution coefficients were examined in two simulations.  One represented a 
solution that produced a high distribution coefficient for the system and the other solution 
produced a lower distribution coefficient for the system, this second solution is effectively 
diluted groundwater similar to those produced using reverse osmosis.  

The final step was a groundwater recovery stage where the ambient groundwater was 
allowed to return to the previously treated zone.  To expedite this step the model used a 
relatively small groundwater gradient of 0.0001 feet/foot representative of field conditions.    
  

  
  
  
  
  
  
  
 
 
 
 
 
 
 

Figure 1 Surface ionization and complexation model 

3 SURFACE IONIZATION AND COMPLEXATION MODEL 

A simplified explanation of the SICM is illustrated in the right hand portion of Figure 1.  As 
stated previously, oxygen (O2) is added to an injection well along with CO2(gas) or NaHCO3 
into the roll front ore zone. The introduced O2 dissolves uranium (coffinite or uraninite) to form 
uranyl ions (UO2

+2).  Uranyl ions complex with the carbonate ion (CO3
-2) to form various uranyl 

carbonate complexes, such as UO2CO3°, and UO2(CO3)3
-4, these complexes are soluble and 

remain mobile in the groundwater.  As explained above, pyrite (FeS2) is oxidized to form the 
hydrous ferric oxide (HFO) substrate.  Equilibrium is established between the uranyl complexes 
on the HFO surface and the various dissolved uranyl complexes.   

3.1 The Distribution Coefficient (Kd) 

The distribution coefficient (Kd) is the ratio of sorbed constituent to dissolved constituent at 
equilibrium and has the units L/kg.  The Kd can be used to calculate the retardation coefficient 
(R) by the equation: 
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= 1 + ,  

where:  is the bulk density, and ne is the effective porosity of the aquifer material (Langmuir, 
1997).  The retardation coefficient is the velocity of the solute, in this case uranium, in relation 
to the groundwater velocity.  A Kd of zero results in a retardation of 1, indicating the solute is 
moving at the same velocity as groundwater.  A retardation value of 2 would result in uranium 
traveling at one-half the velocity of groundwater. 
 
3.2 Sorption 
 
Sorption is the transfer of solutes from solution onto mineral surfaces. The sorbate, the species 
removed from solution, sorbs onto the sorbent, the solid onto which solution species are sorbed.   
In the ISR environment, sorption is the amount of uranium attached to a sorbing substrate, 
generally called HFO.  For these calculations, the surface complexation reactions of Mahoney et 
al. (2009) were used, rather than the two surface complexation reactions defined by Dzombak 
and Morel (1990).  This revised set of reactions corrects several issues related to uranium 
sorption that were present in the Dzombak and Morel compilation.  The most significant issues 
with the reactions defined by Dzombalk and Morel were: 1) the lack of experimental data to 
support the original values for the K1

int and K2
int surface complexation reactions and 2) failure to 

include any type of uranyl carbonate surface complexation reaction in the database.   
Comparisons between experimental and model results indicated that the previously defined 

K1
int and K2

int values tended to over predict the extent of adsorption in low pH or non-carbonate 
experimental setups.  For experiments that included carbonate, particularly at pH values greater 
than 7.5, the original constants tended to underestimate the amount of surface complexation.  
Mahoney et al. (2009) refit the original  log K1

int and K2
int values  to previously published 

experimental data the revised log K1
int and K2

int values were smaller than those proposed by 
Dzombak and Morel; effectively correcting the low pH issue.  Addition of two more surface 
complexation reactions that included uranyl and carbonate solved the second issue.   
 
The four uranyl based surface complexation reactions were:   
 
Hfo_sOH + UO2

+2 = Hfo_sOUO2
+ + H+ 

  log K1
int  =  3.736 

 
Hfo_wOH + UO2

+2 = Hfo_wOUO2
+ + H+ 

log K2
int  = 2.534 

 
Hfo_wOH + UO2

+2 + CO3
-2 = Hfo_wOUO2CO3

- + H+ 
  log K Hfo_wOUO2CO3-

int   =   9.034 
 
Hfo_wOH + UO2

+2 + 2CO3
-2 = Hfo_wOUO2(CO3)2

-3 + H+ 
  log K Hfo_wOUO2(CO3)2-3

int  =  15.28 
 
The surface site density for the weak sites (Hfo_wOH) was based upon 0.2 moles of HFO sites 
per mole of precipitated iron as goethite in these simulations.  Their surface area was assumed to 
represent ferrihydrite at 600 m2/g, this effectively assumes that the HFO as defined by Dzombak 
and Morel (1990) is the only sorbent surface in the model. For these initial proof of concept 
calculations, whether the iron oxyhydroxide precipitate was goethite or ferrihydrite was not 
considered to be critical.  For computational simplicity, strong sites (Hfo_sOH) were not defined 
in these proof of concept models.  Two additional reactions have been added to the database.  
These reactions represent the formation of carbonate bearing surface complexes (Appelo et al., 
2002): 
 
Hfo_wOH +CO3

-2 + H+ = Hfo_wOCO2
- + H2O 

log K Hfo_wOCO2-
int  = 12.78 
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Hfo_wOH +CO3
-2 + 2H+ = Hfo_wOCO2H + H2O 

  log K Hfo_wOCO2H
int = 20.37 

 
For solution species the database defined by Guillaumont et al. (2003) was used as the primary 
source.  Three alkaline earth uranyl tricarbonate (ternary) complexes as defined by Dong and 
Brooks (2006) were also included; consisting of CaUO2(CO3)3

-2, Ca2UO2(CO3)3° and 
MgUO2(CO3)3

-2.  
  
4   
5   
6   
7   

8   

9 MODELING    

 

Figure 2 Theoretical ISR Mining Unit 

The model we have developed is a simple theoretical model that we used to illustrate the 
sorption and desorption of uranium in the mining area.  The mine unit is illustrated in Figure 2.  
To reduce the computational intensity there were several reactions, of lesser importance, that 
were not included in these simulations. The flow field of the theoretical mine unit is first solved 
using MODFLOW (hydraulic conductivity, porosity, storage terms, wells, and boundary 
conditions).  After the MODFLOW simulation is completed, the MT3D parameters are added to 
solve for advection and dispersion. Simultaneously, the PHREEQC based reactions are added to 
distribute the uranium between the mobile groundwater system and the immobile aquifer matrix.  
A chemical database is used to define the various PHREEQC reactions. The parameters in the 
database include definitions related to the chemical components, as well as equilibrium 
constants for the 1) speciation reactions among the components, 2) the mineral phase solubility 
reactions, and 3) the surface complexation reactions.  Kinetic information specific to the 
particular model, such as amounts of kinetic minerals and their surface area to volume terms, are 
also included in the PHREEQC input file.  The detailed rate laws can be included in the input 
file or in the database.  

During ISR restoration, the uranium concentration in groundwater can rebound during the 
post restoration phase.  The purpose of the model was to determine what effect surface 
complexation has on uranium restoration and what efforts could be undertaken to maintain a low 
Kd.  The low Kd should allow more uranium to be removed from the ISR mining unit during 
restoration and minimize the rebound effect.  Since the hydrogeologic conditions and 
geochemistry of the ISR mining environment are complex, we wanted to determine if PHT3D 
could be implemented to solve these problems.   

Initially, the mining phase of the ISR was simulated.  For this model, the ISR mining 
technique was not allowed to completely remove uranium minerals from the mine unit.  This 
step was completed to develop a mineral and sorbed uranium concentration field that was more 
representative of actual conditions than a uniform field. At some time the remaining mineral 
recovery becomes uneconomical.  It is at this time that ISR restoration commences.  The 
resulting uranium mineral field has residual uranium content in areas between recovery wells 
that exhibit low flow rates.  Fewer pore volumes of the lixiviant have been available to dissolve 
all of the uranium at these locales.  The resulting residual uraninite remaining in the mining unit 
is displayed in Figure 3. This is the modeled uraninite residual after about 3 years and was used 
as an input to the restoration model. It should be noted that the residual uraninite is problematic 
for ISR restoration. 
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Figure 3 Remaining Uraninite after the Completion of Mining, concentrations report in units of mg/kg of 
water  

  
ISR restoration typically includes injecting recovered groundwater that has undergone reverse 
osmosis (RO).  The RO water is intended to rinse the residual metals, including uranium, from 
the mining unit and return the mining unit to pre-mining concentrations.  Typically, fewer 
injection and recovery wells are employed for restoration.  The reduction in the number of wells 
results from the quantity of RO water available and the reduced pumping and injection 
requirements. 
 
9.1 Mineral Phases 
In our investigation we included four mineral phases.  For this proof of concept model we did 
not include any silicate bearing minerals in the model.  The minerals we did include in the 
calculations and the respective concentrations are summarized in Table 1 below.  Uraninite, 
pyrite and calcite comprise the most significant non-silicate minerals in the sandstone. Goethite 
and the resultant HFO surface are the products of pyrite oxidation.  Uraninite and pyrite were 
defined as kinetic immobile phases and their dissolution was controlled by rate laws. Their 
concentrations varied between the mining unit and the area outside the mining unit, where they 
we set to zero concentrations.  Calcite and goethite were assigned as equilibrium phases and 
their precipitation or dissolution were consider instantaneous equilibrium processes.  More 
mineral phases are expected to be added as the model is applied to an active mining unit with 
time varying data. 
 
Table 1 Mineral Phases. To accommodate the PHREEQC based calculations concentrations represent 
moles/L of solution 
  

Mineral  

MINIMUM  PRE-‐RESTORATION  

CONCENTRATION  (moles/L)  

MAXIMUM  PRE-‐RESTORATION  

CONCENTRATION  (moles/L)  

GOETHITE   1.13E-‐04   4.20E-‐04  

URANINITE   0   4.90E-‐03  

PYRITE   0   9.00E-‐02  

CALCITE   0.1   0.1  

 
9.2 Model Components 
  
In our investigation we included 13 chemical components (Table 2).  These components do not 
represent a complete list of the components present in the water contained in the aquifer and 
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lixiviant water.  Nevertheless, they are the essential components required for the simulation of 
the restoration process.  These components, along with the mineral phases, provide the building 
blocks for the myriad of components and phases potentially produced in the reactive transport 
model.  As with the mineral phases, additional components are expected to be added as the 
model is applied to an active mining unit. 

In addition to modeling the current restoration methods, we also modeled the effects of 
continuing to inject NaHCO3 after O2 is terminated. Our thought was that considerable money 
and effort had been expended to mobilize uranium, continuing to inject NaHCO3 would 
continue to keep it mobile during restoration. Two models were created using different NaHCO3 
concentration in the injected water. The remaining 12 chemical components were injected at the 
same concentrations for both model simulations.  The different NaHCO3 concentrations are 
listed in Table 2.  The lower concentration is indicative of the amount of NaHCO3 remaining in 
the groundwater after undergoing RO.  The higher NaHCO3 concentration represents RO water 
augmented with NaHCO3 to maintain a low Kd.  
 
Table 2 Model Chemical Components 

  

The high Kd (low NaHCO3) baseline restoration model was pumped until uranium concentration 
was less than 30 micrograms per liter (µg/L), the maximum concentration limit (MCL) for 
uranium.  The model simulation included 3 years of high Kd restoration water in the injection 
wells followed by 7 years of observation to determine if uranium concentration rebound 
occurred.  Our final calculated pore volume required to reach the MCL was nine pore volumes.  
A 3 percent bleed (difference between pumping and injection rates) was maintained to force 
flow towards the well field so that no excursions would occur. 

The low Kd (High NaHCO3) restoration model used the low Kd water composition in 
injection wells for a period of 3 years followed by 3 years of high Kd RO water.  This step was 
essential to remove the remaining uranyl carbonate dissolved in the mine unit after the NaHCO3 
injection was terminated.  The system was then observed for 4 years to determine if uranium 
concentration rebound would occur.  The 3 percent bleed rate was also maintained for this 
simulation. 

 
 

10 MODEL RESULTS 
  
The modeling results indicate that the PHT3D model is robust and can simulate the complex 
nature of advection-dispersion and chemical reaction of the ISR mining unit.  Additional 
calibration may be required to better fit the parameters to site conditions. 

As previously stated, the model was executed using different concentrations of injected 
NaHCO3; one that was expected to result from the RO operations and one where the NaHCO3 
content in the injection wells was augmented.  For comparison purposes, results from the two 
models were output to an external file that was later processed in a number of ways.  First, the 
dissolved uranium content at a point near the center of the mining unit (model node 35, 35) was 
extracted to obtain a time-concentration graph at a single point.  These data are presented in 
Figures 4 and 5.  The model results clearly indicate that the addition of NaHCO3 has had a 

COMPOUND UPGRADIENT  
CONCENTRATION  

(mg/L)

POST  MINING  
CONCENTRATION  

(mg/L)

GRAMS/MOLE UPGRADIENT  
CONCENTRATION    

(Moles/l)

POST  MINING  
CONCENTRATION  

(Moles/L)

HIGH  Kd  INJECTION  
WATER  (Moles/L)

LOW  Kd  INJECTION  
WATER  (Moles/L)

Ca 44.10 313.40 40.078 1.10E-‐03 7.82E-‐03
Mg 9.00 59.50 24.305 3.70E-‐04 2.45E-‐03
Na 12.20 80.80 22.98 5.31E-‐04 3.52E-‐03 0.0001 0.01

K 8.00 13.40 39.09 2.05E-‐04 3.43E-‐04
HCO3 215.00 720.20 61 3.52E-‐03 1.18E-‐02 0.0001 0.01

SO4 91.00 380.60 96.06 9.47E-‐04 3.96E-‐03
Cl 4.70 212.60 35.45 1.33E-‐04 6.00E-‐03
ALK 177.00 591.00 100.9 1.75E-‐03 5.86E-‐03
Fe 0.05 0.05 55.84 8.95E-‐07 8.95E-‐07
U 0.05 40.19 238.028 2.10E-‐07 1.69E-‐04
O 7.00 0.00 16 4.38E-‐04 0.00E+00 0.00044 0.00044
pH 8.00 6.78 6.78E+00 8.00E+00 8.2 8.2
pe 11.00 11.00 1.10E+01 1.10E+01 11 11
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significant effect on the dissolved uranium in the model cell. The rebound effect is significant in 
the model run simulating the RO water only; whereas it is absent in the augmented water. 

Additional data was extracted for the remaining sorbed uranium from both models at the 
termination of restoration pumping.  A comparison of Figures 6 and 7 illustrate far larger 
amounts of sorbed uranium remain in the high Kd model.  The lesser amount of sorbed uranium 
in the low Kd model significantly reduces the amount of uranium available for desorption after 
restoration pumping has terminated. 

Finally, data was extracted as an average concentration over the mining unit.  These data 
included the time and average dissolved and sorbed concentrations.  Figures 8 and 9 summarize 
the average modeled uranium content, both dissolved and sorbed onto the HFO surfaces. The 
difference is obvious.  Augmented injection water results in very low averaged sorbed uranium 
content, whereas significant amounts of uranium are present on the HFO surfaces when only RO 
water is injected during restoration.  The resulting decrease in the uranium concentration 
rebound effect is also clearly observed in the augmented simulation. 

The above data were used to calculate the average Kd for each output time.  This was done 
by dividing the sorbed concentration by the dissolved concentration.  The results of the 
calculations are shown in Figures 10 and 11. The results indicate that the low Kd injection water, 
water augmented with NaHCO3, does in fact exhibit a lower Kd in comparison to the RO 
injection water.  The calculated augmented Kd is nearly zero for the period when rebound of the 
uranium concentration typically occurs. 

 
 

 
Figure 4 Low Kd (High NaHCO3) Model Results at     Figure 5 High Kd (Low NaHCO3) Model  
Model Node 35, 35     Results at Model Cell 35, 35 

 
Figure 6.   High Kd Residual Sorbed Uranium at the      Figure 7.  Residual Sorbed Uranium at the End of 
End of Restoration Pumping         Restoration Pumping 
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Figure 8.  Average Dissolved and Sorbed Uranium     Figure 9.  Average Dissolved and  Sorbed  
Content in Mining Area           Uranium Content in Mining Area 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.  Calculated Kd for Low Kd Injection      Figure 11.  Calculated Kd for High Kd Injection 
Water               Water 
 
CONCLUSIONS 

Based on the reactive transport modeling results, the model PHT3D is capable of simulating the 
basic physical and chemical processes that occur in ISR mining conditions.  The model was 
used to simulate the mining process and the resulting conditions were implemented as initial 
conditions for the restoration model.  During restoration, when the SICM processes become 
important, the model was able to produce reasonable results the matched the observed data, at 
least on the conceptual level.   
 The next logical step in the process is to obtain data required for a calibrated transient model 
and include additional mineral phases and chemical components.  The additional data will allow 
a more robust simulation of the processes that occur in the ISR environment.   
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1 INTRODUCTION 
 
Mining activities in the Cartagena-La Unión Mining District (SE Spain) has produced a signifi-
cant legacy of polluted and degraded soils, generating high quantities of wastes with high envi-
ronmental impacts. In this sense, large volumes of wastes were created during the mineral con-
centration and smelting processes, and dumped into the river beds of the area. In order to rectify 
these situations, the Government of Spain in 1955 prohibited mining companies from dumping 
wastes on the ground to form tailing ponds in the banks of the streambeds (Vilar et al. 1991). 
Nevertheless, these tailing ponds are usually contaminated by heavy metals (essentially Pb, Zn, 
Cu, and Cd) (Conesa et al. 2006) and are structures with bare surfaces completely exposed to 
erosion agents. In this mining district, the hydrological system is consisted of temporary dry 
river beds that only take water after rainfall episodes, typical of the semiarid Mediterranean 
climate. Large volumes of material from tailings ponds can be relocated into the surroundings 
areas, especially in the dry river beds, because of the water erosion.  

Many techniques are available in remediation of metal polluted soils but most of them are 
expensive and environmentally invasive (Simon 2005). The establishment of a stable plant cov-
er is considered a suitable option to get long term reclamation (Whiting et al. 2004; Simon 
2005). This option, called phytostabilization, emphasizes in stabilizing the soils and not in de-
contaminate them since tailings are so heavily polluted that removal of metals by using plants 
would take unacceptable amount of time (Patras et al. 2005). Phytostabilization reduces the bi-
oavailability of metals and prevents wind and rain erosion (Cunningham et al. 1995). In order to 
carry out a plant selection for phytostabilization intention, it is advisable to search plants that 
have spontaneously colonized mining sites and which are adapted to these polluted environ-
ments and adapted to local climate. On some of the areas of “El Avenque” dry river bed, partial 
natural vegetation happen due to spontaneous colonization by native plant species.  

Heavy metal accumulation and tolerance in spontaneous 
vegetation in El Avenque dry river bed, southeast of Spain 

A. Parra, A. Faz, R. Zornoza, E. Conesa, M.D. Gómez-López 
Sustainable Use, Management and Reclamation of Soil and Water Research Group, Universidad 
Politécnica de Cartagena, Paseo Alfonso XIII, 52, 30203 Cartagena. Murcia, Spain. 

ABSTRACT: Spontaneous vegetation in abandoned mines in Cartagena-La Unión mining dis-
trict may reduce the spread of contamination by phytostabilization. Accumulation of trace ele-
ments in root, stem or shoot of four native plants in Avenque stream was investigated. 
Above/below-ground parts of Osyris lanceolata, Lavandula dentata, Pistacea lentiscus and 
Chamaerops humilis were sampled and analyzed for Cd-Cu-Pb-Zn. The objectives were to de-
termine bioaccumulation of heavy-metals content in these plants and in soil nearby; to assess 
the relationship between content of heavy metals in soils and accumulation in stems, roots and 
shoots; and to evaluate which of these plants are suitable for phytostabilization. In general, in 
O. lanceolata and C. humilis, metals-levels were highest in roots, whereas in L. dentata and P. 
lentiscus, highest metals-levels were in shoots. The use of O. lanceolata and C. humilis in phy-
tostabilization can contribute to metal-immobilization and preventing them from becoming 
available for biota. 
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Plants that are tolerant to high concentrations of heavy metals have been found useful for 
reclamation of mine tailings containing elevated levels of metals and other elements (Smith and 
Bradshaw; 1979; Tordoff et al. 2000). The relationship between element concentration plants 
and in the substrate differs between plant species. Plants with a higher concentration than the 
substrate of an element are considered accumulators (Baker & Walker 1990) and the reserve 
capacity of the metal can differ between the organ and between the species. Some species re-
serve elements in the roots –root accumulators– although others store them in the shoots –shoot 
accumulators– (Stoltz & Greger 2002). Plant accumulation in above ground tissues can result 
an increase of metal accumulation in the topsoil, via leaf deposition, or can create an exposure 
pathway for metal introduction into the food chain (Merters et al. 2004; Unterbrunner et al.; 
2007)  

The objective of this research was to determine the bioaccumulation of heavy metals in vege-
tation in order to find out which of the three properties, root -accumulation, stem -accumulation 
or shoot-accumulation, of Cd, Cu, Pb and Zn, occur in four of the spontaneous plants growing 
on the “El Avenque” dry river bed. This information would be helpful in deciding if those four 
species are suitable or not (shoot accumulators) for plants establishment on mine tailings for 
reclamation strategies. 
 
 
2. MATERIALS AND METHODS 
 
2.1. Site Description 
 
The Cartagena-La Unión Mining District (0-392 m, a.s.l.; 37º37’20’’N, 0º50’55’’W-
37º40’03’’N, 0º48’12’’W) is located on the southeast of Spain, specifically in Murcia Province. 
This area was one of the most important mining zones in Spain during the last centuries (ceas-
ing activities 1991). The climate of the area is semi-arid Mediterranean with an annual rainfall 
around 250-300 mm, concentrated in spring and autumn, and an annual average temperature of 
18º C. The potential evapotranspiration rates surpass 900 mm year-1.   

The selected area was El Avenque dry river bed. This stream begins at 200 m above sea level 
and flows along 3 km into the Mediterranean Sea. Most streams in the area are normally dry, 

mainly consisting of isolate high vegetation as Pinus halepensis Mill.; Phoenix dactylifera L. 
and low and thicket plant species clumps such as Atriplex halimus L.; Osyris lanceolata 
Hochst.& Steud. , Lavandula dentata L., Pistacea lentiscus L. and Chamaerops humilis L. 
 
2.2. Sampling and samples preparation 
 
The plant species chosen were four of the most common at the El Avenque dry river bed; Pista-
cea lentiscus, Osyris lanceolata, Lavandula dentata and Chamaerops humilis .Three different 
parts of the plants, root-stem-shoot, were collected in November 2010. Moreover, sediment 
samples were collected under each studied plant in order to study the metal concentration and 
its influence in the plant material.   

Plant shoots, stems and roots were carefully washed with distilled water and then dried at 
55ºC for 72 hours. The dried material was ground using a mill (A1 l Basic, IKA). For each 
sample, 0.7 g was incinerated prior to a metal redilution using 6 N HNO3. Plant extracts were 
stored at 4º C until analyzed. Sediment samples were air dried for 7 days, passed through a 2-
mm sieve and stored at room temperature prior to laboratory analyses. Subsamples were ground 
for total metals.  

 
2.3. Analytical methods 

The bioavailable metal fractions were determined using diethylene triamine pentaacetic acid 
(DTPA) (1:2soil-to-extractant ratio) (Lindsay & Norwell; 1978). Metal concentrations in sedi-
ment and plants were measured using atomic absorption spectrophotometer (AAnalyst 800, 
Perkin Elmer). The methodology for total metal concentration in soil was referenced using the 
Certified Reference Material BAM-U110 (Federal Institute for Materials Research and Testing, 
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Germany). In order to evaluate which of the plants can selectively accumulate some trace met-
als from metal sediments in their tissues, the bioaccumulation factor [BF= (metal) shoot/ (bioa-
vailable metal) sediment] was calculated.  
 
3. RESULTS 

Table 1 shows the heavy metal concentration in different plant parts from the plant species 
sampled in the El Avenque dry river bed. In general, the metals concentrations of roots were 
higher than that of leafs or stems for O. lanceolata and C. humilis. However, the metal concen-
tration in leafs were higher than in roots or steams for P. lentiscus. The highest metals levels 
where found in stems of L. dentata.  

There are several ways to measure and express metal accumulation in plants, bioaccumula-
tion factor (BF) is one of them. BF, also known as the biological absorption coefficient (BAC) 
or the accumulation factor (AF), should be << 1, but they should not exceed a ratio of 1, which 
would indicate the plant is useful for phytoextraction (accumulation of metals in shoot tissues) 
but should not be used in phytostabilization (Brooks 1998). Table 2 shows that no metal was 
accumulated by any tested plant (BF<1), except for Cu that was accumulated by O. lanceolata, 
P. Lentiscus and L. dentata (BF>1) and for Pb that was accumulated by P. Lentiscus (BF>1). 

 
Table 1. Metal concentration (mg kg-1) in different plant parts and in sediment collected at “El Avenque” 
dry river bed 

Sample Part or 
fraction 

Metal concentration (mg kg-1) 
Cd Cu Pb Zn 

 
P.lenticus 

Leaf 0.111 2.60 60.1 82.1 
Stem 0.247 2.71 47.2 52.1 
Root 0.108 2.90 46.7 28.2 

Sediment 0.190 0.89 0.6 116.7 
 
 O. lanceolata 

Leaf < DL 4.62 < DL 49.1 
Stem 0.563 2.39 42.4 93.2 
Root 0.102 6.30 118.8 133.4 

Sediment 1.533 2.33 195.4 139.7 
 
L. dentata 

 

Leaf < DL 4.80 42.6 54.2 
Stem 0.404 10.78 84.3 148.1 
Root 0.607 3.08 11.3 51.5 

Sediment 2.935 4.16 351.3 139.7 
 
C. humilis 

 

Leaf 0.715 2.01 3.7 27.8 
Stem < ND 2.92 29.4 40.3 
Root 0.0792 4.74 52.1 66.4 

Sediment 3.086 8.57 285.6 402.6 
< DL = below detection level 
 

Table 2. Bioaccumulation factor [BF = total element concentration in shoot tissue (leaf) / total element 
concentration in sediment] in the different plant species sampled in “El Avenque” dry river bed 

Sample Metal concentration (mg kg-1) 
Cd Cu Pb Zn 

 
P.lenticus 

    
BF <1 BF >1 BF >1 BF <1 

 
O. lanceolata 

    
BF <1 BF >1 BF <1 BF <1 

 
L. dentata 

 

    
BF <1 BF >1 BF <1 BF <1 

C.. humilis 
 

BF <1 BF <1 BF <1 BF <1 
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In addition to the mentioned metal accumulation ratio, several metal concentration guidelines 
can be used to help evaluate metal toxicity issues that may arise during phytostabilization (Ta-
ble 3). The first is soil plant toxicity levels, which can provide a guide in evaluating metal tol-
erance (Munshower 1994; Mulvey & Elliot 2000; Kataba-Pendias &Pendias 2001). The second 
is plant leaf tissue toxicity limits, which can help assess the long term for plant establishment. 
Last, domestic animal toxicity limits can be compared with above ground metal accumulation, 
including cattle and wild life, may consume these plants [Wood et al. 1995; National Research 
Council (NRC) 2005]. In relation with this research, no samples exceeded the metal toxicity 
limits.   
 
Table 3. Metal toxicity limits (mg kg-1) 

Toxicity index Cd Cu Pb Zn 
Soil plant toxicity levels* 3 200     100-500    400 

Plant leaf tissue toxicity limits** 5-30 2-20       30-100   100-400 
Domestic animals toxicity levels*** 10 40    100    500 

*Based on metal concentrations generally toxic to plant growth (Kataba-Pendias 2001; Khalid &Tinsley 
1980; Mulvey & Elliott 2000; Munshower 1994). **Based on mean values of toxic levels of metals accu-
mulated in agricultural crops (Kataba-Pendias & Pendias 2001). ***Based on maximum tolerable levels for 
cattle (NRC 2005).  
 
4. DISCUSSION 

 
Traditionally, risk assessments on contaminated lands are based on the total concentration of a 
particular contaminant found at a site and assume that all contamination is available to cause 
harm to living systems. There is a need for methods with will determinate the bioavailable con-
centration of contaminants in a particular sample from a site, not only at a fixed moment in 
time, but also to predict bioavailability in the long term (Zornoza et al. 2011). Analysis of vege-
tation may be used as a toxicity index for identifying the accumulation of heavy metals and to 
provide an insight into their mobilization sequences. Plants candidates for phytostabilization 
should not translocate metals to shoot tissues to prevent wild life exposure and surface contam-
ination. Higher accumulation in the roots of O. lanceolata and C. humilis suggests that the 
plants adopted either external or internal exclusion mechanisms to hinder translocation of metal 
to the aerial tissues (Hansel et al. 2001). 

The BF indicated the lack of accumulation of metal in the studied species. Plants show a 
range of different mechanisms for protecting themselves against the uptake of the toxic ele-
ments and for restricting their transport within the plant, supported by the lack of correlations 
between plant metals and sediment metals. Plants can take up chemical species from the envi-
ronment and therefore they are being increasingly used in phytoremediation processes to reduce 
contamination (Zornoza et al. 2011). Uptake, retention and excretion of metals by plants, as 
well as metal distribution through the different plant tissues, differ among plant species (e.g. 
Almeida et al. 2006; Conesa et al. 2006; Franco-Hernandez et al. 2010). Thus, the success of 
any reclamation plant based on metal stabilization by vegetation (phytostabilization) depends 
upon the identification of suitable plant species growing in the natural environment (in these 
case, semiarid environments) which do not bioaccumulate in their above-ground tissues. In 
general, in O. lanceolata and C. humilis, metals-levels were highest in roots, whereas in L. den-
tata and P. lentiscus, highest metals-levels were in shoots. The use of O. lanceolata and C. hu-
milis in phytostabilization can contribute to metal-immobilization and preventing them from 
becoming available for biota. Nevertheless, the other two species can be considered also for 
phytostabilization purposes because the amount of heavy metals in their tissues does not reach 
toxic levels and because of the bioaccumulation factor.  
 
 
5. CONCLUSIONS 
 
The challenge for phytostabilization is to identify specific native plants that do not shoot accu-
mulate metals and to identify regional- and climatic- requirements for the use of native plants.  
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Metal concentrations in four native plants, Osyris lanceolata, Lavandula dentata, Pistacea len-
tiscus and Chamaerops humilis, were very variable. Although the four species accumulate 
heavy metals, they can, in fact, be considered for phytostabilization purposes for the Cartagena-
La Unión mining district because the amount does not reach toxic levels. Therefore, the use of 
these plants helps to retain the soil without supposing a risk to the ecosystem.   

The bioconcentration factor analysis shows that no metal was accumulated by any tested 
plant (BF<1), except for Cu that was accumulated by O. lanceolata, P. lentiscus and L. dentata 
(BF>1) and for Pb that was accumulated by P. lentiscus (BF>1). In those cases that BF>1 indi-
cates that the plants are accumulators.  
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ABSTRACT: Mine operators are facing demanding water and wastewater treatment challenges 
due to supply scarcity and tightening regulatory discharge constraints. Water disposal for op-
erational and safety purposes poses a significant risk of pollution to surface waters if not re-
sponsibly handled. This and the need for reliable process water and potable supply is changing 
the landscape of mine site water management. Recent developments in membrane technology 
have enabled their use to address these water treatment challenges to achieve the goals for the 
mining industry by redressing the water balance and operational economics.  

Wastewater can be economically treated with membrane processes to be within environmen-
tal discharge limits or to the quality required for process reuse.  Furthermore, the techniques are 
equally applicable to the production of potable supply for remote operational locations or local 
communities. 

The water purification process is described and explained with reference to the categorisa-
tion of waterborne contaminants and the respective membrane properties and capabilities. The 
application of robust filtration membranes is described for the removal of precipitated heavy 
metals and pathogenic organisms to international regulatory standards. Then integrating filtra-
tion membranes with reverse osmosis stages additionally removes dissolved contaminants to 
meet the increasingly stringent discharge standards and offers the opportunity for process reuse 
and even potable supply. 

A series of case studies is presented describing treatment of wastewater discharge, process 
water reuse and potable supply. These address the key physical and chemical treatment chal-
lenges with examples and site data from installations in all geographic regions. 
 
 
1 INTRODUCTION 
 
Water management has become a major topic for mining operations in all geographies. Many 
highly publicized environmental upsets have been associated with mining activities. In addition, 
the public awareness of the potential for environmental damage has increased the pressure on 
regulatory bodies to enforce change. These increasingly stringent discharge controls are de-
manding improvements in treatment of waste streams, often against tight timelines. Further-
more, water scarcity is driving operators to review treatment technologies for prospective water 
reuse in processes and shift maintenance.  

Significant advances in membrane technology in terms of construction and performance have 
enabled elegant, membrane based treatment techniques to be employed to meet the needs of this 
changing landscape. Often target treatment levels are achieved by combining conventional 
treatment methods with membranes. Indeed, the capabilities of membranes are enabling more 
aggressive conventional treatment techniques to be incorporated into treatment trains. 

It is entirely possible to treat any wastewater to the highest level of water purity. The overrid-
ing focus has to be the economic balance, identifying contaminants in the feed or source water 
and establishing appropriate treatment technologies to achieve the targets.  This paper presents 
a classification of the wide variety of water borne contaminants from dissolved metals, other 
salts and organics to the physically suspended impurities such as microbiological and other par-
ticulate material. How the respective membranes function within specific regions of the spec-
trum of contaminants is illustrated and how the integration of the technologies is central to the 
performance and economy of the overall system. It describes important physical and chemical 
construction features of membrane systems, and associated performance expectations.  

Membrane based water and wastewater treatment solutions 

T. Lilley 
Pall Corporation, Portsmouth, UK 
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 Three examples are presented to explain how these technologies are applied to overcome 
specific site water treatment challenges. The first is a microfiltration (MF) membrane based ar-
senic removal system for potable water production at a gold mine in the USA. Then the treat-
ment of formation water and waste volume minimization at a copper mine in Europe with MF 
with two stage reverse osmosis (RO) is discussed. Lastly, an example of an environmentally 
driven project in Australia is given where a reduction of salinity from a coal seam formation 
water with MF and RO is achieved for discharge to a surface watercourse.  This final case 
study is expanded as an example of the how the inlet solids have to be carefully evaluated in 
terms of front-end MF fouling and how cleaning regimes have to be implemented for sustaina-
ble membrane throughput. 
 

2 CONSTITUENTS OF WATER 
 
Water acts as a home for a vast range of materials and it is important to understand how these 
substances exist in the water before we can devise a method of removing them.  

Firstly, we must consider the distinction between dissolved and suspended contaminants. 
Water will tend to dissolve almost everything to some extent, indeed it is often referred to as 
the universal solvent. Materials that dissolve in water will do so according to their own individ-
ual chemical properties, and some inorganic salts will dissolve in huge proportions. For exam-
ple, water can dissolve greater than its own weight of some metal salts and vary with tempera-
ture. When a substance dissolves in water, it imparts new chemical properties to the solution 
and can create environmentally damaging characteristics. Consequently, the principal discharge 
treatment targets are generally focused on these dissolved components. 

Water can also be contaminated by suspended material. This latter category, unlike the dis-
solved components will mix indiscriminately with the host water. Importantly, these constitu-
ents will not significantly change the chemical characteristics of the water and will largely re-
tain their original structure and properties.   

The simplest way to appreciate the difference between dissolved and suspended material is 
with reference to their size distribution illustrated in Figure 1 

0.0001 0.1 1.0 10 1000.001 0.01
Size (µm)

Inorganic salts  Organics  Colloidal  Virus/Bacteria    Mineral/General/Mixed

                      Dissolved                                         Suspended

Membrane RO Nanofiltration   Membrane UF & MF      Depth/Media     Settlement

     
     

 
Figure 1. Spectrum of contaminants. 
 

As indicated earlier, all of the contaminants can be removed from the solution or mixture us-
ing a range of techniques. The primary means of doing so is indicated at the bottom of Figure 1. 
It is important to appreciate that most waste streams will be made up of contaminants across the 
whole spectrum. Where treatment targets are focused on specific dissolved contaminants, the 
chart indicates that RO will be required to achieve the required separation. However, it will be 
necessary to remove the corresponding suspended material to protect the RO and allow it to 
perform its function economically. 

Historically, separation of dissolved contaminants from waste streams has been brought 
about with conventional chemical treatments. These techniques involve chemical adjustment of 
the contaminated solution to reduce the solubility of the target species followed by separation 
of the resulting precipitate by settlement or filtration. Indeed these techniques continue to play 
an important role; they are often the most cost effective, simple and robust methods. Combining 
traditional techniques with improved membrane MF can produce a filtrate of exceptional clean-
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liness and purity levels which dramatically exceeds that of traditional solids separation process-
es. For example, arsenic can be removed by MF with the aid of chemical pre-treatment (Chwir-
ka et al, 2004) to achieve water of potable standards when combined with membrane MF. Fur-
ther details are contained in the first case study below. Moreover, effective chemical treatments 
and MF can be used synergistically to enhance the performance of both stages. 

To ensure that a treatment train operates efficiently and economically over the projected life 
of the plant it will be important to select each stage such that it is able to perform its design 
function. Therefore, membrane constructional details and sizing are critical design considera-
tions; these are discussed below. 

 

3 MEMBRANE TECHNOLOGIES 
 
RO membranes have been used for several decades for the removal of dissolved salts for the 
production of drinking water from seawater and as intermediate treatment of process water in 
industrial water applications. However, a significant limitation of the use of RO is the physical 
and biological contamination that is also present in the water. Unless these suspended solids are 
removed from the feed water to a very high level, they will accumulate and block the meshes in 
the RO construction and prevent passage of the water. This will result in a premature cleaning 
requirement or failure of the whole system. Standard quality of RO feed water is based on a 
measurement of flow reduction when a sample of the feed water is passed through a 0.45µm 
test membrane filter disc. This is known as the Silt Density Index test (SDI) (ASTM, D4189-
07). The minimum water quality is set at SDI <5, with recent expectations taking this to <3.  
 
3.1 Membrane pretreatment 
 
Filtration using conventional sand, dual media and disposable cartridges have been used for 
controlling solids in RO feed streams with varying levels of success. Recent developments in 
membrane construction have enabled hollow fiber MF products to be used to filter incoming 
waters and wastewaters that exhibit a wide range of suspended solids characteristics and levels 
to reliably and continuously achieve the SDI <3 levels. 

There are a number of membrane types that are used for pretreatment; these are broadly de-
scribed as ultrafiltration (UF) and MF in Figure 1 and are generally configured as fibers. Prior 
to this, conventional depth/media methods of filtration were used, these are also indicated on 
the Figure. As with all stages in the water treatment process it is important to use the most ap-
propriate method for the pretreatment for RO or for the production of potable water. The front-
end treatment represents a very demanding duty and where a membrane technology is selected 
then a robust construction will be central to economic long term efficacy of the whole system. 
This is because each membrane fiber acts as a filter medium and as raw feed water passes, the 
often high and variable total suspended solids (TSS) content of the feed water results in an in-
crease in transmembrane pressure which necessitates frequent back flushing cleaning cycles.  

These cycles typically include air-scrubbing agitation and reverse flow (backwash) with pre-
viously filtered water. Periodically, chemical cleaning will further enhance membrane flux 
maintenance. Consequently, physically robust and chemically inert polymer chemistry is a crit-
ical feature of the MF stage. Otherwise, fiber degradation will result in deterioration in filtrate 
quality with the inevitable compromise in the performance of the downstream RO system.  
Figure 2 illustrates two types of hollow fiber membranes which are often used as prefiltration 
stages. True UF membranes will generally possess a skin bound to a support structure as indi-
cated in Figure 2. It is this skin that imparts the fine filtration properties but it is rather fragile 
and may struggle to withstand the repeated cleaning cycles. The MF membrane also illustrated 
is a homogeneous structure that has the strength to withstand the rigors of duty. The chemical 
resistance can be achieved by selecting a chemically inert polymer, one example of a robust MF 
membrane is the polyvinylidene fluoride (PVDF), 0.1µm hollow fiber illustrated in the figure. 
A high degree of polymer crystalinity is also a key feature that contributes to the longevity of 
the membrane.  
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Ultrafiltration MembraneMicrofiltration Membrane

 
Figure 2. Filtration membranes 
 

3.2  Reverse Osmosis 
 
Reverse osmosis is a diffusion process rather than one of filtration. Water molecules are able to 
diffuse though a semi-permeable membrane while even the smallest monovalent dissolved spe-
cies are rejected to a high degree. Typically, 90 to 95% of ions can be rejected (Lorch, 1981) 
though this does depend on size and temperature. This makes an RO membrane suitable for 
treatment of wastewater where the target quality is based on specific anions, cations or total 
dissolved solids (TDS). 

The predominant construction of RO is based on a spiral wrap; this is illustrated in Figure 3. 
The tightly packed module incorporates fine meshes on the upstream surface of the RO mem-
brane to maximize the available membrane area per module. As discussed above, it is a funda-
mental necessity to remove suspended solids upstream of the RO to prevent premature blockage 
of these feed meshes, hence the need for advanced pre-treatment discussed in Section 3.1.  

There are alternative RO constructional configurations. Tubular and Disc Tube™ (DT) ar-
rangements are also available. The tubular formats call for the higher level of pretreatment with 
water specified at SDI<3. In contrast, DT modules possess an open channel flow distribution on 
the feed side of the membrane as illustrated in Figure 4. These are very tolerant of inlet solids 
and can operate successfully with feed water with an SDI up to 20. 

 

 
 

Figure 3. Spiral RO configuration 
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Figure 4. Disc Tube RO configuration 
 
RO membrane selection can be made according to target treatment specification. In some cases, 
low rejection membranes can be used; these are indicated on Figure 1 as Nanofilters (NF). Such 
membranes can be specifically chosen for reduction of larger, divalent ions such as sulfate, for 
example. These membranes will operate at lower pressures and will have lower operating costs, 
but they still require the same level of pre-treatment that is afforded by the MF stage. 

DT systems tend to be preferred for lower flow applications, typically up to about 5m3/hr. 
Above this flow, it is usually preferable to employ spiral RO and the associated MF pre-
treatment. The DTRO module is also capable of operating at higher pressures at lower con-
struction cost than the spiral counterpart; this opens the opportunity for using DTRO as a con-
centrate reduction stage in combination with spiral RO. The reduced waste volume can signifi-
cantly change the operating cost balance of the overall treatment plant due to reduced waste 
volumes. An example is presented in the second case study below. 

4 CASE STUDIES 

These technological advances have resulted a considerable increase in the number of projects 
that are now exploring membrane based treatment solutions. These case studies offer a brief de-
scription of three of these - MF with conventional chemistry, MFRO + DTRO for waste mini-
mization, and a high throughput MFRO for discharge to a surface watercourse.  
 
4.1  Potable water production from gold mine formation water, USA 
 
11.6m3/hr of formation water from the open cut gold mine was to be used as a source of potable 
supply. The formation water was contaminated with arsenic and iron. To allow use of this water 
it was necessary to remove these contaminants to within EPA guideline levels.  
Though the arsenic and iron were present in dissolved form, it was possible to chemically alter 
their form and remove them by membrane filtration.  Arsenic was present at 142µg/l against an 
EPA target limit of 10 µg/l and iron was at >4 mg/l with an EPA limit of 0.3mg/l. 

As referred above, dissolved arsenic can be oxidized and adsorbed onto an iron (III) precipi-
tate according to the following sequence. This process converts the dissolved As (III) to a fil-
terable As(V)/Fe(III) agglomeration. 
 

 Fe (III) is added (20mg/l as FeCl3) and the all original Fe(II) is oxidized to Fe(III) and 
precipitated as the hydroxide at pH>7.5 

 Oxidation of As(III) to As(V) with sodium hypochlorite (2mg/l) 
 Adsorption of As(V) onto precipitated Fe(III) at pH>7.5 
 Filtration of the resulting As/Fe suspension achieves a filtrate within target As levels. 
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The MF membrane is then able to remove virtually all of the resulting particulate material in 
accordance with the retention properties presented earlier. A summary of the plant performance 
is presented in Table 1 
 

Table 1. Performance data from a potable water plant at a gold mine 
 

Contaminant Raw water Filtrate EPA Limits 

Arsenic (µg/l) 142 <5 10 

Iron (mg/l) 4.3 Not detected 0.3 

 
As illustrated in the table, the combination of chemical coagulation and membrane microfil-

tration was capable of producing potable water that was well within the EPA threshold values.   
 

4.2  Reinjection of formation water from a copper mine, Spain 
 
Formation water entering the mine working face is pumped to a water treatment plant at a 
flowrate of 175m3/hr prior to reinjection to the strata. The water was contaminated with metal 
ions and other inorganic constituents and to avoid contamination of the local aquifer the water 
had to be treated in accordance with the European Drinking Water Guideline 98/83/EU.  

The basic layout of the respective membrane stages is illustrated in Figure 5. 

Screens

Lagoon

Reinjection

Reduced Waste to
Hydrometallurgical 
plant

Membrane 
MF

Spiral RO DTRO

Intrusion/Formation 
Water

 
Figure 5. Process flow block diagram   
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Table 2.  Performance data of the copper mine wastewater treatment plant  

Contaminant  

(Units mg/l) 

Formation 

 water 

Treated 

 water 

98/83/EU 

 Target 

TDS 2200 175 ~ 

Sodium 423 51 200 

Arsenic 27.5 0.003 0.01 

Chloride 640 72 250 

Sulphate 503 23 250 

 

The site water analysis in Table 2 demonstrates complete compliance with the EU treatment 
target levels. Significantly, second stage RO further concentrated the copper content of the oth-
erwise waste stream to a level that was economically feasible to feed it back to the metallurgi-
cal plant to recover metallic copper. The permeate from the second RO stage being combined 
with that of the first stage for reinjection into the aquifer. 

4.3  Treatment for discharge of coal seam produced water, Australia 
 
To reduce the tailings pond burden and the environmental impact, an integrated MFRO mem-
brane system was installed on a coal seam produced water application in Australia in 2007. The 
plant processes 375m3/hr of water from the strata, which was contaminated with a wide variety 
of both dissolved and suspended contaminants. Due to this wide range of inlet solids, it was 
necessary to perform extensive pilot trials of the MF stage to establish an operational regime 
for sustainable membrane flux. This is illustrated in Figure 6 where complete recovery of the 
operating transmembrane pressure (TMP) of 50 kPa was achieved (Charmers et al, 2009). 

The formation water contained around 8,000 mg/l of dissolved solids, which was to be re-
duced to within the EPA and Australian Government discharge standards. This salinity reduc-
tion was achieved with an RO stage operating downstream of the MF. The ability of the MF 
stage to control the solids was critical to the optimum operation of the RO membrane.  

 
Figure 6. MF flux sustainability 

Proceedings Tailings and Mine Waste 2012  |  Keystone, Colorado, USA  |  October 14-17, 2012

457



  
The robust MF membranes continuously produced a filtrate with a SDI < 3, which allowed 

the downstream RO membranes to produce plant outlet water with a TDS of around 120 mg/l, 
which was consistently within discharge standards. 
 
4.4  Sustainable operation 
 
As discussed earlier, the economical operation of any membrane treatment system hinges on 
complementary function of the multiple treatment stages. The waste stream discussed in Sec-
tion 4.3 was challenging in its variable and high level of suspended solids. Unlike RO, an MF 
stage is designed to retain suspended solids and exhibit an increasing TMP as displayed in Fig-
ure 6 (and Figure 7). It is vital that this increase is completely recovered to the original value. 
As mentioned earlier, this is generally achieved with a process of back flushing and periodic 
chemical cleaning. It can also be very beneficial to operate the MF membrane at reduced flux. 
Indeed, where certain site conditions permit, it is possible to eliminate chemical cleaning with 
low flux MF operation. There is an obvious consequence on increase installation cost and foot-
print and under most situations optimized operational flux and CapEx/OpEx is balanced. This 
can be done by conducting pilot scale trials. Such tests were carried out for the coal seam pro-
ject (4.3) and established a MF operating flux of 100 l/m2/hr with daily chemical clean in addi-
tion to the routine backwash and air scrub. Typical cleaning regimes employed are illustrated in 
Table 3. These combinations and protocols should be established for specific water conditions 
at the design stage of each project 

More generally, treating surface waters can present significant challenges to the sustainabil-
ity of MF throughput with often high levels of organic and biological contaminants. A further 
example of site operational data is presented in Figures 7.  
 

Table 3.  MF TMP and flux maintenance protocols 

 
This data is from an installation in Europe and exemplifies this condition with the commonly 

encountered algal species seriously threatening the operation of fixed structure filtration media. 
The vertical bars in the figure are fluoresce measurements of the feed water. Fluoresce has been 
shown to quantify phytoplankton content in water (Laney et al, 2001). The periodic incursions 
of this algae are naturally associated with rapid increases in TMP which is clearly illustrated in 
the figure. This is actually the desired result as the contaminant is prevented from passing to 
downstream equipment (RO for example) and preventing it from performing its function. The 
vital operational characteristic is the ability to remove the previously retained contaminant 
completely from the membrane surface with the established flux maintenance protocol. As 
shown in Figure 7, this recovery was achieved over the two month monitoring period with the 
TMP being returned to the clean value of 60 kPa in this case. 

 Backwash Routine  
Chemical Procedure 

Alkaline Acidic 

Frequency 15 - 120 minutes 24 hrs - infinite 1 month - infinite 

Duration 90 seconds 40 minutes 60 minutes 60 minutes 

Composition Filtrate + Air NaOCl + NaOH NaOCl + 
NaOH C6H8O7 

Temperature (oC) 30 – 35 30 - 35 30 - 35 30 - 35 
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Figure 7. MF flux sustainability against algal contaminants 

 
The foregoing data provides site examples of reliable operation of the membrane pre-

treatment stage where the correct cleaning regimes are applied. Despite the variability in feed 
water conditions, the original characteristics and performance were maintained. The physical 
and chemical demands of the cleaning regimes necessitates the use of a robust and chemically 
resistant membrane construction to ensure sustainable operation and to satisfy the original op-
erational economics. This is now proving to be achievable with such membranes providing pro-
tection to downstream RO and other equipment for many years without replacement. 

5 CONCLUSIONS 

Membrane technology has a long history in water treatment but recent developments in con-
struction and polymer chemistry has enabled significant broadening of this scope.  

Robust polymeric MF membranes are used as dependable barriers to microorganisms in 
drinking water supply and as pretreatment to protect downstream RO stages 

MF membranes are shown to augment conventional wet chemical methods in wastewater 
treatment of mine sites. Such techniques can be used to treat mine waste streams for the produc-
tion of potable water, process water reuse or for the treatment of waste streams for discharge at 
environmentally compliant standards.  

The robust MF membranes can continuously maintain throughput when challenged with a 
wide range of inlet solids conditions with effective TMP regeneration.  

Combining these MF and RO membranes enables the integrated system to function under op-
timum conditions and produce a treated water quality that is reliably within demanding target 
limits.  
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Phosphorus removal from mining processes 
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ABSTRACT:  The mining industry is currently facing new challenges due to the rapid increase 
in the amount of nutrients, such as phosphorus and nitrogen, present in effluent waters. Trace 
concentrations of dissolved phosphates have negative effects on nature’s aqueous systems, 
which include the growth of algae and depletion of dissolved oxygen. The EPA discharge limit 
fluctuates from region to region, depending on water source in which the effluent discharges. A 
legislation called Numeric Nutrient Criteria, or NNC, is being introduced in North America and 
limiting the amount of phosphorus that users can discharge to below 0.75 ppm in certain 
regions, and even less in states such as Florida. Common technologies for phosphate removal to 
date can be summed up in three major categories: chemical treatment, biomediated removal, or a 
combination of both. These methods can often involve many expensive processing steps that 
may also be limited by variables such as total dissolved solids, presence of other ions, and 
ability to maintain microbial growth. Kemira has developed an innovative chemical technology 
that can successfully reduce phosphate to a level below the NNC discharge limit. This new 
technology offers a unique and viable solution which is transparent to the above mentioned 
limitations, and also increases the stability and decreases the sludge volume generated.  

 
1 INTRODUCTION 
Phosphorus is an essential element for life and has found world wide applications in the 
fertilizer industry. Phosphate is a major component of DNA, RNA and may assist in the 
transportation of cellular energy (adenosine triphosphate). Other applications would include the 
use of phosphates in detergents and in matches, though the detergent industry is moving away 
from its usage because of water contamination in streams and lakes.  
 Phosphorus belongs to the pnictogen group of elements, meaning that it is chemically 
similar to nitrogen, arsenic, antimony and bismuth. Unlike arsenic, it generally exists in the fully 
oxidized form as calcium phosphate or phosphate rock. Approximately 158 million metric tons 
of phosphate rock was mined globally in 2009. Of the 158 million metric tons 17.2% was mined 
in the United States, with the largest global production of 34.8%, being from China (RMG, 
2012). (Figure 1) 
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Figure 1. Phosphate rock production in 2009. 

One of the leading water quality problems in the world is eutrophication, or nutrient over-
enrichment. Nutrients, especially phosphorus and nitrogen, cause eutrophication, which is a 
process where an ecosystem responds to the addition of nutrients. The process of eutrophication 
is shown in Figure 2 (WRI, 2008).  

   
Figure 2. Process of eutrophication in lakes and streams (Lincoln, NE, accessed 2012).  

 
Eutrophication can result in algal bloom or an increase in phytoplankton, which leads to oxygen-
starved hypoxic, or “dead” zones in the world’s aquatic ecosystem, ultimately causing an 
ecosystem collapse. As of 2009, over 500 coastal areas have been identified as being eutrophic, 
of which, 405 were hypoxic. (WRI, 2009). (Figure 3) 
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Figure 3. Coastal areas reported as experiencing eutrophication (WRI, 2008).  

Human-induced eutrophication is a rapidly growing environmental crisis in freshwater and 
marine systems, worldwide. Phosphorus and nitrogen pollution problems have been recognized 
for many years in the United States. Recently, a legislation called the Numeric Nutrient Criteria 
(NNC) was mandated by the Environmental Protection Agency (EPA) in the US to regulate 
such nutrient discharge in applicable locations. Figure 4 shows the progress of the NNC being 
implemented throughout the US. States with diagonal stripes have a statewide mandated NNC, 
whereas states with dots have site-specific NNC. States in solid white do not have an NNC 
established, as of February 2012 (US EPA, 2012).  

 
Figure 4. Progress toward Clean Water Act adopted NNC in the U.S. (US EPA, 2012). 

 
In Florida, phosphorus limits should not exceed 10-50 ppb in lakes, 107 ppb in streams in 
Southern Florida, and 42 ppb in canals. Furthermore, those who discharge into the everglades 
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have until 2016 to reach a 10 ppb level in their effluents (US EPA, 2010). Causes of such 
pollution result from urban storm water runoff, municipal and industrial waste water discharges, 
fertilizer use in row-crop agriculture, livestock production, and atmospheric deposition from the 
production of nitrogen oxides in electric power plants. Municipal and industrial waste water 
discharges include mining effluent waters, especially in phosphate ore mines, will be the 
emphasis of this paper.  
 
 
2 CURRENT TREATMENT TECHNOLOGIES 
There are many technologies available that can successfully reduce the total soluble phosphorus 
level to below the EPA-legislated NNC. The common method currently employed for 
phosphorus removal is chemical precipitation, although other methods have begun to show 
promise (Bajekal et al, 2007). These include physical, biological and other types of chemical 
reduction of phosphorus. There are advantages and disadvantages associated with each 
treatment (de-Bashan, 2004). 
 

2.1 Physical reduction of phosphorus 
Physical treatments to remove phosphorus involve media filtration and the use of membranes. If 
filtering, the total suspended solids (TSS) contained within the effluent would have to be at 20 
mg/L or less and would be efficient only in plants with low effluent levels of total phosphorus. 
Common problems associated with filtration media are the increased amount of waste and the 
potential for fouling or scaling of the membrane. Membrane bioreactors (MBR), tertiary 
membrane filtration (after secondary treatment) and reverse osmosis (RO) systems have all been 
reported to remove the phosphorus in the total suspended solids, as well as dissolved phosphorus 
(Strom, 2006). Although these methods of treatment would reduce phosphorus to levels 
necessary to meet the current NNC in most regions, the systems require higher capital and 
operating costs. These costs include membrane cleaning and fouling control, and eventual 
membrane replacement. Energy costs are also high because of the need for air scouring to 
control bacterial growth on the membranes. Finally, settling rates in the waste sludge are 
generally slower requiring the need for chemicals to produce solids suitable for disposal (US 
EPA, 2008).   
 
2.2 Biological reduction of phosphorus 

Biological reduction is a process that includes assimilation and enhanced biological phosphorus 
removal (EBPR). It is viewed as the commercial process that will allow for maximum 
phosphorus recycling. Assimilation of phosphorus involves the incorporation of the phosphorus 
as an essential element in biomass through growth of photosynthetic organisms, such as plants, 
algae, and some bacteria. Enhanced biological phosphorus removal involves a two-step process. 
In the first step, internal polyphosphate chains are hydrolyzed to orthophosphates in an 
anaerobic phase. This process delivers the necessary energy for the Polyphosphate 
Accumulating Organisms (PAOs) to store internal carbon polymers for energy. The next aerobic 
phase utilizes the internal carbon polymers to create energy for growth and excess phosphate 
uptake from the waste water (Baetens, 2001). Much research has taken place on EBPR, and 
there are many pros and cons to the method of enhanced biological phosphorus removal over 
chemical methods of removal. Because of the required anaerobic conditions, performing EBPR 
can be problematic on an industrial scale with the amount of mining water being released for 
treatment. Furthermore, EBPR involves increased capital costs, increased complexity of 
removal, and the inability to remove phosphorus to low levels, such as those mandated by the 
NNC. Advantages include less sludge production, lower chemical costs, and improved process 
stability (Brown, 2009). 
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2.3 Chemical phosphorus reduction 

The two most applied chemical treatment technologies for the removal of phosphorus include 
chemical precipitation and adsorption. Chemical precipitation is an efficient method of 
precipitation with metal salts. Phosphorus removal by precipitation is a physicochemical 
process, where the addition of multivalent metal ion salts to phosphorus containing effluents 
form insoluble precipitates of phosphate (Martikainen, 2012). Chemical precipitants are 
generally considered non-toxic. 
The reaction of chemical precipitation is as follows where M is a soluble metal: 
 

 
In many cases, the precipitate is immediate, which allows for higher throughput. Commonly 
used metal compounds include aluminum, as aluminum sulfate (Alum), polyaluminum chloride, 
or aluminate; iron as ferric or ferrous chloride and ferric or ferrous sulfate; and calcium in the 
form of lime (Brown, 2009). The advantages of chemical precipitation, when compared to the 
other methods discussed, are the use of simple controls systems, inexpensive installation costs, 
improved settling, reliability of the process and very low phosphate levels can be achieved 
(Charboneau, 1999). The disadvantages include increased chemical costs, possibility of 
corrosion, and elevated sludge volumes, which can be difficult to dewater. Metal-phosphate 
precipitates out or with numerous other waste materials as sludge, which is non-recyclable (de-
Bashan et al, 2004).  
 Adsorption is the binding of molecules or particles to a surface (Bungay, 2000). In 
adsorption chemistry, a film of the adsorbate, in this case, phosphorus is formed on the surface 
of the adsorbent. There are three types of adsorption: chemical adsorption or chemisorption, 
physical adsorption or physisorption, and finally, an electrostatic attraction can exist 
(Cheremisinoff, 2001). Both chemisorption and physisorption take place when molecules in the 
liquid phase become attached to the surface of the solid as a result of attractive forces at the 
solid surface, or the adsorbent. The main difference is the type of attraction that takes place.  

A novel inorganic adsorbent (Kem-P) was prepared to target contaminants, such as 
phosphorus, in efforts to offer an alternative to the ferric based coagulants. Though the 
mechanism is not well understood, it is believed to occur through a chemisorption process.  
Chemisorption is a type of adsorption that occurs through a chemical reaction between the 
phosphate molecule and the surface of the adsorbent. In the case of the Kem-P, it is believed that 
the contaminant actually inserts itself into the crystal lattice, thus leading to a complex matrix 
with improved settling rates and stability. (Figure 5) This is important in systems where 
effluents are directly released into the environment. 
 
 
 
 
 
 
 

 
Figure 5. Schematic representation of chemisorption using the KEM-P adsorbent. 
In this paper, the reduction of phosphorus is explored by comparing a ferric chloride coagulant, 
which is commonly used in water treatment, to two versions of the novel adsorbent. Results are 
discussed below. 
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3 RESULTS AND DISCUSSION 

 
3.1  Phosphorus removal 
The adsorbent (KEM-P) was applied to the water source through a batch process, and then 
filtered after allowing appropriate contact time. The ferric chloride coagulant was added as a 
liquid and allowed to stir at pH 8, followed by the addition of a flocculant to increase the rate of 
settling. After filtering through a Whatman qualitative filter paper at 0.45 µm, the clear, visible 
solid-free filtrates were evaluated for phosphorus content. The KEM-P could also be dry fed or 
slurried and fed into a mix tank containing the phosphate contaminated water and mixed at a 
controlled speed and time. After proper mixing with the KEM-P, the mixture could be 
transferred to a settling tank and combined with a flocculant or can be allowed to settle 
naturally.   
 Dosage dependent studies applying two versions of the adsorbent or ferric chloride 
treatments were carried out in a synthetic phosphorus water containing a known amount of 
sodium phosphate (660 ppb, based on phosphorus), which was purchased from Sigma Aldrich. 
In all cases, the efficiency towards the removal of phosphorus was 90% or greater. The dosage 
demand curve in Figure 6 suggests 99% removal of phosphorus when treated with 1200 ppm of 
KEM-P-2. The second version of the adsorbent, KEM-P-1 reached 94% removal at 1200 ppm 
treatment, while 1200 ppm treatment of the ferric chloride coagulant yields 90% removal. As 
the treatment dosage increased to 2000 ppm, % removal increased to 99.5%, 95.5% and 92.5% 
with KEM-P-2, KEM-P-1 and ferric chloride, respectively. 

    
Figure 6. Dosage demand of two types of adsorbent versus ferric chloride for phosphorus removal. 
 

Mine water was obtained from a phosphate ore mine and was shipped in 5 gallon buckets to the 
Atlanta R&D center (Atlanta, GA USA) where it was subsequently stored in a cooling unit at 
34°F. (Figure 7) The phosphorus level was 15.5 ppm in the mine water.  Contamination of the 
water was due to mineral dissolution either from the open-pit dewatering process or through 
run-off. 
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Figure 7:  Water chemistry range for the two mine water being evaluated 

 
The two KEM-P adsorbents and ferric chloride treatments were added to the mine water from 
the phosphate ore mine. Again, with all three treatments, good phosphorus removal occurred 
and in most cases, greater than 99% removal was observed, shown in Figure 8. Further studies 
to optimize removal will be examined, including a pH and temperature dependency study.  
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Figure 8. Phosphorus removal in phosphate ore mine effluent (initial phosphorus concentration is 15.5 
ppm) 

3.2  Sludge volume 
Metal salts are commonly used for precipitation of phosphorus in process and effluent 
waters, specifically ferric chloride and iron sulfate coagulants. Although a significant 
portion of the sludge volume is composed of iron-containing compounds, other ions can 
also contribute to the total volume of the secondary waste, or sludge volume. As 
treatment addition is increased, the sludge volume generated also increases. The sludge 
volumes of treatments with ferric chloride versus the KEM-P adsorbent are compared in 
Figure 9. The same concentration of each treatment (1200 ppm) was added to synthetic 
phosphorus water containing 660 ppb phosphorus. This treatment dosage was chosen 
because it removed phosphorus to below 10 ppb with KEM-P-2, which will be the NNC 
for effluent discharge in Florida as of 2016. The wet cakes were weighed before and 
after drying, and total solid contents of each cake were compared.  
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In the water treated with ferric chloride, the precipitate totaled approximately 33% of the total 
volume in the beaker, while the KEM-P adsorbent barely covered the bottom of the beaker. 
Once filtered, the wet cake was weighed and allowed to dry overnight at room temperature. The 
wet cake from the ferric chloride treated water was three times the weight of the wet cake from 
the KEM-P treated water and the solids contents of the wet cakes were 8% and 54%, 
respectively. The low-solids/high-water content of the wet cake from ferric chloride treated 
water yields a cake which is difficult to dewater. This leads to increased processing time and 
costs due to the elevated rate of dewatering or elevated sludge volumes stored within the tailings 
facility. 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 9. Comparison of sludge volume after phosphorus removal. 

3.3 Sludge stability 
Two experiments to determine sludge stability were performed in synthetic phosphorus 
containing water. Both involved treating synthetic phosphorus water with 1200 ppm ferric 
chloride versus 1200 ppm Kem-P-2. Once the treatments were added and appropriate contact 
time occurred, the solutions were allowed to sit at room temperature for 19 days total. Aliquots 
of 50 mL were taken every 3-7 days and submitted for phosphorus analysis. Over the 19 day 
period, the phosphorus content in the two treated waters did not increase, which implies that the 
sludge was remaining stable under the experimental condition over time.  
 After 19 days, the treated waters were filtered separately and tested for leachability by 
TCLP (Toxicity Character Leaching Procedure) using EPA Method 1311. The filtered sludge 
from the treated solution with KEM-P-2 was split into two equal parts and added to 100 mL tap 
water. The pH was adjusted to 4.8 for one solution and 2.8 for the second, and allowed to stir for 
18 hours. Flocculant was added to each solution, followed by filtration through 0.45 µm filter 
paper. The two samples were submitted for phosphorus analysis. The same procedure was 
followed for the ferric chloride treated phosphorus water. In all 4 solutions that were tested, 
there was no significant release of phosphorus back into the water, even at such low pH’s. 
Again, this supports the stability of both the KEM-P-2 and ferric chloride treatments when 
applied to phosphorus containing waters. 
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4 EXPERIMENTAL 

 
4.1  Materials 
Monobasic sodium phosphate (NaH2PO4) was purchased from Sigma-Aldrich and used as 
received with no further purification. Synthetic aqueous solutions containing phosphate were 
prepared by dissolution of the above chemical in deionized water. Water from a phosphate ore 
mine in the US was received in 5-gallon pails and used as received for treatment to remove 
phosphorus. 
4.2 Methods for phosphorus determination 
In this study, two methods were used and compared to determine phosphorus content. A Thermo 
Scientific ICP-AES system model iCAP 6500 equipped with a charge injection device (CID) 
detector and a CETAC ASX-520 autosampler was used for determination of phosphorus species 
in water samples. The second test method that was used for phosphorus determination was EPA 
Method 365.1 by semi-automated colorimetry. Using this method, a sample is treated to convert 
all phosphorus of interest to reactive orthophosphate. Ammonium molybdate and antimony 
potassium tartrate are added to the treated sample and react with orthophosphate in an acidic 
medium to form an antimony-phospho-molybdate complex. This complex is reduced to an 
intensely blue-colored complex by ascorbic acid. The concentration of the orthophosphate is 
measured by detecting the absorbance of the complex with a spectrophotometer. The method 
detection limit for this method is 0.002 ppm, and the method reporting limit is 0.005 ppm (CAS, 
2012). Both methods gave comparable results. 
 

5  CONCLUSIONS 
A new chemisorption technology (KEM-P) was developed and applied, on lab scale, to one 
mine effluent containing approximately 15.5 ppm phosphorus as well as synthetic phosphorus 
waters containing known amounts of phosphorus. Removal of phosphorus by KEM-P occurred 
within 3 hours, after adding batch wise with adequate mixing, to the synthetic phosphorus water 
or mine water. A ferric chloride coagulant was also applied to synthetic phosphorus water and 
the mine water, and yielded similar removal to that of the KEM-P adsorbent. Sludge volume 
was also analyzed in the lab, and the KEM-P provided a wet cake which was 54% solid, versus 
8% solid using the ferric chloride coagulant.  

The adsorbent offers an alternative to traditional treatment methods in removing phosphorus 
and further strengthens the theory for its affinity towards the pnictogen series. The adsorbent 
also provides a system with less sludge, unlike the ferric chloride coagulants, and economically 
feasible processing. The stability of the sludge in treated synthetic phosphorus water was 
evaluated by TCLP and showed that the KEM-P-2 and ferric chloride treatments did not release 
phosphorus back into the water, even at a pH of 2.8. Further experiments will involve additional 
evaluation of the sludge for leachability over an even longer period of time, and more testing of 
phosphorus removal in the phosphate ore mine water. 
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1 INTRODUCTION 

1.1 Fortescue Metals Group 

Fortescue Metals Group (Fortescue) is one of the Australian resource industry’s great 
success stories. Founded in 2003, the company began official production in 2008 and has 
since then rapidly risen to become the world’s fourth-largest producer of iron ore. Fortescue 
operates across the full supply chain of iron ore, from earth to sea. Its major mine sites are 
situated 1,500 km north of Perth in West Australia’s Pilbara region, an arid and remote part 
of Australia encompassing 502,000 km  with a challenging climate, limited infrastructure, 
few roads, sparse population, and unique environmental and heritage values. 

The heart of Fortescue’s Pilbara mining operations lies in the Chichester Ranges. Here the 
Cloudbreak and Christmas Creek mine sites currently produce a combined total of 
55 million tonnes per annum (Mtpa). The iron ore is processed on site and then transported 
approximately 300 km by the company’s heavy haul railway towards the Herb Elliott Port, 
where it is shipped to customers throughout the Asia-Pacific region. 

Fortescue is extending its current operations in the Pilbara by developing the Solomon 
Project located in the Hamersley Range, which includes two new mine sites, processing 
facilities, and a rail line to support them. This project is located approximately 120 km west 
of the existing Cloudbreak and Christmas Creek mines with initial production estimates of 
60 Mtpa.  

In addition, expansion of mining to the west is proposed within the Western Hub Project 
area, and east at Nyidinghu (aboriginal term for “little boy”). These projects are expected to 
expand Fortescue’s production capacity to 355 Mtpa beyond 2017. Figure 1 shows the 
Extent of Fortescue’s operations in the Pilbara region. 
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ABSTRACT: In mid-2011, the government of Australia adapted new rules governing the rec-
lamation and closure of mining operations. These changes have had far-reaching implications 
for mining companies throughout the continent, particularly in the iron ore mining areas of 
Northwest Australia. This region, known as the Pilbara, encompasses an area of 502,000km2. It 
is an arid and remote part of Australia with limited infrastructure, few roads, sparse population, 
and rugged terrain. Summertime temperatures in excess of 45 degrees C are not uncommon, and 
the region is subject to tropical cyclones that account for most of the annual precipitation of 
200 mm to 350 mm. These conditions add unusual challenges to engineering design. 
 Fortescue Metals Group, Ltd. retained Tetra Tech to review reclamation plans at existing 
and proposed iron ore mines, and to develop mine closure plans for several facilities. At the 
fledgling Solomon Mine, interim and final closure plans were developed that included design of 
tailings storage facilities, waste rock storage piles, and related facilities. Key challenges includ-
ed geological and geotechnical characterization; geotechnical modeling, analyses, and design; 
erosion and sediment transport; and design of surface drainage to mitigate impacts to the For-
tescue River basin and nearby cultural sites.  
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Figure 1.  Fortescue Pilbara Operations Map, 2012. 

2 THE PILBARA 

2.1 Physiography 
The Pilbara region is located in the northwest of Western Australia and covers an area of 
502,000 km  with a population of approximately 45,000 people and an economy dominated 
by the extraction, processing, and export of minerals and hydrocarbons. Supplementing the 
region’s population is a substantial number of fly-in-fly-out personnel that support the 
extensive and demanding resources industry. The general location and site layout of the 
Solomon Mine are shown in Figure 2.Climate 

Figure 2.  Site Layout of Solomon Mine. 
 

Reclamation and remediation

472



The Pilbara experiences an arid-tropical climate with two distinct seasons: A hot summer 
from October to April, and a mild winter from May to September. Annual evaporation 
exceeds rainfall by as much as 2,500 mm per annum. Seasonal but unreliable rainfall, 
together with extreme temperatures ranging from below 0 to 50 degrees Centigrade (BOM, 
2011) are characteristic climatic features of the region.  

The majority of rainfall occurs in January through March, when thunderstorms, tropical 
cyclones, and low pressure systems moving southwards from northern Australian waters can 
cause heavy and intense rainfall events. Cyclonic events can deliver up to 650 mm of rain in 
a relatively short period. 

As a consequence, watercourses in the Pilbara are ephemeral and flow only occasionally. 
However, at a number of limited locations, surface water fed by geologically-controlled 
groundwater discharges can be found in some pools and springs year round. These springs 
and pools have both cultural and ecological significance. 

Recorded climatic data is summarised below (BOM, 2011): 
 

 Mean Daily Maximum Temperature: 39.5 C (Jan) – 23.0 C (June, July) 
 Mean Daily Minimum Temperature: 25.0 C (Jan) – 6.2C (July) 
 Annual Rainfall: 311.6 mm 
 Mean Annual Rain Days: 29.2 days 

2.2 Geology and Geomorphology 
The geology of the Pilbara Craton is dominated by a 2,500 million year old group of late 
Archaean and early Proterozoic rock formations known as the Mt Bruce Supergroup that is 
composed of three main stratigraphic units, the Fortescue Group, Hamersley Group and 
Turee Creek Group (Geological, 1968). The Hamersley Group contains several large units of 
Banded Iron Formation (BIF) – rock with bands of iron and other minerals which are mostly 
silicates and chert – up to 2.5 km thick (Trendall, 1970). Commercially, the most important 
BIF units within the Pilbara are BIF located at Solomon and Nyidinghu project areas and the 
Marra Mamba Iron Formation located at the Cloudbreak and Christmas Creek mine sites. 
Tertiary and Quaternary-aged colluvial (Detrital Iron Deposits [DID]) and alluvial (Channel 
Iron Deposits [CID]) placer deposits that are also commercially significant, underlie the 
Tertiary-age paleo-valleys and will be mined at the Solomon and Nyidinghu mine sites. The 
DIDs are overlain by recent alluvium deposited by modern stream channels that occupy the 
paleo-valleys. 

The topography and geomorphology of the Pilbara region is dominated by three main 
landscape features: The Hamersley Plateau to the south (Solomon Hub), the Chichester 
Range to the north (Chichester Hub), and the east-west trending Fortescue Valley between 
them (Nyidinghu). Locally, the steep ridges are formed by the BIF units, the lower slopes 
are comprised of pediments and coalesced alluvial fans comprised of cemented sediments 
that grade into the alluvial valley floor. In general, the watershed slopes are armoured and 
produce very little sediment. As with most semi-arid areas, the mobile sediments within the 
system are stored on the valley floors.   

The morphology of the ephemeral flow channels on the valley floors is indeterminate 
(Graf, 1988). It is dominated by episodic bed material (sands and gravels) transport during 
relatively infrequent, short duration, cyclonically-driven flood flows that form temporally 
and spatially varying zones of deposition and erosion along the valley floor. Riparian tree 
species that occupy both the channels and the floodplain and appear to tap the shallow 
groundwater, are important modulators of both scour and deposition along the channels.  
Consequently, channel restoration during post-mine closure of the valley floors should be 
focused on restoration of macro-scale characteristics such as slope, valley floor width, and 
depth to groundwater, rather than meso- and micro-scale features which will be determined 
by flood flows.  

3 MINE CLOSURE 

3.1 Regulatory Background 
Fortescue’s mining operations are governed by conditions set out in approval statements, 
permits and licenses issued by a number of government bodies at the State and Federal level. 
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These conditions require Fortescue to meet standards of effective environmental 
management, planning and performance. 

Up until recently, mine closure planning in Western Australia has been addressed by 
various guidelines developed by government agencies and delivered through industry self-
management and regulation. 

In response to a perceived lack of progress and commitment to mine closure by the 
mining sector, the Western Australia government introduced amendments to the Mining Act 
1978 (Act) in 2010 requiring a Mine Closure Plan (MCP) as a key facet of any Mining 
Proposal or Environmental Impact Assessment (EIA) submitted after 30 June 2011. The 
legislation requires that any MCP must be prepared in compliance with guidelines, the 
contents of which are approved by the Director General of Mines. 

MCPs that fail to provide the necessary information or requirements specified in these 
guidelines, particularly if critical closure issues have not been adequately addressed, will not 
be accepted; this can, and does, result in a delay in the assessment of a Mining Proposal or 
EIA. 

This move from a self-managed approach of mine closure planning and delivery to one 
enforced by a regulatory framework has raised a number of structural and practical 
challenges. Specifically, mine closure planning must now be considered and addressed prior 
to the submission of a request or project approval rather than during mining operations as 
was previously the case. 

The present Guidelines (DMP, 2011) developed under the Act require that a proponent 
must: 

  
 Demonstrate that an ecologically sustainable mine closure consistent with agreed post-

mining outcomes and land uses and without unacceptable liability to the State, can be 
achieved. 

 Show that mine closure planning is fully integrated in the life-of-mine planning, starting 
as early as possible and continuing through to final closure and relinquishment. 

 Ensure the MCP be site-specific. (Generic “off-the-shelf” plans are not acceptable.) 
 Take into account results of materials characterisation, data on the local environmental 
and climatic conditions, and consideration of potential impacts through contaminant 
pathways and environmental receptors. 

 Complete consultation with stakeholders, which should include acknowledging and 
responding to stakeholders’ concerns and agreement on post-mining land use. Complete 
characterisation of materials prior to project approval, including the identification of 
materials with potential to produce acid, metalliferous or saline drainage, dispersive 
materials, asbestiform, and radioactive materials, as well as benign materials intended for 
use in mine rehabilitation activities. 

 Detail the methodology, assumptions, and financial processes to demonstrate costs of 
meeting closure outcomes identified in the MCP, and make adequate provisions in corpo-
rate accounts for these costs. 

 Demonstrate that appropriate systems for closure performance monitoring and 
maintenance and for record keeping and management are in place. 
 
Fortescue’s response to this new legislative environment has been to enhance its internal 

governance and move to adopt the principal of a “Mine for Closure” philosophy.  
Subsequently, Fortescue is developing a multi-disciplinary approach to effectively address 
mine closure requirements under the Act, involving specialists from its Mine Operations, 
Mine Planning, Environment, Hydrology, Planning, and Corporate Finance teams. In 
addition, Fortescue has established a Mine Closure Steering Committee whose membership 
is drawn from its Executive to coordinate Mine Closure strategies across its current and 
proposed operations. 

The Department of Mines and Petroleum (DMP) and the Environmental Protection 
Authority (EPA) have jointly prepared a document entitled Guidelines for Preparing Mine 
Closure Plans (DMP, 2011).  As stated in the document, the aim of these guidelines is to 
ensure that every mine in Western Australia has a planning process in place to ensure that 
the mine can be closed, decommissioned, and rehabilitated in an ecologically sustainable 
manner, consistent with agreed post-mining outcomes and land uses, and without 
unacceptable liability to the State.  

In response to this new guideline and Fortescue’s internal desire to prepare each new 
mine for closure,   Fortescue submitted an Early Ore Mining and Infrastructure Development 
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Mine (EOID1) Closure Plan to the Australian government to expedite the execution of the 
Solomon Iron Ore Project. The EOID3 Closure Plan covers the entire project which has 
several areas or “domains”. The guidelines require specific closure plans for each project 
domain.   Domains are specific areas of the mine site, such as tailings storage facilities, 
waste rock dumps, and pits. Tetra Tech was commissioned by Fortescue to prepare closure 
plans for two specific domains  for the Solomon Iron Ore project: Tailings Storage Facility 1 
(TSF1) and three waste rock dumps (WRDs): Kings, Firetrail South, and Firetail North. 
These three closure plans were some of the first submitted and approved by the Australian 
government under the new guidelines. 

The closure plans submitted to the Australian government were for the following three 
scenarios: 

 
 Pre-mature closure of TSF1 prior to deposition of any tailings. 
 Closure of TSF1 after full deposition of tailings at the end of the mine life. 
 Closure of three WRDs (Kings, Firetail North and Firetail South). 
 
Planning for mine closure is a critical component of environmental management in the 

mining industry. Nationally and internationally, industry leading practice requires that 
planning for mine closure should start before mining commences and should continue 
throughout the life of the mine until final closure and relinquishment. This approach enables 
better environmental outcomes.  It is also good business practice, as it should avoid the need 
for costly remedial earthworks late in the project lifecycle. 

4 ENGINEERING DESIGN 

4.1 Hydrology 
As noted above, the Pilbara region is impacted by intense cyclone events during the summer 
months of January to March. This year, the Pilbara region experienced several severe storm 
events. The Cloudbreak mine had a storm event which dropped over 500 mm of 
precipitation in two days.  These long duration storms can generate large amounts of runoff 
from natural drainages and cause significant damage to existing mine infrastructure. 

For the closure plans prepared by Tetra Tech, hydrologic analyses were conducted for the 
100- and 1,000-year 72-hour event.  The rainfall intensity duration curve for the 100-year 
event was derived from the BOM website based on the climate station in Wittenoon (BOM, 
2011).  Rainfall depths corresponding to the 1,000-year event were derived using the WA 
CRC-FORGE.  Rainfall depths of 324 mm for the 100-year event and 650 mm for the 1000-
year event were adopted for design purposes for the closure plans. 

The Australian Rainfall and Runoff (ARR) guide (Institution of Engineers, 2003) was 
used to determine the runoff volumes and peak flows for the closure plans. ARR 
recommends two methods for flood estimate: The Runoff Routing Program (RORB), 
produced by Monash University and available free of charge from the Engineers of Australia 
website; and the rational method.  RORB is widely used in Australia, so it was therefore 
used as the main model for runoff calculations.  In addition to RORB, Tetra Tech calculated 
runoff volumes and peak flows using the Hydraulic Engineering Center’s Hydrologic 
Modelling System (HEC-HMS), and the Rational Method was used as a check to evaluate 
the peak flow for this catchment. 

For TSF1, Tetra Tech evaluated the peak outflow from the Kingfisher valley for two 
scenarios. One was for an interim closure scenario in which no tailings were deposited in 
TSF1, and the other was for the peak flow coming onto the cover of TSF1 following closure 
and directing that flow to the spillway. 

For the WRDs, runoff volume calculations were performed for the top flat surfaces so that 
the WRDs would be water-retaining up to and including a 100-year precipitation event. The 
WRD side slopes were designed to be water shedding to bench drains and downchutes. The 
bench drains and downchutes were also sized for the 100-year events. Stilling basins were 
designed at the terminus of each downchute to provide energy dissipation prior to releasing 
flow to the natural drainages. 

                                                      
1It should be noted that while Ministerial Statement 862 refers to the Mine Plan and Conceptual Closure Strate-
gy, the relevant document is entitled the EOID Closure Plan.  
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The cover surface of TSF1 and WRDs were designed to be erosionally stable during the 
1000-year event. A vegetated cover was proposed for these surfaces, and Temple’s method 
was chosen to evaluate the erosional stability of vegetation on the side slopes of the WRDs 
and TSF1 embankment. Where there was concentrated incipient motion, an analysis was 
performed to determine the median rock size that would be erosionally stable. 

4.2 Civil Engineering Design 
In terms of grading and civil design for closure for TSF1, Tetra Tech evaluated an interim 
closure scenario which included a breach of tailings dams for the closure of TSF1 prior to 
deposition of any tailings. The breach had to be sized so as not to impede flow from the 
1000-year event. This was accomplished with a 145-meter wide opening that expanded on 
the downstream side to 320 meters at a 4:1 ratio. The side slopes were laid back to 3H:1V, 
and the wetted area was lined with rock. The side slope of the embankment was flattened to 
a minimum slope of 3H:1V to be geotechnically stable. 

For final closure of TSF1 following deposition of tailings, the final cover surface was 
graded to drain at a relatively shallow slope of 0.2% to the center of the cover and then 
toward the spillway. Stilling basins were designed at the terminus of natural side drainage 
that intersected the final cover to minimize erosional damage during the 100-year event. 

As described above, the WRDs were designed to retain water on the top surfaces and to 
shed water from the side slopes. To achieve this goal, the WRDs were designed by 
maximizing the amount of flat area on the top of the WRDs and reducing the area of the side 
slopes to stable minimums as described below under Geotechnical Design Considerations.   
In order to achieve geotechnical slope and surface erosion stability, the side slopes were 
keeping to a minimum height of 10 meters and minimum interbench slopes of 3H:1V. There 
were severe constraints of the footprint of the WRDs due to the proximity to pits and other 
mining infrastructure, which presented some challenges during the design. Benches were 
designed at the toe of each intermediate slope (as shown on Figure 3). These benches were 
designed to improve geotechnical stability. Bench drains were designed to carry the peak 
runoff from the side slopes toward a series of downchutes. The downchutes were designed 
to be erosionally stable and capable of conveying the peak flow from a 100-year storm 
event. 
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Figure 3.  Detail of Typical Side Slopes for the WRDs. 
 

4.3 Geotechnical Engineering Considerations 

4.3.1 Materials Characterisation 
The design TSF1 and the Light Vehicle Access Embankment (LVAE) were completed in-
ternally by FMG based on prior work by Coffey, Worley Parsons, and others. Tetra Tech re-
viewed geotechnical designs in order to address closure requirements. FMG and members of 
Tetra Tech’s design team conducted a site visit to observe general site conditions, and sam-
ples were collected for limited laboratory testing. Laboratory testing included the following: 

 
 Plasticity (PL & PI) 
 Linear shrinkage (LS) 
 Liquid limit (LL) 
 Compaction (OMD & SMDD) 
 Particle size distribution (PSD) 
 Emerson Crumb or dispersivity (E) 
 Slake durability 

 
Samples were taken from test excavations and from exploratory borings to depths 

between 28 and 35 meters below the existing ground surface. Packer tests were performed to 
evaluate the permeability of the subsurface at the borehole locations. Foundation soils were 
found to be generally gravel and sand in a fine grained matrix of medium plasticity, non-
dispersive clay. 

Rowe Cell consolidation testing by Golder Associates (2012) was also performed on 
samples derived from CID, BID, and DID. The results from the laboratory testing on the 
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tailings indicate the tailings are predominantly silt sized materials with clay sized particles 
and sand. Atterberg Limits testing indicated medium plasticity.  Based on the results of these 
tests, the tailings are classified as CL under AS 1726. The settlement tests indicated that the 
tailings will consolidate very slowly due to low permeability values. 

4.3.2 Analyses  
 
Finite element seepage analyses and limit equilibrium slope stability analyses were 
performed for steady state and pseudostatic seismic loading conditions for TSF1 and the 
WRD embankments utilising the SLOPE/W component of the program Geo-Studio 2007 by 
Geo-Slope International, Ltd (2007). An analysis utilising SEEP/W modelling was also 
performed. The SEEP/W analysis was conducted to obtain phreatic surfaces and pore 
pressure data as input to the slope stability model. For the analyses the seepage and slope 
stability, models were coupled, meaning that the results of the seepage model were used for 
the pore water pressure in the stability model. 

Boundary conditions in the SEEP/W model were assigned as constant elevation heads and 
potential seepage faces. The constant elevation head boundary condition was placed on the 
surface of the tailings and simulates the tailings being saturated. The boundary condition of 
a potential seepage face was applied to the downstream face of the embankment and at a 
proposed location of a finger drain. 

Slope stability was analysed using limit equilibrium principles. Potential failure surfaces 
were analysed using the Morgenstern-Price method. The SLOPE/W program incorporates a 
search routine to locate those failure surfaces with the lowest factor of safety within user 
defined search limits. Trial failure surfaces were defined with “entry and exit” parameters, 
resulting in a range of possible locations to search for the critical potential failure surface 
(lowest factor of safety). Analyses were performed using Mohr-Coulomb failure criteria for 
the materials. Seismic loading conditions were considered during analysis of TSF1 
embankment stability analysis. TSF1 is considered a “High” hazard category tailings storage 
facility. The “High” hazard rating corresponds to a seismic event with a 10 percent chance 
of exceedance in 100 years or a 1 in 1000 year annual exceedance probability (AEP). The 
Operating Basis Earthquake (OBE) was therefore selected as an AEP 1:1000 years 
(ANCOLD, 1998). The design earthquake load was selected as horizontal peak ground 
acceleration (PGA) of 0.143 g for an OBE (1:500 AEP) multiplied by the factor for 1:1000 
AEP (AS1170.4) of 1.3, giving a PGA of 0.143 g. Table 1 outlines the design criteria used in 
the analyses. 

 
Table 1.  Geotechnical Design Parameters 

Material Unit Weight 
(kN/m3) 

Cohesion 
(kPa) 

Phi 
(degrees) 

Hydraulic  
Conductivity 
(cm/s) 

Zone A Soils 18.0 20 27 1x10-5 

Zone C Soils 26.8 2 30 5x10-3 

Foundation Soils 26.8 40 30 5x10-4 

Tailings 22.6 5 38 2x10-7 

Waste Rock 19.96 0 37 9x10-4 
 
Seepage analyses were performed using SEEP/W on a cross-section perpendicular to the 

dam crest alignment and at maximum fill sections of the WRDs to estimate pore pressure 
conditions within the embankments for use in the slope stability analyses. 

SLOPE/W was utilised to evaluate the stability of the embankment slope after deposition 
of the tailings on the upstream side. SLOPE/W uses limit equilibrium methods and 
incorporated the pore pressure results from the seepage analysis described above. Table 2 
presents the results of the slope stability modelling for the sections and load conditions 
shown. 
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Table 2.  Results of Slope Stability Modelling 

Cross Section Description Seismic  
Coefficient  
(g) 

Calculated Factor 
of Safety* 

Required Minimum  
Factor of Safety** 

TSF - 1.5 1.5 
Firetail North WRD - 1.5 1.5 
Firetail South WRD - 1.5 1.5 
Valley of the Kings WRD - 1.9 1.5 

 *Static Condition, saturated embankment.  **From ANCOLD, 2010. 
 

The calculated Factors of Safety (FOS) for the static condition and pseudostatic analyses 
were 1.5 and 1.1, respectively. These results indicate that the embankments meet the 
minimum factors of safety recommended by ANCOLD (2010) for Tailings Embankments. 

4.3.3 Settlement   
 
Calculations were performed to estimate the potential settlement of the tailings stored 
upstream of the TSF1 embankment. The method used to estimate settlement of the 
embankments followed two-dimensional volume change consolidation theory as described 
in Lambe and Whitman (1969). The analysis was performed by dividing the tailings and 
foundation soils into layers and the volume change of each layer was calculated. A 
maximum tailings depth of 42 meters was used for calculations. The net volume change 
potential was estimated to 84 meters below the top of the tailings. A total settlement of 2.49 
meters was calculated in this maximum thickness section. 

For the WRDs, settlement potential ranged from 2.7 to 3.4 percent of the embankment 
height for the three WRDs. This amount of settlement is significant and should be 
considered during final design of the facility. A more rigorous analysis of large strain 
settlement potential using computer methods should be considered during final design. Final 
design of the embankments should also consider differential settlement which is likely due 
to the highly variable fill thickness that occurs over the ridges and valleys that make up the 
existing landform.  

5 CONCLUSIONS 

Mining operations and closure planning/design in Western Australia present some unusual 
challenges, including extreme weather and climate, lack of infrastructure and resources, and 
evolving regulatory environment. However, tools and techniques adapted from other areas 
have been adapted to address these conditions, and state-of-the-practice modelling and 
analytical methods were successfully used to evaluate proposed designs. The Solomon 
Project Mine Closure Plan was recently approved by the Western Australian DMP and EPA. 
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1 INTRODUCTION 
Cartagena-La Unión Mining District in southeast of Spain constituted an important mining fo-
cus for more than 2500 years until its closure in 1991 for extracting silver, lead, zinc, copper, 
tin, iron, and manganese (Faz et al. 2001). Tailing ponds with their consequent environmental 
risks are fundamental components in the post-mined landscapes (Collins 2001). Because of 
their Fe-oxyhydroxides, sulphides, sulphates, and heavy metals (mainly Cd, Pb, and Zn) recla-
mation actions are needed to avoid the environmental risks on human health and functioning of 
ecosystems (Doumett et al. 2008). 
 In reclamation phenomenon, phytoremediation is a newly emerging technique in the re-
moval or stabilization of soil heavy metals by the usage of plants providing advantages in cost-
ing, in in situ applications and in environmental compatibility, among other expensive and often 
impractical techniques. In phytoremediation generally native species are preferred to exotic 
plants, owing to their characteristics of preventing introduction of non-native and potentially 
invasive species that may result in decreasing regional plant diversity and endanger the harmo-
ny of the ecosystem (Lasat 2000; Mendez & Maier 2008). Restoration of this vegetation cover 
can fulfil the objectives of stabilization, pollution control, visual improvement and removal of 
threats to human beings (phytostabilization) (Wong 2003). 
 In several studies (Peters 1984; Smith & Bradshaw 1979; Wong 2003), combination of 
metal-tolerant species with proper fertilizer applications and pH adjusters resulted in the suc-
cessful revegetation of contaminated soils. In order to be able to avoid the metal introduction 

Effect of marble waste and pig slurry on the growth of native veg-
etation and heavy metal mobility in a mine tailing pond 
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ABSTRACT: The effect of marble waste and pig slurry on the growth of native vegetation in 
an abandoned Pb-Zn-Cd tailing pond (southeast Spain) has been investigated. Different treat-
ments were carried out in four plots, (1) pig slurry, (2) marble waste, (3) marble waste + pig 
slurry and (4) control.  Plant cover, richness, biodiversity, metal in plant tissues, soil physico-
chemical properties and water and DTPA extractable metal concentrations of bare and rhizo-
sphere soils were analyzed one year after application of the treatments. The pond contains large 
amounts of Fe-oxyhydroxides, sulphates, and heavy metals, before treatments soil remains bare 
and the soil organic matter content is very low. After applications, a native vegetation cover 
(25-30%) with a high biodiversity (H=1.1-1.3) and richness of 10 was reached in the plots 
amended with pig slurry. Results showed that rhizosphere soils were inclinable to improve the 
soil quality and decrease the metal availability, even more efficiently than the direct effect of 
the amendments. Among indigenous vegetation, Piptatherum miliaceum showed the character-
istics of Pb phytostabilizer plant species. This study confirms the effectiveness of a vegetation 
cover for the persistence of the reclamation processes in the bare mine soils of Mediterranean 
semiarid conditions.  
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into the food chain via above-ground metal accumulation of plants a deep study of the soil-plant 
interaction system must be developed.  
 In light of the recommendations from previous studies carried out pilot experiments in pots 
or plots under laboratory and field conditions for the reclamation of these areas (Conesa et al. 
2007a; Ottenhof et al. 2007; Zanuzzi et al. 2009), a large scale experiment was established in 
2010 in which different treatments were applied in a tailing pond to 1) evaluate the vegetation 
cover, richness and biodiversity; 2) identify the most effective amendment for the reduction of 
the metal uptake by native plants; 3) identify the most suitable plant species for the reclamation, 
in terms of rhizospheric immobilization; and 4) evaluate the relationships between metal con-
centration in soil and plant tissues.  

 

2 MATERIAL AND METHODS 
2.1 Study area and experimental design 
The study was conducted in the Cartagena-La Unión Mining District (Region of Murcia, SE 
Spain). The climate is semiarid Mediterranean, with mean annual temperature of 18 ºC and 
mean annual rainfall of 275 mm. The potential evapotranspiration rate surpasses 900 mm year-1. 
A mining generation tailing pond  was selected (Gorguel, 37º 35’ N, 0º 52’ W) which presents 
an area of 7400 m2, depth of 14 m and a volume of 150000 m3. It is a representative of the rest 
of existent tailing ponds with its; salinity, lack of vegetation, high metal concentrations (Cd, 
Cu, Pb, Zn), low organic carbon content, affection by water and wind erosion, and flatness sur-
face. In the surroundings it is possible to find a high biodiversity of vegetation.  
 The tailing pond was divided in four field-scale plots with a surface of 25 % of the total ar-
ea (~1868 m2 each plot). Two different amendments (pig slurry and marble waste (CaCO3)) 
were used to increase soil organic matter and soil nutrients, decrease heavy metals availability, 
ameliorate soil structure, and facilitate vegetation colonization. The treatments were: marble 
waste (MW) from quarries at the Cehegín area (NE of Murcia), pig slurry (PS) from a pig farm 
in Pozo Estrecho (SE of Murcia), marble waste + pig slurry (MW+PS), and control (CT) (with-
out amendment). The characteristics of soil amendments are shown in Table 1.  
 
Table 1. Main characteristics of the pig slurry (PS) and marble waste (MW) used 

Parameters PS MW 
pH  7.8 8 
Electrical conductivity (dS m-1) 39.1 2.2 
Density  (g ml-1) 1 - 
CaCO3 (%) - 98 
Moisture (%) 96 1 
Total Nitrogen (g l-1) 5.1 - 
NH4

+-N (g l-1) 4.5 - 
Total organic carbon (g l-1) 18.7 - 
Cd (mg l-1 / mg kg-1) BDL 0.05 
Cu (mg l-1 / mg kg-1) 19.3 0.36 
Zn (mg l-1 / mg kg-1) 28 0.26 
Pb (mg l-1 / mg kg-1) BDL BDL 
Chloride (mg l-1) 3129 - 
Nitrate (mg l-1) 22 - 
Phosphate (mg  l-1) 623 - 
Sulfate (mg  l-1) 47.8 - 
Calcium (mg l-1) 249 - 
Magnesium (mg l-1) 14.4 - 
Sodium (mg l-1) 459 - 
Potassium (mg l1) 1059 - 

BDL: below detection limit 
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After tilling the first 50 cm of soil surface to prevent the difficulties in the application of 
amendments because of the formation of very hardened crusting due to the presence of cement-
ing agents such as oxides and hydroxides of iron. Amendments mechanically were applied. In 
the MW+PS plots, first marble waste was added and afterwards it was followed by the applica-
tion of the pig slurry. After the amendment application, all materials were mixed in a 0-30 cm 
depth to incorporate them into the soil. The application was carried out in September 2010. 4 kg 
marble m-2 were applied. This dose was calculated using the method of Sobek et al. (1978), 
which provides an indication of the quantity of lime required to neutralise all the potential acid 
according to the percentage of sulphides present in the mine soil. Dose for pig slurry was estab-
lished by thresholds imposed by legislation regarding the addition of total nitrogen to soil to 
avoid nitrate contamination (Council Directive 91/676/EEC). 30 m3 pig slurry ha-1 were applied.  
 
2.2 Sampling and analytical methods  
Sampling was conducted after one year from the application of amendments. At each plot, five 
bare soil samples (0-30 cm) were taken. All plants species in the plots were identified (rich-
ness) and the vegetation cover was estimated by the percentage of the total plot surface covered 
by vegetation. The biodiversity was calculated with the Shannon-index H (Shannon 1948): 

,ln
1

R

i
pipiH        

   
where pi is the relative abundance of each plant species in the total sum, and R is the richness. 
For the plant survey, a 2x2 m2 five times randomly placed quadrat was used within each plot. 
Plant species were sampled according to their abundance and biomass: Zigophyllum fabago L. 
and Salsola kali L. in MW+PS, PS and CT plots, and Atriplex halimus L. and Piptatherum mil-
iaceum (L.) Coss. in MW+PS and PS plots. Colonization was practically null in the MW treat-
ment. Three plants (roots and shoots) of each species were taken along with its corresponding 
rhizospheric soil for each treatment.  
 The soil samples were taken to the lab, air-dried for seven days, passed through a 2 mm 
sieve and stored in plastic bags at a room temperature before laboratory analysis. A split of 
each sample was ground using an agate mortar (RetschRM 100). Plant shoots and roots were 
washed with deionised water and dried at 55 ºC for 72 h. The dried material was ground using a 
mill (A11 Basic, IKA). For each sample, 0.7 g was incinerated prior to a metal redilution using 
6N HNO3. Plant extracts were stored at 4 ºC until analysed. 
 Soil pH and Eh were measured in deionised water (1:1 w/v) (Soil Survey Staff 2004), while 
electrical conductivity (EC) was measured in deionised water (1:5 w/v) (Andrades 1996). Total 
organic carbon (OC), inorganic carbon (IC), total nitrogen (TS) and total sulphur (TS) were de-
termined by an elemental CHNS analyzer (EA-1108, Carlo Erba). The particle size distribution 
was determined using the Robinson pipette method combined with sieving. Cation exchange 
capacity (CEC) was measured following the method of Chapman (1965), replacing ammonium 
acetate by an unbuffered solution of 1M NH4Cl (Merino et al. 1998). For samples presenting 
carbonates, CEC was determined using BaCl2 (Roig et al. 1980). For total metals, soil was di-
gested using HNO3/HClO4 at 210º C for 1.5 h (Risser & Baker 1990). For soil bioavailable 
metals, DTPA was used in the ratio of 1:2 soil-extractant (Lindsay & Norwell 1978). The water 
extractable metal fractions were determined using a 1:5 soil/MilliQ water mixture (Ernst 1996). 
Metal concentration measurements in soil and plant extraction solutions were carried out using 
atomic absorption spectrophotometer (AAnalyst 800, Perkin Elmer). The methodology for total 
metals concentration was referenced using the Certified Reference Material BAM-U110 (Fed-
eral Institute for Materials Research and Testing, Germany). 
 To assess the efficiency of plants for phytostabilization, the bioaccumulation factor (BF) 
was also calculated as [metal]shoot/[extractable metal] soil (Kumar et al. 1995). Ideally this value 
would be <1, but it should not exceed a ratio of one, which would indicate that the plant is use-
ful for phytoextraction (metal accumulation in shoot tissue) but should not be used in phytosta-
bilization (Brooks 1998). 
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2.3 Statistical treatment  

The fitting of the data to a normal distribution for all properties measured was checked with the 
Kolmogorov-Smirnov test. When necessary, analytical data were transformed using logarithms 
to assure normal distribution. The data was submitted to one-way ANOVA to assess the differ-
ences among treatments and plant species. The separation of means was made according to 
Tukey's verified significant difference at P<0.05. Relationships among properties were studied 
using Pearson correlations. Statistical analyses were performed with the software SPSS for 
Windows (Version 17.0). 

 

3 RESULTS AND DISCUSSION 
3.1 Colonization of spontaneous vegetation 
Spontaneous indigenous plant colonization was conducted by the application of amendments 
(Table 2). The MW plot was practically bare. The only species able to be grown in the CT plot 
were Zigophyllum fabago and Salsola kali, while in the plots receiving the organic amendment 
a richness of 10 was reached, with higher vegetation cover (25-30 %) and biodiversity (H=1.1-
1.3).  
 
Table 2. Natural colonization of plant species on the different plots 

Treatmenta Richness Cover (%) Shannon Index (H) Plant species 
MW 1 0 0 Salsola kali 

MW+PS 10 25 1.3 

 
Zigophyllum fabago, Piptatherum 
miliaceum, Beta vulgaris, Dittrichia 
viscosa, Atriplex halimus, Salsola 
kali, Chenopodium album, Sonchus 
tenerrimus, Chenopodium murale, 
Diplotaxis lagascana  

PS 10 30 1.1 

 
Zigophyllum fabago, Dittrichia vis-
cosa, Sonchus tenerrimus, Pip-
tatherum miliaceum, Diplotaxis 
lagascana, Atriplex halimus, Cakile 
maritima, Beta vulgaris, Hordeum 
murinum 

 
CT 2 5 0.5 

 
Zigophyllum fabago, Salsola kali 

a MW: marble waste; PS: pig slurry; CT: control 

Plant species growing in the CT plot may indicate that these species are resistant to high ex-
tractable metals concentrations and, therefore, the previous absence of them may be due to ad-
verse physical conditions for vegetation establishment, as also previously reported by Zornoza 
et al. (2012). The initial tillage contributed to reduce compaction and bulk density, increasing 
porosity which triggered the germination of seeds and development of seedlings. The pig slurry 
application contributed to the improvement of soil fertility facilitating a higher colonization of 
natural vegetation. In MW plot, the development of plants was inhibited likely due to the pres-
ence of higher contents of soluble sulphate salts and clay, as it can be inferred from Table 3.  
 
 
3.2 Effect of treatments and development of vegetation on soil properties and metals  
 
Most of the soil physicochemical properties showed significant differences between bare and 
rhizospheric soil and among treatments (P < 0.01) (Table 3). The pH showed the significant  
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Table 3. M
ain physicochem

ical properties of control and am
ended plots for bare soil and rhizospheric soils of each sam

pled species. V
alues are m

ean ±standard deviation 
(n = 3) 

a M
W

: m
arble w

aste; PS: pig slurry; C
T: control 

b R
S: rhizospheric soil 

c EC
: electrical conductivity; O

C
: organic carbon; TN

: total nitrogen; IC
: inorganic carbon; TS: total sulphur; C

EC
: cation exchange capacity 

d Significant at: **P<0.01, ***P<0.001; ns: not significant (P>0.05). D
ifferent letters indicate significant differences (P<0.05) am

ong m
eans in sam

e colum
n.  

B
D

L= below
 detection lim

it 
  Treatm

ent a 
Sam

ple
b 

pH
 

Eh 
EC

c 
O

C
c 

TN
c 

IC
c 

TS
c 

C
EC

c 
clay 

silt 
sand 

 
m

V
 

dS m
-1 

g kg
-1 

g kg
-1 

g kg
-1 

g kg- 1 
cm

olc  kg
-1 

g kg- 1 
g kg- 1 

g kg- 1 
M

W
 

B
are soil 

8.2(0.1)c 
158(17)c 

5.5(0.7)b 
13.6(1.4)a 

B
D

L 
4.5(1.3) 

34.0(3.8)a 
17.8(5.1)c 

160(60) 
370(160) 

470(210)a 
M

W
+PS 

R
S 

A.halim
us 

7.5(0.2)b 
108(9)a 

3.3(1.2)a 
15.5(4.3)b 

0.06(0.01)abc 
0.53(0.29) 

25.5(3.5)b 
6.8(2.2)ab 

- 
- 

- 
P. m

iliaceum
 

7.5(0.3)b 
113(10)ab 

2.6(0.2)a 
13.8(2.5)b 

0.09(0.06)abc 
0.49(0.21) 

25.8(4.8)b 
7.1(2.2)ab 

- 
- 

- 
S. kali 

7.6(0.1)b 
111(26)a 

2.6(0.1)a 
15.9(0.9)b 

0.12(0.06)abc 
0.47(0.21) 

26.7(3.7)b 
6.7(1.4)a 

- 
- 

- 
Z. fabago 

7.7(0.2)b 
113(15)ab 

3.0(0.7)a 
13.8(1.5)b 

0.23(0.10)abc 
0.42(0.16) 

29.6(2.3)b 
6.6(1.5)a 

- 
- 

- 
B

are soil 
8.1(0.1)bc 

155(13)c 
3.2(0.4)a 

12.6(2.1)a 
0.21(0.13)ab 

4.22(1.49) 
33.7(1.1)a 

7.4(5.2)ab 
80(30) 

350(40) 
570(10)ab 

PS 
R

S 
A. halim

us 
7.8(0.2)b 

122(5)abc 
3.4(1.1)a 

17.7(4.0)b 
0.31(0.21)bc 

0.80(0.54) 
24.4(3.5)b 

18.3(4.7)c 
- 

- 
- 

P. m
iliaceum

 
7.6(0.1)b 

122(4)abc 
2.6(0.1)a 

14.8(2.4)b 
0.30(0.01)bc 

0.77(0.39) 
25.5(1.4)b 

16.2(4.2)bc 
- 

- 
- 

S. kali 
7.6(0.2)b 

128(4)abc 
2.9(0.6)a 

22.1(9.1)b 
0.34(0.05)bc 

0.57(0.27) 
23.3(3.7)b 

16.7(1.8)bc 
- 

- 
- 

Z. fabago 
7.8(0.1)b 

122(10)abc 
3.6(0.3)a 

15.2(6.4)b 
0.34(0.08)c 

0.63(0.41) 
25.7(3.1)b 

18.2(4.0)c 
- 

- 
- 

B
are soil 

7.6(0.2)b 
153(23)bc 

2.4(0.3)a 
11.8(3.2)a 

0.13(0.11)a 
0.21(0.12) 

28.5(1.9)a 
15.2(2.9)bc 

80(40) 
370(160) 

550(110)ab 
C

T 
R

S 
S. kali 

7.7(0.1)b 
125(4)abc 

2.6(0.2)a 
23.5(6.2)b 

0.06(0.02)ab 
1.21(0.55) 

25.1(1.9)b 
7.6(1.5)ab 

- 
- 

- 
Z. fabago 

7.6(0.0)b 
125(6)abc 

2.6(0.3)a 
19.4(5.1)b 

0.08(0.04)abc 
1.08(0.53) 

24.7(2.5)b 
6.7(0.3)a 

- 
- 

- 
B

are soil 
6.8(0.1)a 

134(14)abc 
2.5(0.5)a 

16.6(3.4)a 
0.17(0.09)ab 

0.86(0.56) 
31.1(5.5)a 

7.0(4.2)ab 
60(10) 

290(160) 
830(50)b 

F-value
d 

14.45*** 
3.47** 

6.71*** 
97.85*** 

22.5*** 
1.77 ns 

222*** 
6.80*** 

1.44 ns 
0.13 ns 

4.83* 
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lowest value in bare soil of CT plot, while the highest levels of pH were found in the MW 
amended plots. Eh in rhizospheric soils of MW+PS and PS plots was disposed to decline when 
compared to the other plots. Electrical conductivity (EC) was significantly highest (P<0.01) in 
the bare soil from MW (5.5 dS m -1), while for the rest of samples there were no significant dif-
ferences. Organic carbon (OC) was significantly higher in rhizospheric soils than in bare soils 
(P<0.001), without significant differences among species. In PS plot, rhizospheric soils showed 
a significant increment (P<0.001) in total nitrogen (TN) compared to the bare soil. Total sul-
phur (TS) was significantly lower (P<0.001) in rhizospheric soils than in bare soils, owing to its 
utilization by plants, mainly in the form of sulfates. Rhizospheric soils showed a significant in-
crease in CEC in the PS plot, the opposite trend was observed in the MW+PS plot. CT showed 
highest sand content, while MW plot showed the highest clay content, which is a consequence 
of the formation process of the tailing pond.    
 The marble mud application led to an increase in soil pH. Respiration by the rhizospheric 
microflora and release of root exudates may have caused shifts in soil rhizosphere pH. The ad-
ditions of organic substances to soils which are poor in organic matter and the release of root 
exudates usually provoke decreases in Eh (Sudhalakhsmi et al. 2007). Despite the application 
of pig slurry, no increments were observed in OC because the organic carbon applied with the 
amendment was too low to be significantly detected. Contrary to what it is often observed for 
solid animal manure, application of liquid pig manure does not always increase soil C content 
(Angers et al. 2010). The organic matter fraction of liquid pig manure is largely composed of 
rapidly decomposable organic C which may not significantly contribute to stabilize organic 
matter. Moreover, its high content in labile C and in available N and P could accelerate the de-
composition of native soil C (Peu et al. 2007; Rochette et al. 2000). Nonetheless, it is important 
to highlight that increment in OC (and TN in PS plots) in rhizospheric soils owing to the release 
of root exudates can ameliorate soil structure and provide nutrients for microbial populations, 
being the base to guarantee the recovery of the ecosystem. A raising of the soil OM content in-
crease soil CEC, a factor which may affect both soluble and exchangeable metal levels (Bulluck 
III et al. 2002; Walker et al. 2004). In our case, CEC is not affected by the plant species of each 
plot since bare soils and rhizospheric soils are similar.  
 Among treatments, in extractable Cu and Pb, no significant shifts were detected owing to 
the high variability of data (Table 4). Nonetheless, the development of vegetation led to a slight 
decrease of extractable Cd in rhizospheric soils compared to bare soils from all plots, although 
differences were not significant (Table 4). Oppositely, the concentration of extractable Zn was 
slightly higher in rhizospheric soils in all treatments, being significant only in the rhizospheric 
soil of S. kali in PS plot (Table 4). This could be due to some organic compounds exuded by 
plant roots are capable of incrementing the metals availability in the rhizosphere by chelation, 
and this process differs among different plant species (Jones 1998).  Several studies have re-
ported that plant presence can increase Zn mobility by forming soluble complexes and chelates 
with root exudates (Jacob & Otte 2004; Wright & Otte 1999), especially at neutral pH (Yin et 
al. 2002). 
 Effects of amendments and development of vegetation significantly reduced the soluble 
fraction of Cd, which was significantly highest in the bare soil from CT (Table 4). The devel-
opment of vegetation significantly reduced the concentration of soluble Cu and Pb in the rhizo-
spheric soils in all treatments (P<0.001). This reduction in metal availability was probably 
achieved by complexation effects of organic matter from pig slurry and the formation of insolu-
ble carbonates from marble waste (Alvarenga et al. 2008; Liu et al. 2009). Walker et al. (2004) 
observed that the soil available concentrations of Cu and Zn decreased permitting the growth of 
Chenopodium album after the application of manure on contaminated soils. It is important to 
highlight that on the reduction of Cd, Cu, and Pb availability, the effect of the presence of vege-
tation was higher than the direct effect of the application of PS and PS+MW. Vangronsveld et 
al. (1995) also reported more than 85% of reduction in the amount of percolating Zn and Cd by 
the effect of a vegetation in semi-field simulations of lixiviation.
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Table 4. D
TPA

 and w
ater extractable m

etals in control and am
ended plots for bare soil and rhizospheric soils of each sam

pled species. V
alues are m

ean ±standard devia-
tion (n = 3) 

                        

 a M
W

: m
arble w

aste; PS: pig slurry; C
T: control 

b R
S: rhizospheric soil 

c Significant at: *P<0.05, **P<0.01, ***P<0.001; ns: not significant (P>0.05). D
ifferent letters indicate significant differences (P<0.05) am

ong m
eans in sam

e colum
n. 

B
D

L: below
 detection lim

it  
   Treat. a 

Sam
ple

b 
Ext C

d 
Ext C

u 
Ext Pb 

Ext Zn 
Sol C

d 
Sol C

u 
Sol Pb 

Sol Zn 
m

g kg
-1 

m
g kg

-1 
m

g kg
-1 

m
g kg

-1 
m

g kg
-1 

m
g kg

-1 
m

g kg
-1 

m
g kg

-1 
M

W
 

B
are soil 

7.38(2.34)b 
3.16(1.04) 

19.4(6.5) 
543(18)a 

0.06(0.02)a 
0.10(0.05)a 

1.19(0.42) 
1.59(0.27) 

M
W

+PS 
R

S 
A.halim

us 
3.09(1.57)a 

4.16(1.66) 
91.0(48.6) 

619(145)ab 
0.05(0.04)a 

0.23(0.12)ab 
B

D
L 

1.37(1.04) 
P. 

m
iliace-

um
 

3.02(0.64)a 
3.54(0.53) 

89.9(20.2) 
676(89)ab 

0.06(0.02)a 
0.17(0.01)a 

B
D

L 
1.54(0.61) 

S. kali 
2.48(0.72)a 

3.51(1.14) 
90.2(26.6) 

630(102)ab 
0.05(0.02)a 

0.23(0.08)ab 
B

D
L 

1.63(0.80) 
Z. fabago 

2.52(1.03)a 
3.85(1.09) 

72.8(56.9) 
604(162)ab 

0.05(0.02)a 
0.21(0.06)ab 

B
D

L 
1.30(0.60) 

B
are soil 

4.99(0.91)a
b 

2.12(0.55) 
13.5(6.2) 

574(24)ab 
0.10(0.02)ab 

0.39(0.02)bc 
1.21(0.69) 

1.83(0.24) 
PS 

R
S 

A.halim
us 

3.24(0.46)a 
4.36(0.13) 

53.6(34.7) 
704(100)ab 

0.08(0.03)ab 
0.21(0.04)ab 

B
D

L 
1.16(0.67) 

P. 
m

iliace-
um

 
2.73(0.25)a 

3.78(0.27) 
56.5(21.1) 

619(39)ab 
0.08(0.01)ab 

0.20(0.03)ab 
B

D
L 

1.50(0.44) 
S. kali 

2.78(0.99)a 
3.66(0.75) 

48.2(39.4) 
762(29)b 

0.08(0.03)ab 
0.20(0.03)a 

B
D

L 
1.40(0.21) 

Z. fabago 
3.43(1.24)a 

4.28(0.86) 
38.5(3.9) 

696(91)ab 
0.10(0.02)ab 

0.23(0.04)ab 
B

D
L 

1.24(0.36) 
B

are soil 
3.93(1.60)a

b 
4.23(0.77) 

48.5(39.8) 
544(68)a 

0.12(0.06)ab 
0.42(0.03)c 

1.00(0.46) 
2.74(1.87) 

C
T 

R
S 

S. kali 
2.78(0.85)a 

4.47(1.03) 
103.5(87.0) 

677(42)ab 
0.06(0.03)a 

0.17(0.02)a 
B

D
L 

1.58(1.20) 
Z. fabago 

2.41(0.59)a 
4.02(0.60) 

120.2(83.2) 
666(76)ab 

0.05(0.02)a 
0.19(0.03)a 

B
D

L 
0.95(0.19) 

B
are soil 

3.98(1.81)a
b 

4.33(0.88) 
41.5(30.0) 

502(56)a 
0.15(0.03)b 

0.44(0.01)c 
0.64(0.45) 

1.71(0.63) 
F-value

c 
2.10* 

1.76 ns 
1.31 ns 

2.55* 
3.8** 

16.21*** 
- 

0.95 ns 
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3.3 Metal accumulation in plant tissues 
Cd, Pb, Cu, and Zn concentrations in shoots and roots of the dominant plant species in the dif-
ferent plots are shown in Table 5. Plants growing in MW+PS plot showed no accumulation of 
Cd, while some accumulation was observed only in shoots in PS and CT plots. According to De 
la Rosa et al. (2004), S. kali is considered as a Cd hyperaccumulator specie, contrary to the 
findings observed in this study with low accumulation of Cd. A. halimus accumulated higher 
levels of Pb in shoots than in roots, whereas P. miliaceum accumulated higher Pb contents in 
roots. The highest accumulation of Pb occurred in P. miliaceum roots, suggesting that below-
ground parts of this species may accumulate great quantities of edaphic Pb (Garcia et al. 2004). 
In this study, P. miliaceum accumulated 350 mg kg-1 of Pb in roots, being almost 18 times high-
er than Pb content in shoots in MW+PS plot, similar to values reported by Conesa et al. (2006) 
and Melendo et al. (2002) in mine soils from SE Spain. Thus, P. miliaceum seems to be a suita-
ble species for the objectives of Pb phytostabilization.  
 
Table 5. Metal concentrations in shoots and roots for the most dominant plant species in the different 
plots. Values are mean ± Standard Deviation (n=3)  

Treat.a Species  Cd Pb Cu Zn 
 mg kg-1 mg kg-1 mg kg-1 mg kg-1 

MW+PS A. hali-
mus 

Roots BDL 22.6(3.9)ab 13.9(2.4)a 198 (13)ab 
Shoots BDL 143.8(17.1)c 31.4 (1.9)c 520(84)bc 

P. milia-
ceum 

Roots BDL 350.4(48.7)c 16.1(6.0)ab 662(333)c 
Shoots BDL 20.4(6.4)ab 19.7(1.3)abc 520(84)abc 

S. kali Roots BDL 43.7(17.9)bc 10,9(2.5)a 202(20)ab 
Shoots BDL 51.5(9.0)bc 28.7(3.7)bc 507(50)bc 

Z. fabago Roots BDL 20.6(10.0)ab 11.8(0.26)a 116(18)a 
Shoots BDL BDL 24.1(2.5)abc 224(113)ab 

PS A. hali-
mus 

Roots BDL 17.1(9.2)ab 19.4(1.3)ab 191(32)ab 
Shoots 2.83(2.51) 127.3(40.3)bc 36.3(2.9)c 720(153)c 

P. milia-
ceum 

Roots BDL 299.6(136.1)c 19.2(2.8)ab 381(102)bc 
Shoots 0.91(0.85) BDL 22.2(4.8)bc 261(32)abc 

S. kali Roots BDL 18.3(11.1)ab 17.1(2.4)ab 178(25)a 
Shoots 3.75(2.31) 9.97(2.05)ab 32.5(2.2)c 792(316)c 

Z. fabago Roots BDL 23.1(21.4)ab 19.3(0.9)ab 136(30)a 
Shoots 1.34(1.07) 38.8(7.2)bc 31.1(5.8)c 490(98)bc 

CT S. kali Roots BDL 18.3(7.7)ab 14.9(6.5)ab 182(69)a 
Shoots 0.78(0.31) 10.0(7.1)a 22.2(2.7)abc 210(53)ab 

Z. fa-
bago 

Roo
ts BDL 23.8(3.7)ab 17.3(3.7)ab 105(19)a 
Sho

ots 3.89(2.80) 25.6(14.0)ab 29.9(7.3)bc 422(351)abc 
F-valueb - 23.64*** 12.39*** 10.8*** 

a MW: marble waste; PS: pig slurry; CT: control 
b Significant at ***P<0.001. Different letters indicate significant differences (P<0.05) among means in 

same column. 
BDL: below detection limit  
 

Cu concentrations in A. halimus and S.kali were higher in shoots than in roots, being statistical-
ly significant in the amended plots (P<0.001). As a general trend, the highest accumulation of 
Cu was found in A. halimus and Z. fabago shoots, while the lowest accumulation was observed 
in S. kali roots. Regarding Zn, in PS plot shoot concentrations in A. halimus, S.kali and Z. faba-
go were significantly higher (P<0.001) than their concentration in roots, as previously reported 
(Conesa et al. 2007b). The highest accumulation of Zn occurred in A. halimus and S. kali 
shoots, while the lowest concentration was observed in Z. fabago roots. A. halimus was able to 
accumulate up to 720 mg kg-1 of Zn in shoots when PS was applied. These values are higher 
than those reported by Lutts et al. (2004) in a hydroponic greenhouse study (440 mg kg-1). 
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Nonetheless, despite the high accumulation of Zn in the studied species, these levels are 
considered too low for making efficient phytoextraction according with the criteria proposed by 
Brooks (1998), who indicates that a plant is an efficient phytoextracter if it concentrates 100 
times higher than in normal plants for each metal of interest. 
 The mobility of the heavy metals from the polluted substrate into the plant shoot was eval-
uated by means of the bioaccumulation factor (BF). S. kali in PS plot was the unique species 
which BF > 1 (1.40) for Cd. Regarding Cu, all species showed BF > 1 (5.19-9.11), showing A. 
halimus and S. kali in MW+PS and PS plots the highest values. With regards to Pb, BF was < 1 
in all cases except for A. halimus and Z. fabago in PS plot. No bioaccumulation was observed 
for Zn in any species. No correlation between soil properties (including total, extractable and 
soluble metals) and metals in any tested species was found. Thus, these concrete species show a 
range of different mechanisms for protecting themselves against uptake of toxic elements and 
for restricting their transport within the plant. 
 In some cases, the application of PS increased the accumulation of metals in shoots, mainly 
for Pb, and Cd and Cu in S. kali. This may be due to the formation of soluble organic ligands 
with root exudates which would increase the uptake of these trace elements (Almas et al. 1999). 
As a general pattern, the application of MW reduced the accumulation of metals in plant shoots. 
This may indicate that the formation of metal carbonates hinders the absorption of metals by 
plants.  
 Shoot accumulation of candidate phytostabilization species should meet the US Domestic 
Animal Metal Toxicity Limits (10, 40, 100, and 500 mg kg-1; for Cd, Cu, Pb, and Zn, respec-
tively (Kabata Pendias & Pendias 2001)) to prevent exposure to foraging animals (Mendez & 
Maier 2008). In this respect, Pb shoot concentration in A. halimus (> 100 mg kg-1) and Zn shoot 
concentrations in A. halimus, P. miliaceum and S. kali (> 500 mg kg-1) stand out and have to be 
handled carefully in the toxicity context, avoiding the entrance of foraging animals while the 
reclamation techniques are still under process. In addition, S. kali shows a peculiarity in the 
dispersion of seeds, since when the plant has concluded its biological cycle, shoots come off 
with wind, rolling on the soil and releasing the seeds. This means that there is a direct transfer 
of metal-enriched biomass from the contaminated area to the surroundings. Thus, actions 
should be carried out to remove the plants before their dispersion.   

 

4 CONCLUSIONS 
The applications of Marble Waste + Pig Slurry (MW+PS) and Pig Slurry (PS) were effective in 
the growth of native vegetation, increment of vegetation cover, richness and biodiversity, and in 
the reduction of heavy metals mobility in the tailing pond. Triggered plant growth by the effect 
of amendments improved soil conditions, particularly by the help of the medium created by 
their rhizosphere systems. Increments in OC and TN, and decreases in available metals were 
observed in rhizosphere soils when compared to the bare soils.  
 As a general trend, in some cases, the application of PS increased the accumulation of met-
als in shoots, whereas the application of PS together with MW reduced this accumulation. Ac-
cording to the collected data, P. miliaceum showed the characteristics of Pb phytostabilizer 
species, while A. halimus and Z. fabago were making phytoextraction of Cu-Pb, even though 
they do not show the characteristics of hyperaccumulator species. Nonetheless, a monitoring of 
the evolution of plants with time and the heavy metal dynamics is needed to establish a better 
selection of the most adequate species to develop a phytostabilization process. 
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1 INTRODUCTION 
Currently, abandoned mines present a high environmental hazard in all countries. In several 
parts of the world where mining activities have shut down, the problem of the control and rec-
lamation of polluted areas for new activities arises. The environmental impacts of the long-
history of mining activities in southeast Spain include large areas of soil characterized by acidi-
fication processes, high salinity and accumulation of metals (Romero et al. 2006). Mines in this 
area of Spain have been exploited for 2500 years by Iberian, Phoenician, Carthaginian, Ro-
mans, Visigoths, Arabs and finally Spanish, searching for silver, lead, copper, zinc, iron, man-
ganese or tin, stopping its activity in 1991. These mining activities have generated high 
amounts of sterile materials for many years; the wastes are accumulated in tailing ponds. There 
are 85 mining ponds in the Murcia Region. These ponds contain materials of high Fe-
oxyhydroxides, sulphates, and potentially leachable elevated contents of heavy metals (mainly 
Cd, Pb, Cu and Zn). As a consequence, these mine soils have null vegetation due to very poor 
properties, including extremely low soil organic matter (Ottenhof et al. 2007; Zanuzzi et al. 
2009). These tailing ponds pose environmental hazards bound to dam breakage, water and wind 
erosions, and leaching of potentially toxic metals into ground water (Zanuzzi et al. 2009). In 
order to bring out a functional and sustainable land use in a highly contaminated mine tailing, 
firstly environmental risks have to be reduced or eliminated by suitable reclamation activities, 
then landscape design have to be created according to the new conditions of the area. 

Conventional remedial approaches to metal-contaminated soils usually involve removal and 
replacement of soil with clean materials, although it is not considered the most economically or 
environmentally sound solution available (Alvarenga et al. 2008). Thus, since the polishing of 
metals from a mining area is a difficult and expensive task, the transformation of metals into 
harmless species or their removal in a suitable recycled mineral form such as carbonates using 
marble wastes or lime is a possible solution for the remediation of a mining area. In addition, 
incorporation of organic amendments into contaminated mine soils has been proposed as feasi-
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ABSTRACT: A reclamation strategy was developed in an abandoned tailing pond. The first ob-
jective was to reduce risks related to heavy metals mobility and increase fertility. Thus, marble 
waste and pig slurry were applied to the surface of the tailing. As a result, pH increased until 
neutrality, and the bioavailable metal fraction significantly reduced, increasing the levels of nu-
trients and organic matter. The second objective was to create a new native vegetation cover 
able to immobilize and retain metals and reduce erosion. Hence, native vegetation with poten-
tial phytostabilization ability was planted. With this action we also contribute to the ecological 
recovery of the area. The third objective was to give the tailing a new recreational and educa-
tional use. For this purpose a network of itineraries, viewpoints, access areas and a museum ar-
ea were created to allow the visitor to observe the reclamation of a degraded mining area. 
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ble, inexpensive and environmentally sound disposal practice, as generally such wastes can im-
prove soil physical and chemical properties, and contain nutrients beneficial to microorganisms 
and plants (Barker 1997), favoring the reactivation of biogeochemical cycles and the natural es-
tablishment of vegetation. The increment in vegetation cover reduces or even prevents the dis-
persion of the contamination through wind and water erosion, and improves the aesthetic value 
of formerly bare areas (Vangronsveld & Cunningham 1998). Besides, vegetation itself may 
contribute to metal immobilization processes through biological activities in the production of 
organic matter (Bouwman & Vangronsveld 2004), an emerging technology called phytostabili-
zation. The only costs associated to the incorporation of marble wastes and organic amend-
ments into the soils are the price of transport and direct application into the soil using agricul-
tural machinery, since both amendments are considered residues by the producers and are 
provided without any cost. To minimize transport costs and CO2 emissions, farms and marble 
industries should be selected according to their proximity to the mining area. 

The current paper presents the first results of a large-scale reclamation project in an aban-
doned tailing pond in the Murcia Region. The objectives of this study were to: 1) reduce risks 
related to heavy metals mobility and erosion and increase soil fertility by application of 
amendments; 3) create a new native vegetation cover with phytostabilization ability able to con-
tribute to the ecological recovery of the area; and 3) give the tailing a new recreational and edu-
cational use. 

2 MATERIALS AND METHODS 
2.1 Study site 
We selected a representative tailing pond (Santa Antonieta; surface of 14,000 m2) located in the 
Mining District of Cartagena-La Unión (Region of Murcia, SE Spain), for demonstration of 
ecological reclamation of bare areas affected by heavy metals, high acidity and high erosion 
rates (Figure 1). Thus, the conclusions that can be extracted from these zones can be applied to 
the rest of areas, at the same mining districts, or in other areas from different metallic mining 
sites under the same environment. The climate of the areas is semiarid Mediterranean, with 
mean annual temperature of 18ºC and mean annual rainfall of 275 mm. The potential evapo-
transpiration rate surpasses 900 mm year-1. The soil has a sandy loam texture. 

 

 
 

Figure 1. Location of Santa Antonieta tailing pond in the Mining District of Cartagena-La Unión 

2.2 Application of amendments and soil sampling 
The application of selected amendments (marble waste and pig slurry) were used to enhance the 
physical, chemical and microbiological properties of mine soils for the establishment of vegeta-
tion for long-term reclamation of abandoned mining sites. The pig slurry came from a pig farm 
in Pozo Estrecho (SE of Murcia), while marble waste (formed by particles of 5-10 µm diame-
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ter) was collected from quarries at the Cehegín region (NE of Murcia). The characteristics of 
soil amendments are given in Table 1.  

 
Table 1. Main characteristics of the pig slurry (PS) and marble waste (MW) used 

Parameters PS MW 

pH  7.8 8.0 
Electrical conductivity (dS m-1) 39.1 2.2 
Density  (g mL-1) 1.0 - 
CaCO3 (%) - 98 
Moisture (%) 96.0 1.0 
Total N (g L-1) 4.8 - 
NH4

+-N (g L-1) 4.5 - 
Total organic carbon (g L-1) 17.8 - 
Cu (mg L-1 / mg kg-1) 19.30 0.36 
Zn (mg L-1 / mg kg-1) 28.00 0.26 
Chloride (mg L-1) 3129 - 
Nitrate (mg L-1) 22.0 - 
Phosphate (mg  L-1) 623 - 
Sulfate (mg  L-1) 47.8 - 
Calcium (mg L-1) 249 - 
Magnesium (mg L-1) 14.4 - 
Sodium (mg L-1) 459 - 
Potassium (mg L-1) 1059 - 

 
The first activity consisted of tilling the first 50 cm of the surface soil in order to prepare it 

for the application of the amendments. This activity was needed because of the presence of ce-
menting agents such as oxides and hydroxides of iron, which provoke the formation of crusting, 
with a thick between 2 and 20 cm, very hardened, forming a coherent mass or strongly cement-
ed, causing difficulties in application of amendments. Amendments were mechanically applied. 
We first added the marble waste followed by the application of the pig slurry (July 2011). After 
the application of amendments, all materials were mixed to a depth of 0-50 cm to incorporate 
the amendments into the soil. Two more applications of pig slurry were carried out, in Septem-
ber and November 2011. We applied 6.7 kg marble m-2. This dose was calculated using the 
method proposed by Sobek et al. (1978), which provides an indication of the quantity of lime 
required to neutralise all the potential acid according to the percentage of sulphides present in 
the mine soil. We applied 1.7 L pig slurry m-2 in July, 2.6 L pig slurry m-2 in September and .7 
kg solid phase of pig slurry m-2 in November.  

Before the application of amendments, and six months after the first application of the 
amendments (January 2012), eleven soil surface samples (0-15 cm depth) were collected for 
bulk density, pH, electrical conductivity, soil organic carbon, calcium carbonate, total nitrogen, 
total heavy metals and exchangeable metals determination. Soil samples were collected accord-
ing to a regular sampling grid of 50 m2 using Geographic Information System. This grid was de-
signed so that sampling was representative of the surface area of each pond, using for this pur-
pose the aerial orthophoto. Samples were taken to the lab, air-dried for 7 days, passed through a 
2-mm sieve and stored at room temperature prior to laboratory analyses. 

Soil pH and electrical conductivity (EC) were measured in deionised water (1:1 and 1:5 w/v, 
respectively). Total organic carbon (TOC), inorganic carbon (used to calculate total carbonates) 
and total nitrogen (Nt) were determined by an elemental CHNS analyzer (EA-1108, Carlo 
Erba). The total metals were determined using HNO3/HClO4 digestion at 210ºC for 1.5 h (Riss-
er & Baker 1990). The exchangeable metal fractions were determined using 0.01 M CaCl2 (1:10 
soil-extractant ratio). Extractions were performed with 2 h horizontal reciprocate shaking 
(Houba et al. 1996; Pueyo et al. 2004). Metal concentrations were measured using atomic ab-
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sorption spectrophotometer (AAnalyst 800, Perkin Elmer). 

2.3 Landscape design 
Landscape reclamation based on ecological planning and design can be used satisfactorily to 
restore degraded mining land to make it productive and re-establish a stable ecological equilib-
rium that is coordinated with its surroundings in order to attain ecological holism. Landscape 
reclamation goals can only be realized by working out reasonable macrolandscape patterns and 
establishing suitable microecological conditions based on the landscape ecology. This land-
scape design must be span parallel to the other steps, beginning just after the selection of the 
tailing pond for reclamation in order to inform the community and local administration about 
details of the project and involve them actively from the conception of the action to give us de-
tails about the future perspective they have in mind to make profit of these lands. These ideas 
are being considered in the ecological landscape design. 

Thus, a network of itineraries was created to allow the visitor to observe the reclamation of a 
degraded mining area from the start until the final stage. These elements were designed to be 
creative and informative about the mining history of the place, the geological and biological 
values of the area, the environmental risks bound to mining, and the reclamation actions taken. 

2.4 Aided Phytostabilization 
The presence of the vegetation serves as a barrier to the erosive effects of the wind and water 
impeding the loss of the soil particles, reducing the risks associated to the heavy metal spread-
ing, leaching and run-off. The current presence of cementing agents such as oxides and hydrox-
ides of iron provokes the formation of crusting, causing difficulties in penetration of plant 
roots. It is therefore a kind of structure very hostile for plant growth, and as a consequence, ini-
tial vegetation cover in the mine tailings is practically 0%. However, with the application of the 
organic amendment (pig slurry), the organic matter content of soils will increase, favoring the 
formation of aggregates, increasing the water holding capacity, the level of nutrients and so the 
long-term establishment of vegetation. Organic material also provides microorganisms able to 
reactive biogeochemical cycles, and release to soil nutrients that plants can absorb.  

Hence, the main goal of this step is the development of a vegetated landscape or ecosystem 
in harmony with the surrounding environment, with positive values in an aesthetic, productivi-
ty, or nature conservation context. A careful selection of native plant species adapted to semiar-
id conditions, high potential evapotranspiration, salinity, and the presence of metals, avoiding 
the use of bioaccumulators, which could cause the movement of metals across the food chain 
were selected. The aim is to provide a primary vegetation structure capable of guaranteeing the 
stability of land surface. According to the biogeochemical characteristics of soil surface after 
application of amendments, hydrological behavior and landscape and visual interests, different 
units were established with different selected species in each of them, depending on their mor-
phology and physiology.  

3 RESULTS AND DISCUSSION 
3.1 Evolution of soil physicochemical properties and exchangeable heavy metals 
Bulk density slightly decreased from 1.29 to 1.10 g cm-3 after the application of amendments 
mainly due to the tillage work which provokes the breakage of cemented materials, increasing 
porosity, and to increments in organic matter (Figure 2A). The addition of marble waste was 
satisfactory to increase pH owing to the reaction of carbonates. The pH increased from 2.87 to 
6.89 (Figure 2B), closed to neutrality as it was expected to favor the development of microbial 
populations and vegetation. Electrical conductivity slightly decreased after the application of 
amendments (Figure 2C), although differences were not significant. In fact, the reduction could 
be due to seasonality, since samples after application of amendments were taken in winter when 
soil moisture is higher than in summer time when the first sampling was carried out.  
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Figure 2. Evolution of soil physicochemical properties and exchangeable heavy metals after the applica-
tion of marble waste and pig slurry in Santa Antonieta tailing pond 

Organic carbon increased owing of the application of pig slurry from 1.40 to 4.35 g kg-1 
(Figure 2D). This initial incorporation of organic matter to the soil should ameliorate soil struc-
ture, stimulate microbial populations, and release nutrients. These conditions will favor the es-
tablishment and growth of vegetation. As a consequence of the application of the marble waste, 
the content of carbonates in soil increased from nil to ~4.5% (Figure 1E). These carbonates will 
help to avoid acidity generation from sulfide oxidation, and may be contributing to immobilize 
heavy metals as carbonates. Total nitrogen, an essential nutrient for vegetation also increased 
from 0.35 to 0.75 g kg-1 owing to the incorporation of pig slurry in the soil (Figure 1F). 

The total metals concentrations in the entire tailing pond before the application of the 
amendments were high, mainly for Pb and Zn. Six months after the application of the amend-
ments the average concentrations of total metals did not change (387, 3.17, 75, 1525 and 2295 
mg kg-1 for As, Cd, Cu, Pb and Zn, respectively), as it was expected. The purpose of application 
of amendments is not to decontaminate the area, but to immobilize and retain soil metals, so 
that they are less available, and transfer by erosion or leaching is minimized. The application 
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of amendments led to a rapid decrease of exchangeable metals concentrations (Figure 
2), except for As, with no significant differences between values before and after appli-
cation of amendments. The combined addition of marble waste and pig slurry caused a 
reduction of 90% in exchangeable Cd, 98% in exchangeable Cu, 99% in exchangeable 
Pb and 99% in exchangeable Zn. This reduction was probably achieved by the effects of 
increments in pH, complexation by organic matter from pig slurry and the formation of 
insoluble carbonates and phosphates from wastes (Alvarenga et al. 2008; Liu et al. 
2009).  

3.2 Landscape design 
The landscape design of the Santa Antonieta tailing pond can be divided into the following 
parts (Figure 3): 
- Network of trails 

A network of trails has been designed to fulfill the function of environmental itineraries. 
So, a trail of 1 meter was constructed with cement, which runs along all the perimeter of the 
tailing pond. A central axis was also constructed, which passes through a central platform 
where didactic plots were built and visitors can observe the growth of plant species in soils with 
original conditions of the tailing pond, soils with amendments application and the different 
amendments used. These itineraries will allow visitors to observe the plants used for purposes 
of phytostabilization and the native plants associated with them with aesthetic interest. Signals 
and interpretative panels will be place across the trails to explain the tasks developed, the histo-
ry and heritage of the place, the risks bound to mining, the main characteristics of the ecosys-
tem, etc.  
- Viewpoints 
The environmental itineraries are accompanied by 3 viewpoints, which allow the visitors to ob-
serve an extraordinary overview of the mining area, being able to compare the regenerated tail-
ing pond of Santa Antonieta with other abandoned and degraded tailing ponds. 
- Access area 
In order to improve the access to the area, a trail of 4 meters wide was improved to allow the 
visitors to access the site from the road. Native plant species were planted at both sides of the 
trail to provide shadows. This trail is only used by pedestrians and bicycles, and no motor 
means are allowed to enter (except for reclamation and monitoring purposes).  
- Recreational area 
A recreational area was constructed next to the network of trails which will allow the visitor to 
rest. Urban furniture will be placed for this purpose.  
- Museum Area  
In order to provide a future performance, a leveled surface has been constructed next to existing 
mining structures which will work as a link between nature and human heritage. In this way, a 
large square has been created with didactic signals. 
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Figure 3. Landscape design in Santa A
ntonieta tailing pond 
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3.3 Plantation of native vegetation with phytostabilization potential 
Different units have been designed in the tailing pond in terms of soil characteristics, land-
scape/aesthetic interests and immobilization and stabilization of heavy metals purposes. In each 
of them different plant species have been selected in terms of their physiological and morpho-
logical characteristics. The plantation was manually carried out, with the inclusion of several ir-
rigation events to ensure the survival of plants. The units are: 

- A unit of landscape interest adjacent to the trails, with a total area of 2493 m2. The follow-
ing species have been selected: Lavandula dentate, Rosmarinus officinalis, Cistus albidus, Li-
geum spartum and Cynodon dactylon. 415 stems of each species have been planted at a planta-
tion mark of 1 plant per m2.  

 - A unit surrounding the viewpoints with an area of 2077 m2. The following species have 
been selected: Lavandula dentate, Rosmarinus officinalis, Cistus albidus, Ligeum spartum and 
Cynodon dactylon. 346 stems of each species have been planted at a plantation mark of 1 plant 
per m2.  

- In the center of the tailing pond a unit with stabilization needs has been designed with a to-
tal area of 3210 m2. The following species have been selected: Ligeum spartum, Helichrysum 
decumbens, Phagnalon saxatile, Piptatherum miliaceum, Zygophyllum fabago, Dittrichia vis-
cosa and Hyparrhenia hirta. 322 stems of each species have been planted at a plantation mark 
of 1 plant per m2.  

- In the zone close to the museum area and the mining structures and buildings a unit with 
stabilization needs has been also designed with a total area of 4264 m2. The following species 
have been selected: Atriplex halimus, Ligeum spartum, Helichrysum decumbens, Phagnalon 
saxatile, Piptatherum miliaceum, Zygophyllum fabago, Dittrichia viscosa and Hyparrhenia hir-
ta. 365 stems of each species have been planted at a plantation mark of 1 plant per m2.  

4 CONCLUSIONS 

In order to bring out a functional and sustainable land use in a highly contaminated mine tail-
ing, firstly environmental risks have to be reduced or eliminated by suitable reclamation activi-
ties, then landscape design have to be created according to the new conditions of the area. Ac-
cording to these approaches, a reclamation strategy was developed in a tailing pond from the 
Mining District of Cartagena-La Unión (SE Spain). We applied first two different amendments, 
marble waste (as a source of carbonates) and pig slurry (as a source of organic matter and nutri-
ents). The pH increased up to neutrality, organic matter increased and exchangeable metals de-
creased, in general, 90-99%. Under these conditions the development of vegetation is favoured, 
promoting the reclamation of the area. Native vegetation with potential phytostabilization abil-
ity was planted with a 1x1 m2 mark of plantation, contributing to retain soil, immobilize metals 
and the ecological recovery of the area. In order to give the tailing a new recreational and edu-
cational use, a network of itineraries, viewpoints, access areas and a museum area were created 
to allow the visitor to observe the reclamation of a degraded mining area from the start until the 
final stage. These elements were designed to be creative and informative about the mining his-
tory of the place, the geological and biological values of the area, the environmental risks 
bound to mining, and the reclamation actions taken. 
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1 INTRODUCTION 
Thickened tailings are defined as tailings that have been dewatered to a point where the material 
has a critical flow velocity, but particles do not segregate along the flow path. Thickened tailings 
can be deposited to form a gentle slope (between 2% and 6%). 

While significant research has been undertaken to understand the response of sand and silty 
soils under earthquake loading (Idriss & Boulanger 2008, Sanin & Wijewickreme 2006), the in-
formation available regarding the cyclic response of tailings is limited.  The extent to which the 
research on the cyclic behaviour of natural soils can be applied to tailings is uncertain.  Tailings 
gradation, angularity, mineralogy and plasticity are substantially different from that of naturally 
occurring soils, and tailings susceptibility to liquefaction is governed by these parameters.  In 
silty soils, the generation of excess pore water pressure due to cyclic loading occurs gradually 
compared to the sudden increase observed in sands.  In fine-grained tailings, research shows that 
significant deformations occur at pore water pressure ratios below 100% (Ishihara 1981, Wijew-
ickreme et al. 2005, Sivathayalan et al. 2011), and flow failure, typical of liquefied loose sands, 
has caused significant loss of life and damage (WISE-Uranium Project).  Research on the effects 
of the initial stress state and conditions on the liquefaction behavior of tailings has been limited, 
and the understanding of the behaviour of tailings under cyclic loading needs further study.   

This paper presents the results of a laboratory testing program carried out to investigate the 
behaviour of copper-gold tailings under cyclic loading using constant volume cyclic simple 
shear (CSS) testing.  The influence of initial conditions of the tailings (slurry density) and the ef-
fects of the initial effective confining stress level were evaluated.  Sloping ground conditions 
were accounted for by an initial static shear stress equivalent to planned tailings beach slope.   

Cyclic behavior of thickened tailings 

M.V. Sanín 
Golder Associates, Burnaby, British Columbia, Canada 

H. Puebla 
Golder Associates, Burnaby, British Columbia, Canada 

T. Eldgridge 
Golder Associates, Burnaby, British Columbia, Canada 

ABSTRACT: Tailings from a planned copper-gold mining project were obtained from the met-
allurgical pilot plant.  The tailings management plan considers that the tailings will be thickened 
and deposited on a beach sloping down to the containment structure. The tailings were of low 
plasticity with approximately 60% fine-grained material.  The cyclic behaviour of the tailings 
was evaluated using results from constant volume cyclic simple shear tests.  Sloping ground 
conditions were taken into account in the testing with an initial static shear stress equivalent to 
the planned tailings beach slope.  Tailings specimens were prepared from slurry starting at dif-
ferent solids contents and then confined to different initial effective stress levels before applying 
cyclic loading.  Results showed that the initial solids content did not affect the cyclic resistance 
of the tailings at any given initial confining stress between 100 and 500 kPa.  However, the cy-
clic resistance decreased as the confining stress increased. 
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2 MATERIAL TESTED AND TESTING PROGRAM 
The tailings evaluated in this study were obtained from the metallurgical pilot plant.  The tail-
ings have a specific gravity of 2.73 and about 60% of material passing the #200 mesh.  Figure 1 
shows the grain-size distribution of the tailings.  Liquid limit and plastic limit were 22% and 
17%, respectively, and the shrinkage limit was 15%.  The tailings are classified as low-plastic 
(CL-ML).    

 

 
Figure 1.  Grain-size distribution of tailings 

 
 

The tailings were shipped to the geotechnical laboratory at a gravimetric water content of 59%.  
The tailings in the barrels received in the geotechnical laboratory had settled during shipment to 
water contents between 33% and 36%.  A settling jar test on the tailings remixed at 59% water 
content indicated that the tailings settle to an initial settled water content of about 38%.  For test-
ing, the decanted tailings were mixed with the required amount of tailings water to obtain three 
batches of slurries with water content of 36%, 48% and 59%, covering a range of densities from 
the proposed thickened pulp density to the settled density.  The slurries were poured into the 70-
mm-diameter mould to heights between 30 mm and 35 mm to obtain specimens of about 25 mm 
in height after consolidation.  Figure 2 shows pictures of the sample reconstitution process. 

#200#60#40#20#10#43/83/411/23

0

10

20

30

40

50

60

70

80

90

100

0.00010.0010.010.1110100

Pe
rc

en
t F

in
er

 B
y 

M
as

s

Grain Size (mm)

Size of opening,inches U.S. Standard Sieve Size, opening in meshes / inch

GRAVEL SAND
FINES (Silt, Clay)

Coarse Fine Coarse FineMedium

Dry stack/paste

504



 
Figure 2.  Sample preparation technique for slurry deposition. 

 
 
Testing was carried out at the Golder Associates Geotechnical laboratory in Burnaby, BC, 

Canada.  The laboratory is equipped with a GDS electromechanical, cyclic simple shear appa-
ratus.  A tailings specimen 70 mm in diameter and 25 mm in height (after consolidation) is con-
tained within a series of Teflon-coated, low-friction rings enforcing K0 conditions.  In simple 
shear tests, constant volume conditions are maintained during cyclic loading by controlling the 
height of the sample via feedback from the axial transducer.  The change in vertical stress in a 
constant volume simple shear test is essentially equal to the change of pore water pressure in an 
undrained simple shear test where a constant-volume condition is maintained by not allowing 
the mass of pore water to change (Finn et al. 1978; Dyvik et al. 1987).   

The tailings specimens were consolidated to the desired vertical effective stress ( vc) prior to 
cyclic loading.  Table 1 presents the summary of the testing program and main results.  After 
consolidation ended, an initial static shear stress equal to 4% of the initial vertical effective 
stress was applied in drained conditions to account for the planned tailings beach slope 
( = st/ vc).  The constant-volume condition was imposed prior to cyclic loading.  During the 
cyclic loading phase, sinusoidal shear pulses were applied at constant cyclic stress ratio 
(CSR= cyc/ vc) amplitudes and with a frequency of 0.1 Hz.  Full time histories of horizontal 
shear stress ( ), decrease in vertical stress (equivalent to an increase in excess pore water pres-
sure, ˂u) and horizontal shear strain ( ) were recorded.  Cyclic loading continued until the shear 
strain reached a value of about 5% (single amplitude).  Upon completion of the cyclic loading 
phase, the post cyclic undrained monotonic response was investigated by shearing the specimens 
at a constant shear strain rate of about 5% per hour.  The post cyclic response of the tested tail-
ings is not included in this paper, but will be addressed in future publications. 

3 TEST RESULTS 
Results of the consolidation phase are plotted in Figure 3.  For each initial slurry density, the 

representative curves of average void ratio versus effective stress show that the final void ratio 
achieved at the end of consolidation after each stress increment was affected by the initial pulp 
density and final stress level.  At effective stresses less than about 100 kPa, higher initial water 
contents and void ratios give way to higher final void ratios.  Above effective stresses of 
100 kPa, the final void ratios fall within a very narrow range and did not seem to be significantly 
affected by the initial slurry density. 

 
 
 
 
 
 

Deposition First layer Third layer
(+ filter paper)

Specimen in the 
CDSS prior to 

loading
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Table 1.  Test program and summary of test results 
Wc0 
(%) 

vc  
(kPa) ec-ave CSR = cyc/˰'vc Ncyc- =3.75% max  

(%) ru-max 
* 

36 

50 0.607 
0.120 16 6.8 0.97  
0.100 26 8.1 0.92  
0.140 11 6.2 0.91  

100 0.608 
0.150 2 5.7 0.81  
0.120 7 5.6 0.82  
0.100 26 6.0 0.79  

500 0.490 
0.120 4 7.1 0.93  
0.100 13 11.2 0.94  
0.085 36 8.4 0.95  

48 

50 0.683 

0.120 18 9.0 0.76  
0.140 4 10.9 0.73  
0.110 18 9.0 0.78  
0.100 300 0.1 0.32  

100 0.619 

0.120 7 7.9 0.88  
0.140 3 7.6 0.61  
0.100 181 7.4 0.75  
0.100 92 9.1 0.69  

250 0.577 

0.120 1 31.3 0.46  
0.080 300 0.7 0.31  
0.090 25 7.6 0.88  
0.100 12 6.8 0.85  

500 0.515 
0.100 16 10.3 0.80  
0.120 4 12.9 0.93  
0.090 26 9.0 0.88  

59 

50 0.693 

0.100 300 0.2 0.26  
0.120 98 8.3 0.71  
0.140 30 4.9 0.62  
0.160 1 10.6 0.24  

100 0.642 
0.120 6 6.6 0.78  
0.140 1 16.7 0.37  
0.100 139 5.3 0.80  

250 0.572 
0.090 62 13.2 0.79  
0.120 3 5.2 0.74  
0.100 16 10.7 0.74  

*  Wc0: Initial gravimetric water content; vc: Initial vertical effective stress; ec-ave: Average void ratio 
after consolidation; CSR: Cyclic stress ratio; Ncyc- =3.75%: Number of cycles to reach shear strain of 
3.75%; max: maximum shear strain during cyclic loading; ru-max: Maximum pore water pressure ratio 
during cyclic loading. 

 

 
Figure 3.  Average consolidation curves for different initial slurry densities. 
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3.1 Cyclic stress-strain response 

Figure 4 shows results in terms of shear stress-strain relations, stress paths, and shear strain and 
pore water pressure development with number of cycles from one of the tests performed on the 
tailings.  A gradual increase in pore water pressure and shear strain can be observed until near 
the end of the test, where the increase becomes greater and occurs suddenly.  This behaviour 
was similar for the other specimens tested.  However, the shear strain and pore water pressure 
increased at a greater rate in the tests where the applied (CSR) was greater, requiring less cycles 
to reach shear strain levels in excess of 3.75%. 

 
 

 
Figure 4.  Typical results of constant volume cyclic simple shear test on tailings for this study (behavior at 
a CSR of 0.12). 

 
 
A single amplitude, shear strain of 3.75% is equivalent to reaching 2.5% single amplitude ax-

ial strain in a triaxial test and has been defined as the point of liquefaction initiation (NRC 
1985).  For comparison purposes, this strain level is also convenient as it has been used to define 
triggering of liquefaction by many researchers (Ishihara et al. 1981, Moriwaki et al. 1982, Wi-
jewickreme et al. 2005).  In Figure 4, the Nth cycle at which the specimen reached  = 3.75% is 
shown.  Figure 5 presents the cyclic resistance ratio versus the number of cycles required to 
reach  = 3.75% for all the tests performed in this study.  As can be seen, the number of cycles 
required to reach the strain criterion explained above, decreases with increasing CSR level. 
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Figure 5.  Effects of the initial slurry density on the cyclic resistance of the tailings. 

 

3.2 Effects of initial slurry density 

Figure 5 shows the curves of the cyclic resistance ratio of the tailings prepared at different initial 
slurry densities and tested at confining stresses between 50 kPa and 500 kPa.  The tailings tested 
at 50 kPa show different cyclic resistances for different initial slurry densities. The scatter in the 
results does not allow a conclusion to be made on the effect of the initial density on the cyclic 
resistance of the tailings at 50 kPa.  However, the tests performed on samples with different ini-
tial slurry densities at confining stresses of 100 kPa or greater do not show a significant change 
in the cyclic resistance curves when liquefaction was triggered in less than about 25 cycles.  As 
previously shown in Figure 3, for effective stresses greater than 100 kPa, the consolidation 
curves for the three initial sample conditions approach a single consolidation line.  The void ra-
tio at a stress of 100 kPa coincides approximately with the void ratio at the liquid limit (LL), 
suggesting that the tailings with density greater than that corresponding to the LL fall within the 
same density curve, and the cyclic resistance is independent of the initial slurry density.  The fi-
nal state of the tailings consolidated to stresses less than 100 kPa (or at a void ratio greater than 
the void ratio at the LL), depends on the initial state of the tailings (initial water content), and 
the cyclic resistance is affected by the initial slurry density.   

An important point is that, as the loading amplitude decreases, the cyclic resistance becomes 
difficult to define.  Slight changes in the CSR may result in liquefaction occurring over a wide 
range in the number of cycles as shown in the right portion of the curves in Figure 5.  These 
very “flat” portions of the liquefaction resistance curves for lower cyclic stress ratios become a 
challenge for design, as a slight increase in loading amplitude might result in liquefaction of the 
tailings. 

Figure 6 shows the test presented in Figure 4 superimposed with the results from a test spec-
imen starting at different initial slurry density and with similar loading conditions (CSR = 0.12 
and initial v = 100 kPa).  The first loading cycle and the 7th cycle (at which both specimens 
reached  = 3.75%) show almost identical responses.  Figure 7 shows a similar comparison, but 
at a lower CSR value of 0.10.  In this case, the response in terms of number of cycles varies sig-
nificantly.  These changes, however, cannot be associated with the initial structure of the tail-
ings.  As shown in Figure 7, the test specimen with higher initial water content required more 
cycles to reach liquefaction than the one with lower initial water content. 
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Figure 6.  Comparison of the results of cyclic simple shear tests at different initial slurry densities and 
similar loading conditions with CSR = 0.12 

 
 

 
Figure 7.  Comparison of the results of cyclic simple shear tests at different initial slurry densities and 
similar loading conditions with CSR = 0.10. 

 

3.3 Effects of initial confining stress level 

Figure 8 shows the cyclic resistance ratio for each initial slurry density, at different initial effec-
tive confining stresses .  In all cases, the cyclic resistance of the tailings decreases with increas-
ing effective confining stress.  The tailings with initial water content of 48% showed a decrease 
in the cyclic resistance (CSR versus No. of cycles to reach  = 3.75% shifts to the left) up to 
250 kPa.  The tests performed at 500 kPa showed a slight increase in the cyclic resistance.   

-‐20
-‐15
-‐10
-‐5
0
5

10
15
20

-‐6 -‐4 -‐2 0 2 4 6

Sh
ea
r  s
tr
es
s  
(k
Pa
)

Shear  strain   (%)

N = 1 (Wc=36%)
N =7 (Wc=36%)
N = 1 (Wc=48%)
N =7 (Wc=48%)

-‐20
-‐15
-‐10
-‐5
0
5

10
15
20

0 20 40 60 80 100 120

Sh
ea
r  s
tr
es
s  
(k
Pa
)

Vertical  effective  stress  (kPa)

'v=100  kPa
CSR  =  0.12

-‐6

-‐4

-‐2

0

2

4

6

0 2 4 6 8 10

Sh
ea
r  s
tr
ai
n  
(%

)

Number  of  Cycles  N

'v=100  kPa
CSR  =  0.12

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

0 2 4 6 8 10

Po
re

 w
at

er
 p

re
ss

ur
e 

ra
tio

, r
u

Number  of  Cycles  N

-‐20
-‐15
-‐10
-‐5
0
5

10
15
20

-‐6 -‐4 -‐2 0 2 4 6

Sh
ea
r  s
tr
es
s  
(k
Pa
)

Shear  strain   (%)

N = 1 (Wc=48%)
N =92 (Wc=48%)
N = 1 (Wc=36%)
N =26 (Wc=36%)

-‐20
-‐15
-‐10
-‐5
0
5

10
15
20

0 20 40 60 80 100 120

Sh
ea
r  s
tr
es
s  
(k
Pa
)

Vertical  effective  stress  (kPa)

-‐6

-‐4

-‐2

0

2

4

6

0 20 40 60 80 100

Sh
ea
r  s
tr
ai
n  
(%

)

Number  of  Cycles  N

'v=100  kPa
CSR  =  0.10

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

0 20 40 60 80 100Po
re

 w
at

er
 p

re
ss

ur
e 

ra
tio

, r
u

Number  of  Cycles  N

Proceedings Tailings and Mine Waste 2012  |  Keystone, Colorado, USA  |  October 14-17, 2012

509



 The cyclic resistance defined as the CSR required for triggering liquefaction in 15 cycles 
(CRR15cyc) is plotted against the initial effective stress in Figure 9.  Even though the density in-
creases (lower void ratios) at higher initial confining stresses, the cyclic resistance decreases 
with increasing confining stress.   

 
 

 
Figure 8.  Effect of the initial confining stress on the cyclic resistance of the tailings. 

 
 

 
Figure 9.  Effect of the initial confining stress on liquefaction resistance of the tailings  

 
In sands, the cyclic resistance generally increases with increasing density  and, for a given rela-
tive density, the cyclic resistance has been noted to decrease with increasing confining stress 
(Seed & Harder 1990, Vaid & Sivathayalan 1996).  The observations presented herein suggest 
that, for the tested tailings, the contractive tendency due to the increase in confining stress seems 
to overcome the dilative tendency arising from stress densification (Lambe & Whitman 1979, 
Park & Byrne 2004).  Observations reported by Wijewickreme et al. (2005) for copper-gold-zinc 
tailings indicated no effects of the confining stress on the cyclic resistance of tailings, whereas 
the cyclic resistance of laterite tailings increased with increasing confining stress. 

4 SUMMARY AND CONCLUSIONS 

A cyclic, simple shear testing program was carried out on thickened tailings from a planned 
copper-gold mine. The proposed sloping tailings beach was taken into account in the testing 
with an initial static shear stress.  Tailings specimens were prepared from slurry starting at dif-
ferent solids contents and then confined to different initial effective stress levels before applying 
cyclic loading.  During cyclic loading, the tailings showed a gradual increase in pore water pres-
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sure and shear strain up to where the pore pressure ratios reached values of about 70 to 80% and 
then softened suddenly.   

The initial slurry density had a significant impact on the final performance of the tailings 
when the tailings were consolidated under confining stresses less than about 100 kPa.  A looser 
structure of the deposited tailings was produced for initially higher water content.  The cyclic re-
sistance of the tailings at a confining stress of 50 kPa changed with the initial slurry density, but 
the scatter in the results did not allow making a clear correlation between initial slurry density 
and cyclic resistance.  For initial confining stresses of 100 kPa or greater, the specimens tested 
showed no significant influence of the initial slurry density on the cyclic resistance when lique-
faction was triggered in less than about 25 cycles.  However, near the lower end of cyclic stress 
amplitudes that still triggered liquefaction, the cyclic response in terms of number of cycles be-
came very sensitive to small changes in CSR, leading to large changes in the number of cycles 
required to reach liquefaction.  These changes cannot be associated with the initial structure of 
the tailings slurry.   

Tests at different initial effective stresses showed that the cyclic resistance decreased with ini-
tial confining stress and that the contractive tendency due to the increase in confining stress 
seemed to overcome the dilative tendency due to stress densification. 

The results of the laboratory testing program showed that the response of these tailings to cy-
clic loading is complex in nature, and that further research is still necessary to understand the 
beahviour of tailings under earthquake loading, particularly at low confining stresses. 
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1 INTRODUCTION 
 
Sustainable development is a term frequently used yet often misunderstood or misrepresented.  
One of the most recognized definitions stems from the 1987 United Nations Brundtland report 
which defines sustainable development as “…development that meets the needs of the present 
without compromising the ability of future generations to meet their own needs.”  But, how can 
we apply the definition of sustainable development to mine backfill and then quantify the envi-
ronmental and economic impacts associated with the backfill alternatives to effectively present 
the more sustainable solution?  The answer is an eco-efficiency analysis generated from the re-
sults of rigorous evaluation and testing of alternative backfill mixtures.   

Mine backfill can be one of the largest expenses associated with the mining process.  In addi-
tion to managing the high costs, managing the environmental impacts is just as important.  
Though detailed cost analyses at times can be challenging for the mine backfill product and pro-
cess, quantifying the environmental impacts of energy consumption, water use, transportation 
and the various backfill mix components (cement binder, tailings, sand, and admixtures) can be 
even more difficult. 

Major financial elements for a mine backfill mix are also key sustainability metrics.  These 
elements are water consumption, binder/cement content and the reuse of tailings in the backfill 
slurry to reduce tailings pond size. 

Reducing the quantity of water in the backfill process can reduce energy consumption for the 
mine operation. This can be accomplished without negatively affecting the mix viscosity, 
through the use of water reducing and viscosity modifying admixtures. Less water for the back-
fill mix reduces the need to manage the excess water buildup in the underground compartments 
– thus, less energy and water consumption. Viscosity modifiers help reduce wear and tear on 
pumps by reducing the friction within the mix. 
 Cement is regularly used in binder for many backfill operations.  The manufacture of Portland 
cement requires significant amounts of energy and generates a large CO2 footprint during the 
calcining process (a range of 850 – 1,050 kg CO2/ton clinker based on type of kiln). The use of 
cement in many backfill operations is also a costly proposition at times due to the distance trav-
eled to transport this material to the mine site.   Reducing the cement binder amount without im-
pacting the design requirements of the backfill is an opportunity that requires innovative solu-
tions.  Although the amount of binder will vary based on the type of backfill (hydraulic, paste or 
cemented rock fill), with the proper mix proportioning and use of admixtures, the binder content 
can be reduced by as much as 50% and still increase the compressive strength of the backfill.  

Defining and quantifying sustainable backfill 
 
J. Jones, F. Wudrick & D. Green 
BASF Corporation, Cleveland, Ohio, United States 

ABSTRACT:   The use of admixtures to aid with tailings disposal via backfill is not new, but 
quantifying both costs and environmental impacts of backfill mixes is viable and imperative.  
The mining industry has become increasingly concerned with providing strong sustainable min-
ing solutions. To meet this need, BASF has developed a unique eco-efficiency analysis tool 
(EEA).  The EEA assesses both the total cost of ownership and environmental impacts of the 
backfill and presents the results in a clear, concise, and valuable format.  This paper will focus 
on an innovative solution that was developed for a customer with highly acidic tailings. The 
Eco-efficiency analysis quantifies the overall benefit of underground reuse vs. off-site transpor-
tation and management of the tailings. Our example quantifies the benefit of a shift from a clean 
sand and aggregate backfill to the use of a potentially acid generating mud/clay overburden for 
backfill via the use of admixtures. 
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An additional benefit is that the backfill can also be developed with less water and still increase 
the flow characteristics to reduce pump energy.  Water in backfill mixes actually dilutes the hy-
dration of the binder where a high range water reducer replaces the water supporting a reduction 
in binder.  The overall binder mix now requires less water and less cement lowering the envi-
ronmental impact. 

Continued pressure from regulators to reduce or eliminate above ground tailings in addition to 
remediating existing tailings dams promotes the need for tailings in backfill mixes.   Increasing 
tailings use in backfill mixes may be shown to meet or exceed compressive strength require-
ments for backfill while reducing the overall environmental impact of the resulting mix.  Addi-
tional energy savings are attainable through effective modification of backfill viscosity to fur-
ther suspend tailings in the mix and create a better flowing material – with less water.   
Table 1 below shows the admixtures which are relevant to a mine’s backfill needs. 

 
Table 1. Chemical Admixtures in Mine Backfill 
Backfill Type        Purpose of Admixture     Admixture Type 

          

     

Hydraulic transport of tail-
ings or sand 

Decrease settling Viscosity modifier 
Increase cement set time 

Accelerators Increase binder containing 
ash 
Decrease segregation Soil conditioners 

Low moisture tailings or 
sand Enable flow Foaming agents 

Cemented rock fill Extend set time Hydration Controllers 
Improve slurry flow Water reducers 

Tailings paste 

Extend set time Hydration Controllers 
Improve slurry flow Water reducers 
Extend set time & improve 
flow 

Hydration Controllers & Wa-
ter Reducer 

Reduce pumping pressure Viscosity modifier 
 
 

2 MEASURING SUSTAINABLE BACKFILL 
 
Sustainability is a balance between economy, ecology, and social impact.  Measuring these three 
“pillars” effectively, provides the opportunity to transform a discussion on sustainability into a 
quantified reality.   
The innovation of new products and practices is critical to the growth of the sustainability initia-
tive that surrounds us.  Reducing cement content, conserving water, reducing carbon footprint, 
and minimizing waste are a few recognizable strategies that can promote sustainable operations.  
All of these strategies should be included in the development of backfill mixes and quantified to 
ensure that the results are actually attaining the overall strategic objectives. 

Safe operations are a given necessity in all mining operations.  Safety is a critical component 
of a sustainable operation and should not be overlooked.  When evaluating different backfill 
mixes, the more sustainable or environmentally preferred solution should always be designed 
with performance equal to or better than the reference mix.  This requires stringent testing and 
evaluation of new opportunities.  Quantifying and validating results are critical to the acceptance 
of a new backfill mix and these same conditions should be required for any claim on sustainabil-
ity.  After all, claiming a sustainable solution is much easier than proving one.  An Eco-
efficiency analysis (EEA) is an effective tool for quantifying the environmental impacts and bal-
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ancing them with the economic impacts of a “sustainable” product.  Saling, Kicherer, Dittrich-
Kraemer, Wittlinger, Zombik, Schmidt, Schrott, Schmidt (2002); Shonnard, Kicherer, Saling, 
(2003)   

An EEA is much more than a carbon footprint.  The EEA assesses the costs and environmen-
tal impact of a product or process over the complete life cycle and provides an easy to under-
stand summary.  The EEA is not only an excellent tool for detailing sustainability objectives, but 
is fundamentally an excellent management guideline for developing and evaluating new backfill 
mixtures prior to implementation. 

This EEA is a proprietary strategic life cycle tool that is a critical part of our strategy to posi-
tion BASF to respond to the many sustainability challenges that we and our customers currently 
have and will have to face in the future. This holistic method for measuring the relative sustain-
ability of a product or process was established in 1996 and follows ISO 14040 and ISO 14044. 
ISO (1997) 

The EEA looks at a product’s environmental impact in proportion to its cost-effectiveness. 
The EEA can also be used to identify ways to make improvements in terms of environmental 
impact and life cycle cost.  Globally BASF has conducted more than 400 analyses, in many cas-
es on behalf of our customers. This methodology is certified by TÜV (German technical inspec-
tion and certification organization) and NSF International. 

The EEA is a tool for assessing products and processes on a comprehensive and comparative 
basis.  The entire life cycle of a product is considered – this includes the environmental impact 
of the materials used, the use of the product by customers and end consumers as well as options 
for recycling and disposal. 

In addition, the entire economic picture, costs for example, is assessed and the economic and 
ecological advantages and disadvantages of possible alternatives are compared.  This means that 
products are not directly compared with one another on a mass or volume basis but rather by 
their performance in applications such as “painting a square meter of furniture” or “producing 
and placing one wet ton of mine backfill.”  NOTE – our metric is per wet ton, because as an 
Admixture company, we treat the entire mix design, not just the dry portion. We have found this 
to be an easier communication metric for all parties. 

The customer benefit is the starting point of each EEA.  In the case of mine backfill, the cus-
tomer benefit is defined as the production and placement of one wet ton of backfill.  Next, the 
system boundaries are defined, and life cycle inventory data is calculated for each product with-
in the system boundaries.  In a mine backfill EEA, the system boundaries are cradle to gate 
(which simply means we are evaluating the backfill from raw material excavation through pro-
cessing and placement [gate] and not evaluating the use and disposal activities associated with 
the backfill although they are generally considered to be in their final position [grave].  The pri-
mary materials evaluated are cement and supplementary cementitious materials (SCM), aggre-
gates or tailings, water, and admixtures.  In addition, the impact of the energy required to oper-
ate the backfill pumps and transportation costs are considered.  The environmental impact of 
each alternative is calculated taking into account six environmental categories (consumption of 
raw materials, land use, energy consumption, toxicity potential, risk, and emissions).The Eco-
efficiency analysis yields a comparative statement that a product is more sustainable in a specif-
ic application than the alternative product that provides the same benefit (production and place-
ment of one (1) wet ton of backfill).   

The environmental impacts based on the customer benefit (the production and placement of 
one (1) ton of backfill) are evaluated in six categories: 

 
Raw material consumption. 
Energy consumption. 
Air, water, and solid waste emissions. 
Land use (land use is based on the degree of land development needed to fulfill the customer 

benefit and is therefore an environmental impact category) 
Toxicity potential (a focus on human toxicity potential) Landsliedel, Saling (2002)  
Risk potential (physical hazard potential including worker illness and injury during the life 

cycle stages) 
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The EEA methodology assesses the environmental impacts and economic costs independent-
ly.  The environmental impacts use weighting factors and are then normalized to develop the 
“environmental fingerprint”.  The results are plotted ranging from 0 at the origin (no environ-
mental impact) to 1 (highest environmental impact).  These individual values obtained for the 
life cycle inventories and the impacts estimated for each environmental category (greenhouse 
gas potential, ozone depletion potential, photochemical ozone formation potential, acidification 
potential, water emissions, solid waste, energy consumption, raw material consumption and land 
transformation) are aggregated with calculation factors.   

 
The calculation factors consist of the following:  

n-
tials? 

overall countrywide emissions? Forster, Ramaswamy, Artaxo, Berntsen, Betts, Fahey, Haywood, 
Lean, Lowe, Myhre, Nganga, Prinn, Raga, Schulz, Van Dorland( 2007) 

The calculation factor is then obtained from the relevance and societal factors by geometric 
mean.  There are no “typical” values as these values are all regionalized. That is, they are specif-
ic to N. America, Europe, Brazil, etc. 

 
 
 
This yields an overall single, environmental impact value.  The application of these factors is 

shown in Figure 1.   
 

 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 

 
Figure 1. Application of weighting factors, normalization, relevance factors, and societal weighting fac-
tors. 

 
 
The economic data is also compiled.  All of the various costs incurred in manufacturing or 

use of a product are included in the calculation.  In this way, weak points and potential costs 
savings can be identified. 

Economic and ecological data are then plotted on a 2-dimensional graph to quickly visualize 
the most eco-efficient solution compared to the other products or processes.  The costs are 
shown on the horizontal axis and the environmental impact shown on the vertical axis of the 
eco-efficiency portfolio.  Results closest to the upper right hand corner indicate the most eco-
efficient solution.  See Figure 2 below. 

 
 
 

FactorSocietalFactorlevanceFactornCalculatio *Re
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Figure 2. Eco-efficiency Portfolio 

 
 
The overall methodology for EEA was validated in 2002 by the Rheinland Technical Surveil-

lance Association (TÜV Rheinland) according to newly defined criteria.  In 2008, TÜV Rhein-
land do Brasil validated the EEA again, taking into account methodological updates.  In 2009, 
BASF’s EEA was awarded the internationally recognized seal of approval of the National Sani-
tation Foundation (NSF).  In collaboration with various stakeholders and product safety experts, 
the NSF has defined standard requirements for EEAs.  The aim of NSF Protocol 352 is to ensure 
conclusiveness, objectivity and transparency for the different types of EEAs.  BASF’s method 
has now been validated under the requirements of this protocol. 

Figure 3 below shows the seals of the various approving boards for the BASF EEA tool. 
Please see the References at the end of the paper for more detail. 

 
 
 
 
 
            
                        

 
Figure 3. Third party validations 
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Figure 4. Sustainability assessment methods 
 
 
Life Cycle Inventories (LCI) and Life Cycle Assessments (LCA) form the basis for every 

EEA.  The Life Cycle Assessment analyzes exclusively the ecological effects of a product or 
process.  The result yields a considerable amount of individual data sets to be reviewed and 
evaluated.  In the EEA the evaluation of the data has been completed and there is a relatively 
tangible and compact representation which facilitates comparisons among the different products 
and processes.  Furthermore, economic data are also taken into consideration for the EEA, (un-
like a LCA) resulting in a comprehensive assessment of ecological and economic issues. 

LCI and LCA can be carried out for single products or processes, while an EEA always com-
pares several alternative processes or products.  Figure 4 presents some of the individual com-
ponents which together are used to create an eco-efficiency analysis. 

Typically, the following actions result from an EEA. 
1. The analysis confirms that a product or process exhibits a high degree of eco-

efficiency.  This means that both costs and environmental impact are lower than the 
alternatives.  In this case, the company may determine whether further possibilities 
for improvement are possible or use the results to expand its sustainable position in 
the market. 

2.  A product or process is not the most eco-efficient result.  The portfolio reveals 
whether the economic or the ecological component requires additional improve-
ment.  The task is then to optimize the existing product ecological and/or economic 
hot spots for the single processes.  

3. A product or process has a low eco-efficiency and cannot be optimized or the ex-
penditure associated with this would be too high.  In this case the company might 
back away from the product or process or substitute it with an alternative product.  
A product at the research stage can be developed further in different ways.  The al-
ternative pathways can be analyzed with the EEA and the favorable ecological and 
economical variant is determined.  In this way, research resources can be purpose-
fully deployed in favor of more eco-efficient products. 
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3 DATA 
 
An existing uranium mine located in North America is pursuing the use of tailings as a cement 
replacement material in backfill to reduce costs and environmental impacts.  Currently the mine 
collects these potentially acid generating tailings in a large pile. The local authorities require that 
the pile be completely consumed prior to starting another tailings pile. At present, it will take the 
mine two summers to deplete the current pile, thus, any increase in the depletion rate is very 
helpful from a land use perspective and also transportation costs perspective. 

The use of the tailings for backfill reduces the amount of cement binder needed (reducing life 
cycle CO2 emissions) and reduces the cost and environmental burden of managing the tailings 
above ground or off site (promoting a sustainable solution).   

The initial step in the process is the development and lab testing of various alternative backfill 
mixes to ensure that design specifications are maintained or improved.    This type of testing 
may also reveal alternative process improvements, further reducing the operating costs within a 
particular site.   

Upon completion and validation of lab testing, an eco-efficiency analysis can be conducted to 
evaluate and quantify the sustainable attributes for the alternative backfill mixes.    The eco-
efficiency analysis can accommodate a comparison of up to four unique mixes to a reference 
mix on any report.  Additional input categories include any water requirements or energy de-
mands for delivery and placement of the backfill mix.   

The input table in table 2 presents the various mixes and their respective components for 
evaluation.  In this example, through the proper evaluation and usage of admixtures, the binder 
mixture can reduce cement demand by over 100 pounds/yd3 of backfill and increase the amount 
of tailings in lieu of virgin aggregate.  The negative cost associated with the tailings material is 
the tailings disposal transportation cost that would be incurred if the material was not used as a 
component for backfill. 
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Table 2. Input Table 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4 RESULTS 

The results for the two backfill mixes evaluated are presented with an environmental fingerprint 
and eco-efficiency portfolio.  As shown below in Figure 6, the six environmental impact catego-
ries are presented on the fingerprint diagram.  The results are normalized and plotted with the 
largest environmental burden in each category represented as the furthest distance from the 
origin.   

The alternative Tailings Mix has a lower environmental impact in 5 of the 6 categories evalu-
ated. The sixth category, Toxicity Potential, is almost identical to the reference mix. 
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Figure 5. Environmental fingerprint for a select mine backfill 
 

 
This total environmental impact for each mix alternative is now calculated from the “envi-

ronmental fingerprint” by means of relevance factors and weighting factors.  Relevance factors 
are objective factors based on statistics which evaluate how much the emission (or energy use) 
contributes to the overall emissions (or energy use) of the region/country.  Weighting factors are 
subjective factors based on public polls/expert surveys and express what value society attaches 
to the reduction of the individual impact potential – i.e. societies value of reducing greenhouse 
gas emissions compared to reducing acid rain potential. 

 
The eco-efficiency portfolio, Figure 7 below, reveals that for the mixes evaluated, the most 

eco-efficient solution is the tailings mix, which has lower costs and a lower environmental bur-
den.   An evaluation of the financial impact over the course of a six month period through the 
use of the tailings mix for backfill can realize over $5.3M in transportation savings alone by uti-
lizing the tailings in backfill instead of shipping offsite for treatment. 
     

 Energy consumption is lower due to decreased cement and less stress on pumps. 
 Land use decreased because the tailings are now being taken below ground. 
 Resource consumption decreased, again due to the lower cement content and also due to 

lower water content. 
 Emissions decreased because of the lower cement content. 
 Occupational Illnesses & Accidents decreased because of the reduction of possible acid 

generating material.  
 Toxicity potential stayed about the same because the admixture content did not change 

substantially between the two mixes – they just had a different combination of admix-
tures. 
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Figure 6 Eco-efficiency portfolio for a select mine backfill 

5 CONCLUSIONS 

The EEA results show that the tailings mix is the most eco-efficient solution based on the bal-
ancing of total economic and environmental impacts. Promoting sustainable solutions is an ad-
mirable feat for many mining operations however, evaluating and quantifying those claims in a 
documented format for use in communicating results is imperative for credibility.   Through the 
use of a balanced life cycle assessment and life cycle costing analysis, EEA, sustainable objec-
tives can be attained while reducing the overall financial impact. 
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ADDITIONAL REFERENCES – USEFUL LINKS 

BASF 
http://www.agro.basf.com/agr/AP-
Internet/en/function/conversions:/publish/upload/sustainability/BASF_Eco-Efficiency_Services.pdf 

NSF & NSF Protocol 352 
http://www.nsf.org/business/eco_efficiency/NSF_P352_Q-A_July09.pdf 

TUV 
http://www.bitkom.org/files/documents/Ralf_Martin_Mueller.ppt.PDF (see page 21) 
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1 INTRODUCTION  
 
Thin-lift deposition of high density tailings is currently employed at a number of metal mines, 
in bauxite mining, and at oil sands surface mining operations. Such” tailings are created by a 
number of processes, such as thickening filtration, and in-line flocculation during transport.  
“High-density” denotes that the tailings manifest a yield stress by the time they come to rest in 
the disposal impoundment, and so will form gently sloped deposits. This allows for stacking 
tailings above the height of confining structures, or in some cases eliminating dams altogether. 
To realize this advantage, the tailings must be stable enough to resist remobilization during i) 
buildup of the stack, ii) static failure due to wet conditions, and iii) seismic loading.   Use of 
high density tailings in the oil sands is prompted by recent regulatory changes (ERCB Directive 
74) that mandates a set of performance metrics, including that all tailings achieve an undrained 
shear strength of 5 kPa within 1 year after deposition. 

Deposition in thin layers or lifts facilitates the efficiency of surface processes, such as evapo-
ration and freeze-thaw, to de-water, densify, and strengthen the tailings. As these layers are bur-
ied under fresh tailings, they resaturate and consolidate, further increasing in density and 
strength as they are buried under new lifts. Relying on evaporation or freeze-thaw alone for de-
watering might be impractical for many operations due to the required impoundment footprint 
and / or low rate of rise.   While the fresh layer must gain sufficient strength to resist remobiliza-
tion during placement of the next few layers, it may not be necessary to rely on the contribution 
of desiccation (dewatering through evaporation, drainage, or freeze-thaw) to achieve all ge-
otechnical performance metrics. In brief: desiccation may get you part of the way there, and 
consolidation will take you the rest of the way. Therefore, determining the necessary deposition 
dewatering time – the time between deposition of layers - should consider the consolidation be-
havior of pre-desiccated tailings. 

Deposition sequencing or “drying time” for multi-point deposi-
tion of high density tailings 

P. Simms, F. Daliri 
Carleton University, Ottawa, Ontario, Canada 

A. Dunmola 
Shell Canada, Calgary, Alberta, Canada 

ABSTRACT: Tailings may be treated in a number of ways so as to manifest a yield stress dur-
ing deposition, allowing for stacking at a gentle slope, minimizing dam construction, and max-
imizing water recovery. Cycling deposition using number a spigots allows for tailings to further 
dewater and increase in strength by drainage, evaporation, or freeze-thaw, while deposition con-
tinues in other sections of the impoundment. Planning such a deposition scheme ideally requires 
i) estimating the rate of drying of the fresh layer, and ii) understanding how the degree of desic-
cation influences strength development in the stack, given that the desiccated layer is rewetted 
and subsequently consolidated by burial under other layers. Results for different types of high 
density tailings are presented, both on laboratory and numerical simulation of desiccation of 
multilayer deposits, and laboratory investigations on how stress history of high density tailings 
influences their monotonic and dynamic shear strength. These results inform a discussion on 
deposition planning for high density tailings.  
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Figure 1 shows a possible volume-stress history of a high density tailings layer, which in 
most cases will experience a reduction in volume due to hindered settling or self-weight consol-
idation, immediately after or even during deposition (Mizani et al. 2010).  Subsequently, the 
tailings layer shrinks due to drying, is then rewetted by placement of the next layer, and then 
undergoes consolidation under the weight of additional layers.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1 Conceptual Volume-Stress history of a layer of high density tailings 

 
This paper examines the influence of stress history on the monotonic and cyclic strength of 

one type of high density tailings (gold tailings thickened to 70% solids). The paper then exam-
ines the post-deposition dewatering behavior of gold tailings prepared at 70% solids, and field 
data from two high density tailings streams at metal mines. With reference to the strength data, 
the optimal “post-deposition dewatering time” for high density hard rock tailings is discussed. 
Dewatering data from an oil sands mature fine tailings stream deposited at 35% solids and 
amended using an in-line mixed polymer is presented, and the dewatering behavior of these fine 
grained tailings is contrasted with the dewatering behavior of the hard rock tailings. 

2 MONOTONIC AND CYCLIC SHEAR STRENGTH OF A HIGH DENSITY GOLD 
TAILINGS 

2.1 Properties 
Tailings shipped from the mine had settled through vibration to water contents between 22-25% 
geotechnical gravimetric (GWC). Before testing , tailings were reconstituted using bleed water 
to 38% GWC (72% solids). The particle size distribution, shown in Figure 2, was determined by 
combination of sieve (wet technique) and hydrometer analyses results based on ASTM D 422-
63 (2002). Liquid Limit (LL), and Plastic Limit (PL) were 22.5%, 20% respectively (ASTM 
D4318, 2000). The shrinkage limit was 18% The specific gravity was 2.89 (ASTM D854 
(2000)). The mineralogy of the tailings included silicates 80%, pyrite 11%, calcite 5%, and an-
kerite 4 % (Bryan et al. 2010)  The chemical analysis of tailings liquid phase showed the con-
centration of important dissolved ionic species: sodium (394 mg/ L), arsenic (95.3 mg/L), cop-
per (126 mg/L) magnesium (2010 mg/L) calcium (7030 mg/L), iron (31100 mg/L), (Bryan et al. 
2010). 
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Figure 2 Grain-size distribution of gold tailings 
 

2.2 Methodology 
To simulate the stress history that occurs in the field, two layers of tailings of thickness of 

about 10 cm are sequentially deposited in a cylindrical column with 25 cm diameter. The tail-
ings were deposited at the pumping water content (38%) and allowed to settle and desiccate to 
different values of water content, above and below the shrinkage limit,-  30, 28, 25, 23, 19, 17, 
12 and 4%.  Two commercial fans were located on top of the column in order to accelerate des-
iccation. Drying of these and similar hard rock tailings invariably produced a uniform profile of 
water content with depth, similar to observations made by Fisseha et al (2010) and Bryan et al. 
(2010). Volume change during the dying and rewetting phase of the experiments was measured 
approximately using a 1-D ultrasonic displacement sensor mounted over the centre of the tail-
ings. After desiccation was complete, the first layer of tailings were then overlaid with fresh 
tailings (w = 38%). The tailings were left for 12 hours to allow for resaturation of the underly-
ing sample, but before substantial evaporation could occur. Thin-wall tubes with the length-
diameter ratio of 1.4 were used to obtain samples for strength testing. The water content of the 
desiccated and rewetted second layer at sampling was always greater than 21% , and the degree 
of saturation varied between 0.95 and 0.90. Extracted samples were then placed in the simple 
shear device and subsequently consolidated under 50 kPa, 100 kPa and 200 kPa consolidation 
pressures. Cyclic tests were conducted using a range of cyclic stress ratios ( max v) from 0.075 to 
0.2. Details of the simple shear device and a description of its theory can be found elsewhere 
(Al-Tarhouni et al. 2011). 
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2.3 Results 

Volume change response to initial desiccation, followed by rewetting and subsequent consolida-
tion is shown in Figure 3. Increasing desiccation is actually correlated with slightly higher void  
ratios, likely due to increase stiffness of the material imparted by pre-consolidation during des-
iccation. Despite the increase in final void ratio, both the monotonic (Figure 4) and cyclic (Fig-
ure 5) show an increasing trend in strength with increasing desiccation, though the contribution 
of desiccation to strength gain decreases once drying progresses past the shrinkage limit. Im-
portantly, the monotonic behavior changes from contractive to dilative even for a relatively 
small amount of desiccation . 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3 Evolution of void ratio in samples prior to simple shear tests 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
(a) 
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(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    (b) 
Figure 4 Monotonic shear strength behavior of pre-desiccated gold tailings in simple shear consolidated 
to 50 kPa( modified from Kim et al. 2011) 
 

For example, the monotonic data shows that while a sample that settles but does not undergo 
desiccation (denoted by wd=30% in Figure 4) is contractive, the sample which undergoes some 
desiccation (wd=28%) exhibits a dilative response after some strain softening, while the sample 
desiccated to 23% water content is fully strain hardening.  As seen in Figure 4a, the degree of 
strain hardening increases up to wd=17%, then decreases for lower water contents. The shrink-
age limit of the material is 18%. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 Cyclic response of pre-desiccated samples consolidated to 50 kPa – liquefaction defined as 3.75 
% shear strain (modified from Kim et al. 2011) 
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As with the monotonic results, there is a significant increases in cyclic resistance, especially 
at the low cyclic stress ratios, for even a relatively small amount of desiccation (wd=26%).  The 
maximum increase in cyclic resistance for all stress ratios more or less occurs by 17% GWC. 

 

3 MULITLAYER DEPOSITION TEST FOR A HIGH DENSITY GOLD TAILINGS 

3.1 Materials and Method 
Using the same tailings described in section 2, a simulation of multilayer deposition was under-
taken using a “drying box” with a 0.5 m by 1 m plan ares (Figure 6). Tailings were sequentially 
deposited at 70% solids in 5 layers of thickness ranging from 0.2  (layers 1,2,3, and 5) to 0.15 m 
(layer 4), into a steel reinforced plexiglas box with a 1 m by 0.5 m plan area. The target water 
contents for each layer were 12% and 16% for the first two layers, and 18% for layers 3,4, and 
5. The box was modular so as to minimize variation in the distance from the top of the tailings 
to the top of the box. The apparatus was mounted on load cells to measure water loss. Drainage 
was monitored out of the bottom using a tipping bucket. A geotextile was placed at the bottom 
of the box before placement of tailings. Evaporation was regulated by two fans placed on either 
side of the box. Relative humidity and temperature at the top edge of the box were monitored.  
Each layer was monitored using 2 or 3 volumtetric water content sensors (EC-5 from Deca-
gon),that also measured bulk electrical hydraulic conductivity, and temperature. Three tensiom-
eters (Model T5 from UMS) were installed with depth in each layer. Vertical displacement of 
the top tailings surface was measured using 4 ultrasonic-based distance sensors. The surface was 
sampled for gravimetric water and total suction. 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 

Figure 6 Modular drying box, shown assembled to half its height (0.5m) 
 

Only a selection of the results from this test are shown here, including evaporation rate (Fig-
ure 7), gravimetric water content in each of the layers (Figure 8), estimated void ratio of in the 
fresh layer (Figure 9). The potential evaporation rate was between 8-9 m/day throughout the en-
tire test. The consistency in potential evaporation rate is confirmed by measurements of evapo-
ration from a bucket filled with water resting on a scale next to the drying box, and by meas-
urements of relative humidity at the top edge of the box. The evaporations curves for each layer 
are similar, the difference being the increasing time to achieve the target water content of each 
layer.  
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Figure 7 Actual evaporation in drying box test 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 8 Gravimetric water contents in drying box, calculated from measured volumetric water contents 
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Figure 9 Estimated void ratios in the fresh layers 
 
The overall dewatering behavior of the tailing is characterized by a fast (<24 hour) period of 
self-weight consolidation or settling, followed by a period of decreasing rate of dewatering. The 
initial period of dewatering is accelerated by the presence of a drier underlying tailings, which 
serve to absorb water from the fresh layer. The rate of the second stage of dewatering decreases 
as the total thickness of tailings increases: For tailings with the same target water content (layers 
3,4, and 5), the time to achieve the target water content increases from layers 3 to 5 (10 to 17 
days), despite higher cumulative evaporation. The decrease in the dewatering rate of the freshly 
deposited tailings is due to the presence of the underling tailings, which may supply the fresh 
layer with water. The water balance of the fresh layer in the second phase is comprised of water 
loss at the surface by evaporation, and by water inflow originating from the underlying tailings. 
Simms et al. (2010) made generic predictions of dewatering of a fresh layer of hard rock tailings 
over a deep deposit of pre-desiccated tailings using commercially available unsaturated flow 
codes, using a methodology described in Simms et al. (2007) and Fisseha et al. (2010). Three of 
these generic predictions, which are taken directly from Simms et al. (2010), made for a 0.2 m 
layer of hard rock tailings deposited at 70% solids at variable potential evaporation rates, are in-
cluded in Figure 10, along with the dewatering of the fifth layer from the drying box experi-
ment, and two sets of field data. It can be seen that the prediction for PE=10 mm /day, makes a 
conservative estimate for the drying of the fifth layer, but this is expected as the deposit of tail-
ings has a relatively shallow depth. 
 The field data taken from the Bulyanhulu mine, is reported in Simms et al (2007)., and is for 
a deposit of average thickness of 0.5 m, overlying an unknown thickness of pre-existing tailings. 
The PE during this period was ~ 10 mm /day.  

The data from the Musselwhite mine are taken from Kam et al. (2011), and are for a fresh 
layer deposited at an unknown thickness, with a runout of 50 m. Musselwhite is in a wet cli-
mate, with a yearly lake evaporation of 410 mm. The first data for the Musselwhite tailings are 
14 days after deposition, due to the softness of the deposit. 

Despite the uncertainty in some of the parameters, the behavior predicted by the models is 
fairly robust, as the underlying tailings serve to moderate the dewatering process. The field ob-
servations bear out the general trend predicted by the model: that being an initial period of fast 
dewatering from the initial solids concentration of 70%, followed by a period of relatively slow 
dewatering. 
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Figure 10 Generic predictions of dewatering of a 0.2 m lift deposited at 70% solids on a mature stack, 
compared with drying behavior of the 5th layer in the drying box, and two sets of field data 

 
In terms of undrained shear strength measured by a vane, we can compare the performance of 

the drying box and the two sites. The strength in the drying box was measured for pre-
desiccated layers, immediately after resaturation by placement of fresh tailing. The shear 
strength for the four layers, all dried at least to 18% GWC, was 31+/- 3kPa. Field data are 
shown for the Bulyanhulu tailings and the Musselwhite tailings (Kam et al. 2011). For the data 
point at 20% GWC for Bulyanhulu, we know that significant suctions were measured at the 
same location at the same time (20-50 kPa using a QuickDraw tensiometer), so the suction may 
be contributing to the field vane strength. We speculate that suction may contribute to some of 
the variability in the shear strength data from Musselwhite.  

 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 

Figure 11 Vane shear strength measurements in drying box and at two field sites 
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4 DISCUSSION: DEWATERING OF A FRESH LAYER AND STRENGTH GAIN 

 
Experiments, field data, and modeling all show that the rate of dewatering of freshly deposited 
tailings decreases with time, such that it may take a considerable amount of time to reach the 
maximum density achievable by desiccation (shrinkage limit). Considering a climate with an 
average PE of 5 mm/day, if the shrinkage limit is 20%, it will take 45 days for a lift thickness of 
0.2 m. This implies a deposition rate of 1.62 m/year. However, considering that both the 
strength and the density of the tailings will improve with consolidation, it may not be necessary 
to wait for the tailings to dry to the shrinkage limit.  Based upon the monotonic and cyclic be-
havior of the gold tailings presented in Figures 4 and 56, it might only be necessary to achieve a 
relatively small degree of drying, say to 25% GWC, to prevent remobilization of tailings during 
deposition. Based upon the predictions, this would reduce dewatering time to 20 days and in-
crease the deposition rate to 3.65 m per year.  
 

5 COMPARISON WITH DEWATERING BEHAVIOR OF FINE GRAINED TAILINGS  

For many kinds of hard rock tailings, the variation in density within a thin lift is small, and the 
hydraulic conductivity does not change more than an order and a half in magnitude, even say for 
tailings deposited at 65% solids. This permits the accuracy of the methodology of Simms et al 
(2007) and Fisseha et al. (2010), which assumes a constant value of saturated hydraulic conduc-
tivity. However, this assumption does not hold true for finer grained tailings such as MFT. In 
these tailings, and in many amended products of MFT, the solids content and the hydraulic con-
ductivity vary considerably within relatively thin-lift (< 1m) deposits. One case is the Shell At-
mospheric Fines Drying trials (Matthews et al. 2011), in which a polymer is injected in-line 
immediately before deposition, and tailings are deposited as in a single layer. It is found that for 
sufficiently thick lifts, the bottom of the tailings layer inevitably achieves a substantially higher 
density than the upper portion of the tailings, very quickly after deposition. This is thought to be 
due to self-weight consolidation, which explains the quicker densification of the tailings at the 
bottom of the lift. A simple 1-D finite strain consolidation model was programmed to simulate 
this behavior, using hydraulic conductivity – void ratio and stiffness-void ratio relationships 
measured by Jeeravipoolvarn (2010). Measured and modeled pore-water pressures and solid 
concentrations in a 0.8 m thick lift, assuming a potential evaporation of 0.5 mm (lift was placed 
mid September 2010) are shown in Figures 12 and 13.  It can be seen that the self-weight con-
solidation model can reproduce the higher solids concentrations at the bottom of the lift. This is 
due both to the higher total stress, and the nearness of the bottom boundary condition. This be-
havior cannot be reproduced with any modeling methodology that does not consider variation in 
saturated hydraulic conductivity.  
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Figure 12 Measured and modeled pore-water pressures in 0.8m lift of polymer amended MFT 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13 Predicted and measured solids concentration in 0.8 m lift of polymer amended MFT 

-‐2.00

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

0 10 20 30 40 50 60 70 80

Po
re
-‐w

at
er
  p
re
ss
ur
e  (
kP
a)

Time  (days)

Measured  70  
cm  depth
Measured  25  
cm  depth
Predicted  70  cm  
depth
Predicted  25  cm  
depth

Proceedings Tailings and Mine Waste 2012  |  Keystone, Colorado, USA  |  October 14-17, 2012

535



6 CONCLUSIONS 

The dewatering time for a fresh layer of high density gold tailings deposited over some thick-
ness of pre-desiccated tailings is shown to exhibit an initially fast rate of dewatering, due to set-
tling an / or self-weight consolidation, followed by a rapidly decreasing rate of dewatering. This 
is shown in the laboratory, through generic modeling, and in a limited set of field data. The de-
creasing dewatering rate is due to flow of water from the underlying tailings into the fresh layer 
during evaporation. This may make it challenging or impractical to dry the tailings to their 
shrinkage limit. However, as seen from the simple shear strength data, it may not be necessary 
to dry the tailings to the shrinkage limit, to achieve the required geotechnical performance. This 
is seen through considering the stress history of a tailings layer, which will be undergo rewetting 
and consolidation upon burial by fresh tailings. 

 It is noted that the behavior of hard rock tailings can be quite different from finer grained tail-
ings, such as MFT. The initial self-weight consolidation stage occurs for much longer time than 
in hard rock tailings. Models that do not account for the variation in saturated hydraulic conduc-
tivity are not appropriate for modeling relatively finer grained tailings, such as the various 
amended MFT streams being trialed by the oil sands industry.  
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1 INTRODUCTION 

Mining for precious metals leads to the creation of large earth fill structures such as: 
 waste rock piles, 
 heap leach pads, and 
 tailing facilities. 
The stability of these earthfill structures is controlled by the underlying subgrade materials, a 

geosynthetics liner system if present, and the fill materials (Breitenbach & Thiel 2005) and the 
impact of external events those earthfill structures may be subjected to such as floods or earth-
quakes during their economic life.  These earthfill structures need to be stable during the three 
phases of the life of the mine: exploitation, closure, and post-closure.  However, slope inclina-
tion and material placement requirements may vary from phase to phase and be mutually exclu-
sive.  For instance, operation of a heap leach is optimized if the ore is dumped dry and in loose 
lifts and the slopes set as steep as possible (slopes inclination as steep as 2:1 (horizontal to ver-
tical) are not uncommon).  However, stability especially long term stability criteria, (during the 
post-closure phase of the mine) may not be met by a 2:1 slope built with relatively loose materi-
al.  Therefore, the slope may need to be graded to a gentler inclination say 3:1 or even flatter in 
highly seismic zones and if a geosynthetics liner is installed.   Therefore consideration of the 
duration of each phase (few tens of years for exploitation and hundreds of years for the post-
closure phase) should be included in selecting stability criteria expressed as a factor of safety or 
an acceptable permanent seismic displacement. 

 

Designing mine earth structures for long-term risks while  
optimizing short-term costs  
 
C. Crystal 
Strategic Engineering and Science, Irvine, CA, USA 

T. Hadj-Hamou  
Strategic Engineering and Science, Irvine, CA, USA 

ABSTRACT: Dry-stack tailings facilities, heap leach pads, and waste rock dumps are already 
among some of the largest and will be among the longest-lived manmade fill structures in the 
world.  As the demand for precious metals grows exponentially so will the number, size, and 
risks and challenges associated with the design, operation, and closure of these facilities.  This 
paper addresses how design engineers can balance regulatory requirements, risks, and opera-
tional needs versus closure and post-closure costs with responsible design and mining practices 
when locating these facilities in seismically active areas.  A preliminary screening approach is 
advocated that incorporates risk-based deformation analysis to evaluate the relative magnitudes 
of allowable deformation based on site conditions and constraints for the full range of postulat-
ed seismic loading conditions for short term and long term exposure. The paper shows, through 
a design case, where standards of practice and regulatory prescribed pseudo-static factors of 
safety coupled with a selection of single prescribed operational design-shaking level for all 
phases of the project may lead to unconservative closure design assumptions particularly when 
considering the longevity of the structures and not just the relatively short operational life of the 
mine. By contrast, the paper attempts to demonstrate that by appropriately considering the con-
sequences of failure at each phase of the of the life cycle of the mine and allowing for and ac-
commodating potential seismically-induced displacements in the design, significant cost-savings 
can be achieved without compromising responsible design and operation. 
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2 SELECTING SEISMIC DESIGN CRITERIA  

2.1 Factor of Safety  
The factor of safety (FoS) is defined as the ratio of the resisting forces/moments over the driv-
ing forces/moments) and is commonly evaluated using limit equilibrium methods to obtain the 
forces/moments. Conceptual alternatives and varied design conditions of slope configurations 
evaluated based on FoS approach rely on increasing the resisting forces/moments through mate-
rial selection, slope or foundation reinforcements, and decreasing the driving forces/moments 
(slope inclinations and heights, basal geometry and hydrostatic forces) to reach the established 
value of the FoS (typically greater than 1.0).   

A static factor of safety of 1.5 is a typical standard of practice or regulatory prescribed static 
design criterion for slopes. With appropriate materials testing and control the degree of con-
servatism is often reduced and a static factor of safety of 1.3 (U.S. Army Corps of Engineers 
1983) may be accepted.  For example, a static factor of safety of 1.3 is specifically incorporated 
in such guidance manuals as the Arizona BADCT Manual (ADEQ TB 04-01).   For temporary 
conditions (during construction) values as low as 1.2 have been used. 

The pseudo-static stability analysis approach to seismic design is based on adding an inertia 
force at the center of gravity of the potential failure mass.  This inertia forces is equal to the 
mass of the potential failure mass times an acceleration taken as some fraction of the peak 
ground acceleration (PGA) generated by the earthquake.  The pseudo-static factors of safety are 
calculated including the inertia force and compared to established criteria.  Some of the earlier 
work on seismic stability based on the observation of the performance of slopes during earth-
quakes includes Seed (1979) who proposed that a slope be considered stable under seismic 
loading if FoS equals 1.15 for a seismic coefficient of 0.15 g for an earthquake of magnitude 8 
¼ or a seismic coefficient 0.10g for an earthquake of magnitude 6 ½.  On this basis, many Cali-
fornian seismic design guidelines for native slopes and earthen embankments call for a mini-
mum pseudo-static factor of safety of 1.15 for a given design shaking level.   

The guideline of the Bureau of Mining Regulation and Reclamation of Nevada (1994) re-
quires that slope stability results of heap leach pads be presented in terms of FoS for each eval-
uation, with a recommended static FoS of 1.3 and a recommended pseudo-static FoS of 1.05 or 
greater.  This guideline goes on to state that lower values of FoS may be acceptable if the de-
sign engineer can demonstrate that the displacement from the design seismic event will not 
compromise the integrity of the fluid management system (i.e. the liner system) or cause a re-
lease of contaminants to waters of the State. Mexican regulations (SEMARNAT 2010) have 
adopted similar minimum design requirements for operating heaps with FoS of 1.05 for seismic 
loading condition.   

2.2 Shaking level and strength parameters 
In the discussions about values of the pseudo-static FoS the important element missing is a clear 
definition of what this pseudo-static FoS represents or should represent: 
 the performance of the slope under a selected or prescribed design shaking level.  This pre-
scribed shaking, typically in form of the PGA, is obtained for a regulatory event such as the 
maximum credible event (MCE)or an event with a given return period (475, 2,000, 10,000 
year),  

 the performance of the slope during shaking or immediately post-shaking with the geome-
chanical properties representative of the earthen and geosynthetic materials used in construc-
tion of these facilities corresponding (undrained during shaking, post-peak or residual 
drained for  post-shaking), or 

 a combination of both. 
 When the seismic design criterion is defined by a selected or prescribed design shaking level 

for a minimum pseudo-static FoS then this seismic design criterion drives the design evaluation. 
The engineer is then limited and cannot give due consideration to the full range of alternatives 
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and potential cost savings.  The authors have been involved in projects located in countries with 
high seismicity without specific regulatory prescribed pseudo-static FoS criteria. In these cases, 
expert peer reviewers have sometimes recommended that for screening limit-equilibrium evalu-
ations the seismic design criteria standard of practice for dry-stack tailings, heap leach pads and 
the like should be taken as static FoS of 1.3 (i.e. with no seismic load) but should consider the 
post-cyclic shaking material properties, in particular if undrained, post-cyclic reduced strengths 
(at 5-10% strain, or more) or residual strength conditions are likely to occur.   Combining val-
ues of FoS, strength parameters, and shaking level lead to a wide range of criteria for limit equi-
librium methods.  It is therefore no wonder that many practitioners want to go straight to numer-
ical analyses to evaluate the level of deformations in the earth structure subjected to shaking. 
However, numerical analyses (finite-difference or finite-element analyses) have their drawbacks 
as well. First and foremost are the required effort, cost, and time required for selecting the pa-
rameters solving, debugging, and post-processing.  Further, these models require time histories 
of acceleration that must be appropriately matched to the design response spectrum. So the de-
signer must commit to one or more design ground shaking level and target response spectra 
thereby increasing the cost of the analyses. Even with windows-based user-friendly updated 
software, the comparative effort is significant and may not be warranted, in particular at the ear-
ly-stages of design decision making when several alternative evaluations of various design and 
loading scenarios are and should be under consideration.  Finally the geomechanical properties 
of the material must be very well defined through extensive testing programs so that the uncer-
tainty in their value does not overshadow the precision provided by the computer software.  
Proceeding directly to expensive (total required engineering efforts often exceeding $100K) ful-
ly-coupled finite difference or FEM analyses is also not the only or best option. 

2.3 Designing For Displacement  
Practitioners, designers and owners and regulators must recognize that when man-made earth 
structures of ever-increasing size with very long post-closure life are built in seismically active 
regions they will most likely experience earthquake shaking resulting in a permanent seismic 
displacement. In addition, it is also not unlikely that these man-made earth structures will also 
experience some level of shaking during the operational phase of their lives.  Therefore the de-
sign should not only consider that the maximum credible event (MCE) or equivalent may occur 
during the post-closure period but that lesser shaking levels could occur during operational 
phase.  Designing for different FoS and level of seismic displacements allows for appropriate 
consideration of different shaking levels occurring during the phases of the mine lifecycle and 
the economics of operating heap leach pads and dry-stack tailings facilities. 

The permanent seismic displacement of a number of slope configurations and shaking levels 
can be relatively quickly evaluated using the decoupled approach developed by (Seed & Martin 
1966; Makdisi & Seed 1978) and updated first by Bray & Travasarou (2007) and then Saygili & 
Rathje (2008). The method relies on the concept of the sliding block analysis developed by 
Newmark (1965) and relates displacement to ground motion parameters.  The yield accelera-
tion, ky, defined as the acceleration applied to the slope that will yield a pseudo-static factor of 
safety equal to one, is evaluated for each potential failure surface and is combined with the 
PGA generated by the earthquake using any of the three methods mentioned previously to cal-
culate the permanent seismic displacement.  It is important to note that the yield acceleration is 
an inherent property of the failure surface analyzed (geometry and geomechanical properties) 
and is not affected by the level of shaking felt at the site.  The principle of the method is that the 
potential failure surface analyzed will move incrementally anytime that during the shaking the 
acceleration exceed the value of ky and the incremental displacements will add-up to yield the 
permanent seismic displacements at the end of shaking.   

Similarly to the FoS approach, stability criteria have been established but in terms of ac-
ceptable permanent seismic displacements.  For example, the state of practice in California for 
municipal and hazardous solid waste facilities is to use 15 to 30 cm as the allowable calculated 
permanent seismic displacement for liner systems, 30 cm to 1 m for cover systems, and 1 m for 
earth embankments (Kavazanjian 1999).  These levels of deformations have been shown 
through the analyses of the performance of landfills during earthquakes to result in no damage 
to the containment system (Augello et al. 1995, Kavazanjian & Matasovic 2001, Matasovic & 
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Kavazanjian 2006) and are often borrowed from and incorporated into design criteria for other 
structures. For example, the Arizona BADCT manual recommends the following prescriptive 
criteria for heap leach pads and tailings impoundments “when deformation analyses are re-
quired, the displacement predicted shall be within the following limits unless engineering eval-
uations are provided to demonstrate that larger displacements will not jeopardize containment 
integrity: deformations not affecting geomembranes shall be less than or equal to 1 foot; defor-
mations affecting geomembranes shall be less than or equal to 6 inches”.   

However, it is important to note that the ultimate height of a typical urban landfill is general-
ly less than that of the earth structures constructed at mine sites and the consequences of failure 
of urban landfills may differ from remotely situated, post-operational life heap leach pads, 
waste rock dump, and unlined dry-stack facilities.  During operations, considerations of poten-
tial damage to lined heap leach facilities may impose design restrictions to avoid overstressing 
or tearing the liner system so that there is no risk that cyanide-impacted water leaks into the va-
dose zone. By contrast during the post-closure phase after the ore has drained down and all that 
remains is a dry pile of sand,  a tear in the liner systems would have no such environmental con-
sequence. In this instance, two distinct criteria could be set and be appropriate, one for the op-
erational phase and one for the  post-closure phase. However, designing the liner system by 
considering only relatively short-term shaking risk levels as such as a probabilistically defined 
operating or design basis event such as the 475-year average return period or, as defined in Cal-
ifornia, the maximum probable (MPE) event discussed in the next section as the design event 
may be unconservative for closure design, given that these man-made earth structures may over 
their post-closure period experience the MCE.  

The key point that the authors would like to make is that these structures are too large and 
constructed of flexible, yielding materials to be considered to be rigid and immobile, or to be 
designed for a minimal displacement criterion. Designing for small value for the whole econom-
ic life (reduced efficiency of leaching) and may lower the value of the project in the long term 
(post-closure phase) displacements, say less than 30 cm, in high seismic zones may result in a 
costly operational phase. A long as a selected permanent seismic displacement regardless of 
value does not impact the performance of the facility, threatens human health or the environ-
ment, or represents an immediate life-safety risk it is acceptable and therefore different thresh-
old and/or maximum acceptable displacement values should be established and used as the 
seismic design criterion for different phases of the life of the structure. For unlined facilities 
such as dry-stack tailings or waste rock piles the acceptable permanent seismic displacement 
can theoretically be set at any value that does not pose a threat to the environment or human 
health.  Should the slope fail during an earthquake the maximum travel distance of the failed 
mass can be calculated using the principle of conservation of mass and  a safety zone could be 
established through land use control (LUC) so that in case of a failure human life and facilities 
would not be at risk. A few meters of displacement of a sliding mass of dry, ore or rock will re-
sult in an unsightly but repairable damage if warranted.  A static or seismically induced flow 
liquefaction failure of saturated tailings for subgrades that poses a life-safety or environmental 
threat is by contrast not acceptable. This concept was discussed by Davies (Davies et al. 2002) 
through case-studies. 

2.4 Selection of Design Ground Motion, PGA or Target Spectrum 
There are two basic approaches to determining ground motions, the first one is based on a de-

terministic seismic hazard analysis (DSHA) and the second one is based on a probabilistic 
seismic hazard analysis (PHSA).   

DSHA uses the concept of the MCE is defined as the largest earthquake event that appears 
along a recognized fault or within a geographically-defined tectonic province, under the pres-
ently known or presumed tectonic framework.  In DSHA, little regard is given to the earthquake 
recurrence interval, which may vary from less than a hundred years to more than ten thousand 
years, depending on the geologic environment under consideration.  DSHA cannot be used to 
estimate the return period or probability of occurrence of specified earthquake ground motions. 

PSHA estimates the likelihood that specified earthquake ground motions will be exceeded 
during a specified duration. The likelihood of exceedance is determined based on the probabil-
ity of occurrence of all earthquakes at different locations on each significant seismic source that 
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may affect the site, and the rate at which ground motions attenuate away from the earthquake 
source.  The methodology involves computing the annual rate of events, n(A>Ao), of a ground 
motion parameter say the A, that exceeding a specified level, Ao.  The inverse of n(A>Ao) is the 
return period of such event. To convert the annual rate of events into the probability of being 
exceeded at least once in a period of t years, a Poisson earthquake recurrence probability model 
is often considered. The probability that the PGA A exceeds the value Ao in t years is given as:  

 
P(A>Ao|t)= 1-e-(n(A>Ao)t) 
 (1) 

From which the annual rate is given by: 
 
n(A>Ao)= -ln(1-P(A>Ao|t)/t (2) 
 

So for example the annual rate corresponding to the “10 percent probability that the PGA A ex-
ceeds Ao in 50 years” is calculated as: 

 
n = -ln(1-0.10)/50 = 0.0021/yr (3) 
 

from which the return period is calculated as T=1/0.0021 or 475 years. Using equations 2 and 3 
and the data gathered about each source it possible to calculate either the return period for a 
specific PGA levels or the PGA corresponding to a specific return period (500, 5,000, or 10,000 
years). 

The advantage of the probabilistic model is that it allows the consideration of different risks 
level associated with the phase in the life of the mine. In the same fashion as we can define dif-
ferent factors of safety we proven to define different seismic design criteria. In general, it is 
found that as the return period increases the calculated probabilistic peak ground acceleration 
tends to converge towards the value assigned to the deterministic MCE.  This is logical since 
the database used in both methods is the same and depends on the tectonics of the site.  

In California for the design of municipal solid waste landfill the concept of MPE has been in-
troduced. The MPE is defined as the maximum earthquake that is likely to occur during a 100-
year interval (80% probability of not being exceeded in 100 years) and shall not be less than the 
maximum historical event. This definition is hybrid and includes the concept of probability 
bounded by historical data (i.e. deterministic).  This design earthquake may apply to structures 
with a relatively short design life (e.g., 10 years) and that pose minimum potential threat to hu-
man life or the environment. The MPE is specifically incorporated in the Arizona BADCT 
manual, for example.  The California Division of Dam Safety, DSOD (Fraser & Howard 2002), 
for example, considers probabilistic considerations and the consequences of failure in their con-
sequence matrix to set the MCE requirements with respect to the use ground motion parameters 
in the range of the 50th and the 84th percentile values.   

For the long term, closure design, the post-closure stability of earthfill, the peak ground ac-
celeration in the range of the deterministic MCE, or the converging 5,000 or 10,000 year proba-
bilistic return period may be most appropriate, even if relatively steep operational slopes will 
require significant regrading to achieve the desired displacement ranges.  For the short-term or 
during the operation of the mine, a probabilistically determined design shaking level corre-
sponding to a lesser return period may be appropriate.  The choice can be based on the expected 
duration of the active phase at the mine.   

2.5 Approach 
The authors advocate using an appropriately executed limit-equilibrium deformation screening 
analysis, first, each and every time to establish baseline constraints and relative magnitude of 
cost implications of several design alternatives. They are relatively inexpensive and easily exe-
cuted, are proven and can always be verified for the final selected alternative with more costly, 
but not necessarily more comprehensive numerical models.  The configuration that would be 
deemed optimal for the operational, closure and post-closure phase may be evaluated.  For in-
stance, a steeper slope may be desirable for operation of a heap leach pad and may have to be 
regarded for long term (i.e. post-closure) stability.  However, if a failure long after the heap 
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leach pad is no longer an environmental hazard then LUC may be the best solution and let the 
failure occur if the long term design earthquake hit the facility. 

3 EXAMPLE APPLICATION 

3.1 Background  
As part of a new mine project a heap leach pad (HLP) will the built.  It is anticipated that the 
HLP will cover on area of 1,300 m by 700 m and with be up to 70 m high.  The mine is located 
in an area of high seismicity and is expected to be operated for 20 years.  The HLP and others 
permanent facilities must be designed to withstand the seismically induced deformation during 
operation with proposed 3:1 (H:V) side slopes and closure with proposed regarded sideslopes to 
4:1 

The HLP will be lined with a double-textured 60 mil LLDPE geomembrane underlain by a 
needle punch non-woven geosynthetic clay liner (GCL). The HLP foundation is inclined at ap-
proximately 2 percent along the long direction.  The HLP will be established on native alluvial 
soils with a deep water table.  The HLP will be constructed of ore (sandy gravel to gravelly 
sand) in loose to medium dense six-meter lifts.  The ore may be characterized by a minimal co-
hesion and a friction angle of 35 degrees. GCL and GCL/Geomembrane Interface shear testing 
indicates a large-strain drained strength that may be characterized by a friction angle of 14 to 16 
degrees and an adhesion of 0 kPa. The underlying alluvial soils are unsaturated, not liquefiable 
(due to significant depth to groundwater) and are characterized by friction angles in excess of 
35 degrees and a shear wave velocity in the upper 30 meters on the order of 365 m/s. 

3.2 Design ground motion 
Peak Ground Accelerations (PGA), evaluated by others, using DSHA and PSHA for the site and 
are reported in Table 1.  The median deterministic Maximum Credible Earthquake on the clos-
est active fault, located 400 m from the site of the HLP is characterized by a Moment Magni-
tude (Mw) 6.9 capable of generating a PGA on the order of 0.54 g.  

PGA values from the DSHA are reported for return periods ranging from 475 to 10,000 
years.  The 475 year and 2,475 year return period, typically used in probabilistic seismic design 
for municipal solid waste landfills in California as previously noted, correspond to events with 
a probability of occurrence of 10 percent in 50 years and 2 percent in 50 years respectively.  Of 
note in Table 1 is that the value of PGA estimated for the deterministic MCE is on the same or-
der of magnitude as those predicted for the probabilistically determined long return periods 
(5,000 and 10,000 years) as noted in the previous section confirming that the values predicted 
by the DSHA and PSHA methods do converge as time extents. 

A probabilistic spectral acceleration, Sa, was also determined for a period of 1.22 s corre-
sponding to a degraded period equal to 1.5 times the initial fundamental period of the HLP, 
evaluated in accordance with the Bray & Travasarou (2007) deformation analysis approach.  

 
Table 1. Estimated Ground Motion Parameters – Example Case 
  PGA (rock) PGA (soil) Sa(T=1s) Sa(T=2s) 
 Site   Vs30 = 365 m/s  5% damped,  5% damped,    
 Class “B”    Vs30 = 365 m/s  Vs30 = 365 m/s _____________________________________________________________________________ 
Probabilistic  
Return Period 
475 years 0.18 g  0.21 g 0.20 g 0.10 g 
1,000 years 0.26 g  0.30 g 0.26 g 0.13 g 
2,475 years 0.35 g  0.42 g 0.39 g 0.17 g 
5,000 years 0.48 g  0.53 g 0.54 g 0.24 g 
10,000 years 0.62 g  0.68 g 0.83 g 0.40 g 
Deterministic 
MCE      0.55 g 
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3.3 Seismic Performance Criteria 
A static FoS of 1.5 and pseudo-static FoS=1.15 represented the regulatory prescribed long term 
slope stability design criteria. For the short term exposure that is the operational phase of the 
HLP (20 years), a reduced factor of safety of FoS 1.3 was selected.  A design ground motion 
with a return period of 475 years and corresponding PGA=0.2g was determined to be appropri-
ate for operational conditions considering the less 20 year operating life of the HLP. Considera-
tion of consequences of failure (rupture of liner system) imposed on the project an acceptable 
maximum permanent seismic displacement design criteria of no more than 30 cm.   

For closure design, and the post closure life of the facility (500 to 1,000 + years), the regula-
tory prescribed static safety factor FoS=1.5, a pseudo-static FoS=1.15, and a maximum seismic 
displacement of 30 cm apply. The same maximum permanent seismic displacement less of  
more than 30 cm was used. The significant difference in closure design considerations, reflect-
ing the longevity of the facility was the consideration of a more significant design ground mo-
tion shaking level corresponding to the MCE, PGA=0.54g which nearly equals the 5,000 year 
return period. 

Figure 1 shows the seismic hazard curve for the 475 and 5,000 year return period.  The 
curves show that the probability of occurrence of the PGA corresponding to the 475 year event 
is on the order of 4 percent within the 20 year operational phase or a very low risk.  Designing 
for the 5,000 year event for the operational phase would lead to a probability of 0.4 percent but 
the slopes would have had to be at 4:1 because of the higher design PGA thereby affecting the 
economics of the heap leach pad.  
 

 
 
Figure 1 : Seismic hazard curves 
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3.4 Stability and Displacement Evaluations 
In order to evaluate variable site conditions, material parameters, and two slope geometry con-
figurations (3:1 and 4:1), a parametric study consisting of limit equilibrium slope stability anal-
yses were performed using commercially available computer software. The preliminary para-
metric seismic stability analysis involved evaluating FoS based on post-cyclic strengths and 
determining the yield accelerations. Using this yield acceleration, the permanent seismic dis-
placement was estimated by using the simplified Newmark sliding block methodologies dis-
cussed in section 2.2 of this paper and different seismic hazard.  The methods developed by 
Makdisi-Seed (1978) and as updated Bray and Travasarou (2007) were utilized and the results 
of the analyses are reported in Table 2. 
 
Table 2. Results of the analyses 
Mine Phase  Slope Static factor Safety  Permanent Seismic Displacement 
  Calculated Criterion  Calculated  Criterion  _____________________________________________________________________________ 
Operation 3:1   1.3 0  1.30 28 cm 30cm 
Post-Closure 4:1   1.52  1.50 22cm 30cm 
  
 
The results reported in Table 2 indicate that the stability criteria for the operational phase and 
post-closure phase of the HLP were met and therefore two configurations of the HLP are ac-
ceptable optimizing the financial return by allowing for a relatively steep slope for leaching 
which will be regarded upon cessation of operations to provide long term stability. 

4 CONCLUSIONS 

A screening analysis, although sometimes criticized as “simplistic” or “old-fashioned” in light 
of the ever increasing computational capabilities and upgraded interfaces of the state-of-the-art 
numerical models, provides a valuable and valid tool for informing engineering judgment and 
providing both designer and owner with timely, cost-effective and reliable basis for making sig-
nificant economic impact decisions.  Using a deformation based approach and incorporating the 
notion of acceptable risk, alternative design scenarios can be selected based on both operational 
and short-term costs (capital versus operating budgets) and long-term stability considerations. 
The screening analysis provides the designer with the ability to evaluate risks and focus on un-
certainties in fundamental parameters (foundation or materials characterization) and resolve 
these before launching into a costly numerical model.   

In the example presented, considerations of different exposure risk in selecting the earth-
quake ground motion and different factors of safety based on the duration of each phase of the 
economic life of mine allowed for an optimum slope inclination for each of those.  For instance 
stacking the ore at a 3:1 slope benefits leaching and therefore optimizes the financial return.  
Because the duration of this phase is relatively short (20 year or so) the 475-year return period 
event for the seismic evaluation of the slope is adequate. By contrast for the long term post clo-
sure stability the slopes need to be regraded to a 4:1 inclination to meet the stability require-
ments and sustain the acceleration generated by the maximum credible earthquake. 

5 REFERENCES 

Arizona BADCT – Arizona Mining Guidance Manual Best Available Demonstrated Control 
Technology, Arizona Department of Environmental Quality, Publication # TB-04-1. 

Augello, A.J.,Matasovic, N. Bray, J.D., Kavazanjian, E., Jr., and Seed, R.B. (1995), “Evaluation 
of Solid Waste Landfill Performance During the Northridge Earthquake”, In: Earthquake 
Design and Performance of Solid Waste Landfills, American Society of Civil Engineers,  
Geotechnical Special Publication, No. 54, pp. 17-50. 

Dry stack/paste

544



Bray J.D. and Travasarou T. (2007), “Simplified Procedure for Estimating Earthquake Reduced 
Deviation Slope Displacements”, Journal of Geotechnical and Geoenvironmental Engineer-
ing,  American Society of Civil Engineers, Vol. 133, No. 4, April, pp. 381-392. 

Breitenbach A.J and Thiel R.S., (2005), “A Tale of Two Conditions: Heap Leach Pad versus 
Landfill Liner Strengths”, Conference Proceedings of Geosynthetics 2005, Industrial Fabrics 
Association International (IFAI), Las Vegas, Nevada, December 2005. 

Davies, M., McRoberts, E. and Martin, T. (2002) “Static Liquefaction of Tailings Fundamentals 
and Case Histories”, AMEC, Earth and Environmental: 23 

Fraser, W. and Howard, J. (2003) “"Guidelines for Use of the Consequence-Hazard Matrix and 
Selection of Ground Motion Parameters ", Presented at the Association of Engineering Ge-
ologists Annual Meeting, Vail Colorado, September 15-21, 2003 

Kavazanjian, E. (1999),”Seismic Design of Solid Waste Containment Facilities”, Proceedings 
of the Eighth Canadian Conference on Earthquake Engineering, Vancouver, BC, Canada, 
June, pp. 51-89. 

Kavazanjian E., Jr. and Matasovic N. (2001), “Seismic Design of Mixed and Hazardous Waste 
Landfills”, State of the Practice Paper, Fourth International Conference on Recent Advances 
in Geotechnical Earthquake Engineering and Soil Dynamics, San Diego, March. 

Makdisi, F.I., Seed, H.B. (1978), “Simplified Procedure for Estimating Dam and Embankment 
Earthquake-Induced Deformations”, Journal of Geotechnical Engineering Division, Ameri-
can Society of Civil Engineers, Vol. 104, No. GT7, pp. 849-867. 

Matasovic, M. and Kavazanjian, E. Jr. (2006), “Seismic Response of a Composite Landfill 
Cover”,  Journal of Geotechnical and Geoenvironmental Engineering, American Society of 
Civil Engineers, Vol. 132, No.4, pp. 448-455. 

Nevada Bureau of Mining Regulation and Reclamation (1994) “Stability Requirements for 
Heap Leach Pads “, Technical note, April 22. 

Newmark, N.M. (1965), “Effects of Earthquakes on Dams and Embankments”, Geótechnique 
15, No. 2, pp. 139-160. 

Saygili G. and Rathje E.M (2008), “Empirical Predictive Models for Earthquake Induced Dis-
placements of Slope”, Journal of Geotechnical and Geoenvironmental Engineering, Ameri-
can Society of Civil Engineers, Vol. 134, No. 6, June, pp.790-803 

Seed, H. B., Martin, G. R. (1966), “The Seismic Coefficient of Earth Dam Design”, Journal of 
the Soil Mechanics and Foundations Division, American Society of Civil Engineers, Vol. 92, 
No. SM3, Proceedings Paper 4824, pp. 25-48 

Seed H.B. (1979), “Considerations in the Earthquake – Resistant Design of Earth and Rockfill 
Dams,” Geotechnique, No. 29, No. 3, pp. 215-263. 

SEMARNAT (Secretaria de Media Ambiante y Recursos Naturales), “Norma Oficial Mexicaa”, 
NOM-155- SEMARNAT-2007 Diaro Oficial de la Federacion, January 15. 

 
 

 
 
 

Proceedings Tailings and Mine Waste 2012  |  Keystone, Colorado, USA  |  October 14-17, 2012

545



546



1 HISTORY AND BACKGROUND 

The Keno Hill District, located in central Yukon, is a high-grade silver mining district that has 
been subject to development since the early 1900’s. District development was initially conduct-
ed by a number of small mining companies that constructed small towns to support their opera-
tions. The district was later consolidated by United Keno Hill Mines Ltd. (UKHM) to become 
the second largest silver producer in North America and the fourth largest in the world during 
the late 1950’s. UKHM was eventually forced into bankruptcy in 1989 due to the fall of metal 
prices. The property was declared abandoned in 2001. 

In 2005 Alexco Resource Corp. (Alexco) purchased the assets of UKHM in an agreement 
with the Governments of Yukon and Canada. The agreement required Alexco to develop a Dis-
trict closure plan for the historical mines, but also allowed for the company to re-open old 
mines for production. In 2009, Alexco began construction of the Bellekeno Mine and District 
Mill. The commissioning of the mine and mill were completed in January 2011, and full pro-
duction at an initial milling rate of 250 tonnes per day commenced. 

EBA, A Tetra Tech Company (EBA), has completed work in the District since 1980. EBA 
assisted Alexco with mill and tailings location decisions and prepared the design of the Dry 
Stack Tailings Facility (DSTF). EBA currently monitors the construction and physical perfor-
mance of the DSTF. 

This paper summarizes the design of the DSTF with particular reference to the effects of 
“warm” ice-rich permafrost in the foundation soils. 
 

Ice-rich permafrost considerations for the design of a dry stack 
tailings facility, Bellekeno Mine, Keno City, Yukon, Canada 

J.T. Pigage, P.Eng and J.R. Trimble, P.Eng, FEC 
EBA, A Tetra Tech Company, Whitehorse, Yukon, Canada 

S.C. Davidson, P.Geo (BC, NT/NU) 
Access Consulting Group, Whitehorse, Yukon, Canada 

 

ABSTRACT: Alexco Resource Corp. is operating a silver, lead, and zinc producing mine in the 
historic Keno Hill District of central Yukon, Canada. Tailings are dewatered at the final stage 
of the mill circuit. Dewatered tailings are placed and compacted using conventional earth mov-
ing equipment in a dry stack tailings facility (DSTF) designed by EBA, A Tetra Tech Company 
of Whitehorse, Yukon. The mine lies within the discontinuous permafrost zone of Canada’s 
north, and geotechnical drilling has confirmed the presence of “warm” ice-rich permafrost with-
in a portion of the foundation soils for the DSTF. This paper discusses the innovative solutions 
incorporated into the design of the DSTF to address the expected thaw of ground ice, dissipa-
tion of pore water from melted ice, and the subsequent settlement of formerly ice-rich perma-
frost foundation soils. Instrumentation data from installed ground temperature cables and slope 
inclinometers collected to date are also discussed, along with observations regarding the initial 
performance of the DSTF. Recommendations for the design and monitoring of future facilities 
in ice-rich permafrost regions are also presented. 
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Figure 1. Historic mine cart in Keno Hill District 

2 DRY STACK TAILINGS 

Filter presses in the mill produce tailings with a gravimetric moisture content of approximately 
12%, which allows conventional earth moving equipment to haul, place, and compact the tail-
ings. Despite the additional energy required to extract moisture, dry stacking of tailings has a 
number of benefits. Containment of the tailings can be achieved without the construction and 
maintenance of a retention dam, the tailings can be placed on hillsides or uneven terrain that 
would be unsuitable for conventional tailings placement, and the footprint of a DSTF is typical-
ly smaller than a conventional tailings facility of equal capacity. 

The compacted nature of the placed tailings minimizes the infiltration of water and oxygen, 
reducing the potential for neutral metal leaching of zinc and other metals of concern. The 
smaller footprint of the DSTF reduces the area of disturbance. The lack of a tailings dam reduc-
es the risk and consequences of re-mobilization of tailings, reducing potential adverse effects on 
the surrounding environment. 

3 DSTF DESIGN ASSUMPTIONS 

The design of the DSTF at the Keno Hill District Mill Site is based on the following assump-
tions: 
 Tailings specific gravity of 3.95; 
 10% of the porewater in the DSTF will drain out of the pile in the long term; and 
 The DSTF foundation must be flexible enough to accommodate thaw settlement of ice-rich 
foundation soils. 

4 GEOTECHNICAL INVESTIGATIONS 

Investigation of the subsurface conditions at the DSTF location was conducted in three inde-
pendent geotechnical programs executed by EBA. 

The preliminary geotechnical investigation was completed in May 2009 and consisted of ex-
cavating nine testpits throughout the DSTF site. The testpits indicted two distinct soil zones 
within the footprint of the facility. Part of the DSTF was to be founded on glaciofluvial gravel 
underlain by shallow bedrock and part on silt till of unknown thickness. The silt till was ob-
served to be frozen with varying amounts of visible ground ice. 

The detailed geotechnical investigation was completed in September 2009 and consisted of 
advancing nine boreholes near the DSTF location with a mini-sonic drill rig. The detailed ge-
otechnical investigation attempted to further delineate the two soil zones identified during the 
preliminary geotechnical investigation. Subsurface information collected during the detailed 
geotechnical investigation formed the basis of the detailed DSTF design. 
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The confirmatory geotechnical drill investigation was completed in September 2010 to verify 
assumptions made in the DSTF design with respect to ground conditions within the facility 
footprint. Ten boreholes were drilled using a track mounted air-rotary drill rig. The subsurface 
conditions encountered during the confirmatory drill investigation revealed four distinct soil 
zones. A brief summary of each zone is included below and the assumed extent of each zone in 
relation to the DSTF footprint is shown in Figure 3. 
 Shallow bedrock - Unfrozen sand and gravel (till) underlain by bedrock within the top 4.5 m 

(shown as blue in Figure 3). 
 Ice-rich silt – Varying depths of ice-rich silt till (shown as yellow in Figure 3). 
 Massive ice – Varying thicknesses of alternating massive ice and ice-rich silt till (shown as 

red in Figure 3). 
 Gravel – Frozen and unfrozen gravel underlain by bedrock (shown as green in Figure 3). 

 

 
Figure 2. Geotechnical investigation at DSTF with 
air-rotary drill rig 

 

 
Figure 3. DSTF site plan showing assumed subsurface conditions 
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Figure 4. Ice-rich silt 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Massive ice split spoon sample 

5 SOIL TESTING 

Laboratory tests were conducted on recovered samples from the testpitting and drill programs, 
and on tailings samples provided by Alexco. The following tests were completed: 
 Moisture Content 
 Particle Size Distribution 
 Moisture Density 
 Direct Shear 

The direct shear results shown in Table 1 were used in slope stability modeling. 
 

Table 1. Tailings strength parameters _____________________________________________________________________________________________ 
Description      Peak Strength         Residual Strength            _________________________________   __________________________________ 
       Cohesion (kPa)     Cohesion (kPa)  Friction  _____________________________________________________________________________________________ 
Tailings       34      33        11      32 _____________________________________________________________________________________________ 
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6 DESIGN 

6.1 Geothermal Analysis 
A geothermal analysis was carried out to investigate the long-term impact of dry stack tailings 
placement on the thermal regime of the underlying original ground within the DSTF footprint 
under varying climatic conditions, including a climate change scenario (global warming). 

Analyses were carried out using EBA’s proprietary two-dimensional finite element computer 
model, GEOTHERM. The model simulates transient, two-dimensional heat conduction with 
change of phase for a variety of boundary conditions. The heat exchange at the ground surface 
is modeled with an energy balance equation considering air temperatures, wind velocity, snow 
depth, and solar radiation.   

Climate data for the analysis was based on long term climate data recorded at the Mayo and 
Galena Hill weather stations. Estimates of climate change magnitudes were obtained from a re-
cent report prepared for the Canadian Standards Association (CSA) and The Adaptation and 
Impacts Research Section (AIRS) of Environment Canada (CSA, 2010). 

The geothermal model was calibrated to the measured ground temperatures at the site. The 
analysis predicted that the frozen overburden and ice would thaw in approximately 50 years. 

6.2 Thaw Consolidation 
Construction of the DSTF involves placing and compacting relatively warm tailings on relative-
ly cold ground. This will change the thermal equilibrium that exists on the site and could accel-
erate thaw of the existing permafrost. 

Thaw-consolidation testing was conducted on samples of undisturbed ice-rich permafrost re-
covered during the detailed geotechnical investigation. An average coefficient of consolidation 
value, Cv=0.0014 cm2/s was determined using standard consolidation theory. This Cv value is 
low and accounts for volume changes due to melting ice within the soil profile. An assumption 
in thaw-consolidation theory is that drainage is not impeded from the top of the consolidating 
layer. The 0.5 m thick gravel drainage blanket, which forms a portion of the DSTF foundation, 
sufficiently fulfills this condition. The potential for differential settlement under the DSTF ex-
ists. This may create localized pockets of elevated porewater pressure but this should not affect 
overall stability of the pile. Furthermore, the entire site slopes toward free draining gravel at the 
toe of the pile. 

Using a Cv of 0.0014 cm2/s and a rate of thaw of 1.2 m over four months, the anticipated ex-
cess porewater pressure generated is Ru=0.35. This value was used in slope stability calcula-
tions, where appropriate. 

6.3 Liquefaction 
A liquefaction assessment was carried out to determine if the DSTF is susceptible to liquefac-
tion under earthquake loading.  The dry stack tailings themselves are not considered to be high-
ly liquefiable since they are expected to be drained and unsaturated.  The assessment was car-
ried out on the foundation soils.  The assessment was conducted using the NCEER SPT-based 
method (Youd et al. 2001).   

The geotechnical investigations indicated that foundation soils beneath the DSTF are sand 
and gravel, silt (ice-rich) or silt (till).  The liquefaction assessment is a function of the soil den-
sity as measured by the standard penetration test (SPT) N-value of the soils.  N-values in the 
frozen (permafrost) soil zones were not included.  N-values near the DSTF in unfrozen over-
burden soils ranged from 12 to 36.  An N-value of 12 was used in the liquefaction assessment. 

Based on the thermal analysis results, the ice-rich silt or silt till soils in the existing perma-
frost will thaw gradually during mine operation and post-closure. It is expected that the silt or 
silt till soils will consolidate with time once thawed; a summary of the liquefaction assessment 
is presented in Table 2. 
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Table 2. Liquefaction Assessment 

Soil Profile and Properties  Moment Magnitude 
of Earthquake, MW 

Calculated Factor of Safety 
against Cyclic Liquefaction 

9 m dry-stacked tailings, 0.5 m gravel drainage 
layer; water table at 0.5 m below the original 
ground 

7.0 1.45 

7.5 1.22 

8.1 1.00 

0.5 m gravel  drainage layer; ground water table 
at 0.5 m below the original ground surface 

7.0 1.54 
7.5 1.29 
8.3 1.00 

SPT N-value of 12 assumed for liquefaction assessment 
Peak horizontal acceleration at ground surface of 0.138g assumed for liquefaction assessment 
 

Under the design peak horizontal acceleration of 0.138 g, the calculated factor of safety (FS) 
against cyclic liquefaction ranges from 1.2 to 1.5 for high earthquake magnitudes (7.0 and 7.5). 
The FS is greater than or equal to 1.0 when the magnitude of earthquake is below 8.0 for the 
foundation soils. This is considered an extreme event with a low risk of occurring near the mine 
site. The consequence of liquefaction is expected to be limited movement and cracking of the 
DSTF as opposed to a catastrophic collapse. Given the extreme event and consequence of fail-
ure there is low risk of a significant failure event due to liquefaction. 

6.4 Slope Stability 
The stability of the DSTF was determined using Geostudio 2007 – Slope/W module. The DSTF 
slopes were analyzed in several different conditions, including during construction and after 
closure activities in both static and pseudo-static scenarios. The stability of the DSTF was ana-
lyzed along two sections in three scenarios: 
 Permafrost 
 Permafrost thawed to 1.0 m depth 
 Permafrost fully thawed 

Table 3 summarizes the material parameters for the six material types used in the slope stability 
model. 

 
Table 3. Slope Stability Model - Material Properties 

Material Description Unit Weight 
(kN/m3) 

Frictional Strength Non-Frictional Strength 
Cohesion 

(kPa) 
 cu (kPa) 

Bedrock Bedrock is considered impenetrable in this model 
Frozen ice-rich silt 11.8 0 30° 50 
Thawed silt 19.1 0 30° N/A 
Tailings 22.5 0 32° N/A 
Gravel 24.0 0 35° N/A 
Cover 21.1 0 30° N/A 

 
All soils are expected to behave as frictional materials under short-term loading conditions; 

these are modeled in the drained state. Short-term loading is considered to be during construc-
tion of the pile or during any pseudo-static analysis. 

All soils, except for the frozen ice-rich silt, are also expected to behave as frictional materials 
during long-term loading conditions.   

6.4.1 Permafrost fully frozen 
This scenario is intended to model the condition where the tailings have been placed and the 
underlying soils have remained frozen. The factor of safety against long-term slope instability 

Dry stack/paste

552



was determined using the long-term strength of ice-rich silt. This is considered a conservative 
lower bound strength assumption. 

6.4.2 Permafrost thawed to 1.0 m depth 
This scenario is intended to model the condition where the tailings are placed and the underly-
ing soils have thawed 1.0 m in four months. This rate of thaw is relatively quick, and was de-
termined assuming that the tailings would remain at +20°C for four consecutive months. The 
porewater pressure developed due to this rate of thaw is Ru=0.35. This is considered an upper 
bound for thawing of the ice-rich silt. Any thaw beyond this initial 1.0 m will occur at a much 
slower rate. The slower rate of thaw will allow porewater to dissipate prior to developing ex-
cess porewater pressures. 

6.4.3 Permafrost fully thawed 
This scenario is intended to model the anticipated long-term condition where the tailings are 
placed and the underlying soils have fully thawed and consolidated. Due to the rate of thaw, no 
excess porewater pressure is anticipated. This should be considered a reasonable approximation 
of the long-term state of the DSTF. 

6.4.4 Stability results 
The factors of safety determined for each of the above cases are summarized in Table 4. Fig-
ure 6 shows a typical slope stability model for the DSTF including the predicted failure wedge 
and corresponding factor of safety. 

 
Table 4. DSTF Slope Stability Factors of Safety 

Stability Conditions Recommended 
Factor of Safety 

DSTF Calculated Factor of Safety 
Fully 

Frozen 
1.0 m 

Thawed 
Fully 

Thawed 
 
Stability of Surface 
 

    

Short-term (during construction – static) 1.0 1.8 1.6 N/A 
Long-term (after closure – static) 
 

1.1 1.9 1.6 1.6 

Deep Seated Stability 
 

    

Short-term (during construction – static) 1.3-1.5 2.0 1.9 N/A 
Short-term (during construction – pseudo-static) 1.1-1.3 1.3 1.3 N/A 
Long-term (after closure – static) 1.3 1.4 1.4 2.0 
Long term (after closure – pseudo-static) 1.1-1.3 1.3 1.2 1.4 
Recommended factors of safety obtained from Mined Rock and Overburden Piles Investigation and De-
sign Manual (Piteau, 1991) 
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Figure 6. DSTF slope stability model showing predicted failure wedge and corresponding factor of safety 

7 DESIGN RECOMMENDATIONS 

Portions of the DSTF are constructed over ice-rich silt permafrost. Special considerations were 
made in the design of the DSTF foundation to account for these unique conditions. The DSTF 
foundation consists of a gravel drainage blanket, a geosynthetic clay liner, and geocomposite 
drain. The foundation components are summarized in the following sections. 

 

 
Figure 7. DSTF – gravel drainage blanket, geosynthetic 
clay liner, geocomposite drain, tailings 

7.1 Gravel drainage blanket 
The gravel drainage blanket is a 0.6 m layer of gravel constructed over the undisturbed existing 
organic cover. The drainage blanket is designed to allow any water generated from thawing 
permafrost beneath the DSTF to drain from below the facility. It also provides an acceptable 
surface for placement of the remaining foundation components. 

7.2 Geosynthetic clay liner 
The geosynthetic clay liner (GCL) is designed to prevent tailings and tailings porewater from 
infiltrating the coarser gravel drainage blanket below. The GCL consists of a layer of bentonite 
clay sandwiched between two layers of geotextile. GCL was selected because it will tear instead 
of deforming if long term settlement occurs. A deformed liner has the potential to introduce 
failure planes within the foundation of the DSTF. 
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7.3 Geocomposite drain 
The geocomposite drain is designed to alleviate any porewater pressure buildup in the tailings 
stack. It will provide a pathway for seepage water to the toe of the DSTF where it can be col-
lected. The geocomposite drain is a sheet of geo-net placed directly on the GCL with a layer of 
nonwoven geotextile above the geo-net. The tailings are then placed and compacted directly 
over the nonwoven geotextile. 

8 INSTRUMENTATION 

Ground temperature cable (GTC) readings have been collected since November 2009 and slope 
indicator (SI) readings since September 2010 at the DSTF. Ongoing GTC and slope indicator 
readings provide a baseline for the site and monitor any changes to the ground temperature re-
gime or slope movement during DSTF construction and operation. 

Three SI’s have been installed along the final toe of the DSTF and are monitored during rou-
tine inspections every six weeks. Each SI is installed through an area of ice-rich silt or massive 
ice into bedrock. If the tailings begin to melt the permafrost foundation soils of the DSTF, the 
resulting slope movements should be detected in the SI readings. Slope movement information 
can be used to refine the final shape of the DSTF to further limit the risk of slope failure. 

Six GTC’s have been installed around the perimeter of the DSTF and are monitored during 
routine inspections every six weeks. A temperature profile for the permafrost foundation soils 
of the DSTF is determined from the GTC readings. If the tailings begin to melt the permafrost 
foundation soils, a change in temperature should be observed in the GTC readings. The ground 
temperature profile will indicate a degradation of permafrost, or thickening of the active layer. 
Figure 8 shows a typical ground temperature profile for below the DSTF. 

 
Figure 8. Ground temperature profile below DSTF 
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9 CONSTRUCTION MONITORING 

Adequate compaction of the DSTF is crucial to the overall performance of the facility. Improp-
erly compacted material can compromise the overall stability of the pile, leading to possible 
failure. Inadequate compaction can also result in surface water migration into the pile, increas-
ing porewater pressure and reducing the frictional strength of the tailings. Finally, proper com-
paction is essential in preventing surface erosion. 

Tailings are placed and compacted daily within the DSTF in lifts no thicker than 300 mm. 
The tailings are compacted to at least 95% of the maximum dry density using standard effort. 
Compaction testing is completed every six weeks using a nuclear densometer. 

 

 
Figure 10. DSTF compaction testing 

10 SUMMARY OF PERFORMANCE 

Although the DSTF is still under construction, it has performed in accordance with the design 
assumptions and modeling. No indications of slope instability have been noted in the SI read-
ings, and no significant thickening of the original active layer under the DSTF has been detect-
ed in the GTC readings. 

11 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE DSTF DESIGN ON ICE-
RICH PERMAFROST 

Conditions within the discontinuous permafrost zone of Canada’s north are complicated and 
continuously changing. Confidence in the stability of a DSTF founded on permafrost comes 
from minimizing the impact the facility has on the permafrost foundation. Ground temperatures 
are a quantitative indicator of the effects of the DSTF on the permafrost foundation. When con-
sidering a DSTF on permafrost it is important to gather site specific ground temperature data 
prior to construction to separate the effects of DSTF construction and operation from natural 
trends in permafrost temperatures. The GTC’s should be installed within, or as close to, the 
proposed facility footprint as early in the design process as possible. The longer the background 
conditions are monitored prior to construction, the more precise the design assumptions can be-
come. 

Reading ground temperature cables manually requires a significant investment of time, espe-
cially for those at remote mine locations. Data can be collected in a more continuous and cost 
effective manner if a remotely accessible data logger is installed. Such devices should be con-
sidered when designing facilities in remote locations that will require monitoring for extended 
periods of time. 
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I INTRODUCTION 
1.1 Tailings Rheology 
A rheological description of mine tailings sheds light on the material’s flow behaviour.  This in-
formation is commonly applied to aspects of tailings transport systems including pump selec-
tion and pipeline or launder design; however, less emphasis has been placed on using rheologi-
cal methods to characterize and predict the overland flow and depositional behaviour of tailings 
once it has left the pipe.  The study of flow is an important concept with broad applicability to 
tailings management, and more generally to design challenges for extractive industries (Nyugen 
& Boger, 1998; Boger, 2009).   
 As designers trend away from slurries with water-like behaviour, rheology plays an ever 
important role.  In the realm of thickened tailings, where fluids adopt solid-like behaviours as 
transitional materials, rheology plays a crucial role in overland flow and deposit formation.  For 
operators with sub-aerial tailings facilities to manage, an understanding of the flow and deposi-
tional behaviour of the tailings is essential.   

Pahoehoe to paste: Rheological field methods for characterizing 
overland tailings flow behaviour 

L.E. Charlebois 
Robertson GeoConsultants Inc., Vancouver, BC, Canada 

ABSTRACT: A rheological description of mine tailings sheds light on the material’s flow be-
haviour.  In the realm of thickened tailings, where fluids adopt solid-like behaviours as transi-
tional materials, rheology plays a crucial role in overland flow and deposit formation.   
Beyond laboratory measurements, rheological behaviours may be ascertained using fast and 
simple methods that are readily applied in the field. 
 The modified slump test and the so-called bucket rheometer are highlighted as two such 
techniques applicable to mine tailings.  Furthermore, techniques borrowed from earth sciences, 
including volcanology, may provide additional tools for describing the overland flow of com-
plex, viscous fluids.  Simple measurements like flow velocity and flow depth provide an indica-
tion of material viscosity, while the geometry of channel levees may provide an estimate of 
yield strength.   The change of rheology can be measured as a function of distance travelled or 
time flowing by making measurements at intervals down the deposit for any given flow event.  
The change in rheology as a function of distance may result in variation in deposit geometry 
and deviations from expected performance in terms of dewatering and strength gain. 
 The use of field measurements allows for rapid quality control during operations, giving an 
indication of plant performance, and insight for future planning of tailings deposition. The field 
methods summarized in this paper are theoretically and empirically validated and have been 
applied to a variety of materials by previous authors.  The techniques are simple and easily 
adopted by planners, technical staff, and field operators who may have minimal or no back-
ground in rheology. 
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Beyond laboratory measurements, rheological behaviours may be ascertained using fast and 
simple methods that are readily applied in the field.  Practitioners have developed and refined 
field methods for quantifying tailings rheology in the field (Pashias & Boger, 1996; Fisher et 
al., 2007; Boger, 2009). Though the use of these simple “field” methods comes with limitations, 
we propose that the uncertainty associated with the measurements is commensurate with the 
range of variability of material behaviour due to process and operational conditions.  The use of 
field measurements allows for rapid quality control during operations, giving an indication of 
plant performance, and insight for future planning of tailings deposition. 

1.2 Why Field Data Matters 
Laboratory testing is rather well established, standardized, semi-automated (in many cases) and 
produces reliable results.  So why, you might ask, would one need rheological data from the 
field?  We propose several advantages to field-scale testing in this section. 

First, scale is of tremendous significance.  Much as a hydrogeologist demands that her sub-
surface model comprises a representative elementary volume (“REV”) such that the heterogene-
ity of the subsurface is accounted for in her model, the diligent rheologist must insist that meas-
urements of flow behaviours respect the internal structure and external forces associated with 
the flow of concentrated suspensions.  The complexity of scale-dependence is compounded 
when additional processing is encountered – flocculation and thickening – and macrostructures 
are created in what was once a relatively homogenous (though maybe segregating) slurry.  Ob-
servations at the scale of field flows demonstrate the variability and spectrum of flow behav-
iours and material characteristics otherwise missed in matrix-driven laboratory testing, however 
methodical in design. 

Second, the field scale amplifies factors such as moisture loss through evaporation, bleed wa-
ter release and energy losses due to natural boundary conditions (e.g. lubrication along the 
channel wall or friction due to segregating particles) - factors which may be negligible or unde-
tected at the scale of a laboratory test.  Thus the observation of field flow is the only true meas-
ure of flow behaviour as influenced by natural physical processes.  

Though the use of these simplistic field methods comes with limitations, we propose that the 
uncertainty associated with the measurements is commensurate with the range of variability of 
material behaviour due to process and operational conditions. 

2 COMMON RHEOLOGICAL PARAMETERS OF INTEREST 
2.1 Measurement overview 
The measurement of flow behaviour is termed rheometry and employs a variety of equipment, 
from bench rheometers, to viscometers, to simple inclined planes. More recently has MRI-based 
technology and other non-invasive methods been developed to study the internal structure and 
flow behaviour of complex fluids (Coussot, 2005). 
The goal of the most common and valuable rheometric studies is to define the relationship be-
tween the rate of shearing of a fluid and the measured shear stress – in effect, how much force 
or energy is required to move a fluid at a given rate.   
Several important parameters are derived from such investigations – these are described in the 
following sections. Other parameters (storage moduli for instance) carry value but are not easily 
measured in the field and fall beyond the scope of this paper.  
2.2 Viscosity 
Viscosity is simply the ratio of shear stress divided by shear rate, or more generally the slope of 
the flow curve.  For a simple (“Newtonian”) fluid this slope will be constant, hence the viscosi-
ty is constant over any range of shear rate.  For mine tailings, however, this is likely not the 
case.  Most often, the tailings will exhibit a non-linear, non-Newtonian behaviour such that the 
slope of the flow curve decreases with increased shear rate (thus the flow curve flattens at high-
er shear rates).  Consequently, the viscosity of most tailings will decrease with increased shear 
rate (shear thinning) – put another way, increase the rate at which the tailings are flowing and 
generally you will decrease its viscosity.  
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Figure 1. Flow curves for a Newtonian and non-Newtonian fluid as derived from discrete data points. 

 
 
When the fluid viscosity is a function of shear rate, rheologists prefer the term apparent viscosi-
ty.  Distinction is also drawn between dynamic and kinematic viscosity, the latter simply being 
the former divided by the fluid density. Dynamic viscosity is more commonly used in design 
and casual conversation. 

The inverse of viscosity is fluidity.  Thus a fluid with high viscosity has low fluidity and will 
tend to resist flow. 

2.3 Yield stress 
In a Newtonian fluid, such as water, the viscosity is fixed (or nearly so over a wide range of 
shear rates) and the shear stress approaches zero as the shear rate approaches zero.  Thus the 
flow curve for such a fluid resembles a straight line with positive slope and an intercept equal to 
zero. 

For mine tailings, and more generally for concentrated mineral suspensions, the flow curve 
intercept is typically not zero.  The implication is that some minimum shear stress must be 
overcome for the fluid to flow and attain shear rates greater than zero.  This minimum shear 
stress is referred to as the yield stress.   

The true definition of the yield stress is actually not so straightforward, especially when vis-
cosity is not constant.  The problem results from extrapolating a tangent to the non-linear curve 
back to the shear stress axis.  Some argue that this is not the “true” yield stress.  For relative 
comparison of materials (i.e. 50% solids versus 60% solids), yield stress is a suitable metric; 
however, the flow curves should be interpreted in the same way to ensure comparable yield 
stress values. Figure 2 shows two different interpretations of yield stress. 
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Figure 2. Two different interpretations of yield stress based on one flow curve. 
 

2.4 Time-dependent behaviours 
When a sample of mine tailings is continuously sheared over a period of time it will tend to see 
a reduction in both apparent viscosity and yield stress.  Such behaviour is termed thixotropy.  
This phenomenon results from restructuring of the entrained particles and internal structures of 
the fluid.  Generally, after a period of rest the fluid will return to, or approach its original condi-
tion. 

3 FIELD METHODS 
3.1 Slump test 
The slump test is a familiar tool for concrete workers, construction supervisors, and civil engi-
neers – it has also crept into tailings vocabulary as well, particularly with the advent of thick-
nened and paste tailings which are capable of holding solid-like forms.  The value of this job-
site test lies in its simplicity, transparency, and the reproducibility of results.   
The slump test exploits the well-understood behaviour of an unconfined soil-like material yield-
ing under self-weight.  In the traditional test, the geometry of the initial test volume is standard-
ized by use of a standard cone (ASTM C143M-10a).  The deformation of the test volume is 
measured after the mass is released from the confining cone.  The change in geometry of the 
soil volume – namely the decrease in height – relates to the shear strength of the specimen. 

While the standard cone has been used for many decades in the construction industry, modi-
fied cones – rather cylinders – have been used for the study of tailings behaviour (Clayton et al., 
2003).  The dimensions and proportions of these modified slump cones vary in the literature.  
This author has had good success in correlating slump test results to direct yield stress meas-
urements using a vane rheometer as described in Section 3.2. Figure 3 shows a simple field 
slump test set-up where the density is also ascertained using a laboratory grade balance. 
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Figure 3. Simple, modified slump test set-up for field rheology.  Balance used for bulk density determina-
tion. 
 

Furthermore, a recent variant called the slump flow test (ASTM C1611M) has been devel-
oped for self-consolidating concrete.  This test provides an indication of the unconfined flow 
potential and a measure of viscosity (Section 2.2) by incorporating the time dimension into the 
analysis.  To the author’s best knowledge, this test procedure has yet to be applied to mine tail-
ings. 

3.2 Vane rheometry 
Vanes are simple instruments, typically with four orthogonally arranged blades (rectangular in 
cross-section) with an assembled length-to-diameter ratio in the neighbourhood of 2:1.  Coupled 
with a torque read-out and a method of controlling the rate of rotation (either mechanically, or 
manually by a skilled operator) the shear vane, as it is commonly called, provides a reliable and 
reproducible measurement principle. The advantage of the vane geometry is well documented 
for use in concentrated granular suspensions such as mine tailings (Coussot, 1997; Coussot, 
2005, Fisher et al., 2007; Boger, 2009).  Furthermore, better than any other rheometric princi-
pal, the vane geometry lends itself to applications where mine tailings dewater, desiccate, and 
consolidate to form true geotechnical materials – soils.  By using the vane to measure rheology, 
and subsequently to characterize those geotechnical parameters that drive design and decision 
making – namely shear strength and sensitivity – the same measurement principle is carried 
over the continuum of material behaviour from water-like slurry to soil-like deposits of matured 
tailings.  Hence the interpretation of such results is simplified and universally salient to process 
engineers and geotechnical engineers alike. Figure 4 shows a simple, manual vane rheometry 
for field rheology monitoring. 
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Figure 4.  Manual vane for rheological field monitoring.  Vane diameter is 150 mm. 

3.3 Field-scale flow monitoring 
Based on field experience and previous success, we propose several key flow monitoring strate-
gies for compiling a rheological understanding of flowing tailings in a field-scale environment.  
Of course, the collection of such data requires that at least field-scale testing is undertaken and 
the author indeed recommends this as a prudent course of action.  The methods described herein 
refer to a sub-aerial deposition scheme into semi-confined paddocks where the tailings flow in 
self forming channels and occasionally as sheets. 

3.3.1 Flow velocity & geometry 
 
Bulk flow velocity is easily estimated using the free surface velocity – for relatively shallow 
flows of yield stress fluids the free surface velocity will not differ significantly from the bulk 
flow velocity.  Physical tracers (floating “pucks” or other highly visible objects) can be placed 
in the centerline of the flow for timing the movement of a channel or sheet flow across a deposi-
tion area.  It is advantageous to install vertical measuring rods along the anticipated flow path 
so that linear travel distance can easily be estimated by the observer. 

The geometry of flows (namely depth, width, and cross-sectional shape) is crucial for esti-
mating shear rates and stresses along the flow boundaries.  The geometry can be estimated visu-
ally or more exactly using submersible flow velocimeters to define the static boundaries if de-
sired (but likely not necessary).  Alternatively, in the case of channel flows, the rough geometry 
may be estimated by examining abandoned channels (i.e. where tailings are no longer flowing). 

Through the study of fluids from water to lava flows, researchers have developed empirical 
relationships between flow velocity, depth, and viscosity for simple and complex fluids (Jef-
freys, 1925; Nichols, 1939; Griffiths, 2000).  

3.3.2 Channel flow levees 
 
As tailings flow in a channel, the flow rate within the channel may vary due to changes in pro-
cess conditions, natural constrictions or other changes in flow geometry upstream of the ob-
server.  If the flow rate exceeds the capacity of the current channel geometry at a given location, 
then tailings will tend to overflow, or overbank, and create mini-deposits along the channel 
length.  In this way, the channel may grow, or aggrade, a deposit perpendicular to the direction 
of flow.  The flanks of these mini-deposits are analogous to natural levees along a river’s reach. 
Indeed these geomorphological features are also evident in lava flows as documented by Hulme 
(1974).  Volcanologists have applied empirical correlations between levee geometry and the 
rheology of the flows with success, allowing estimation of yield stress from levee width (Grif-
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fiths, 2000).  Such correlations for tailings could also be developed for the purposes of quality 
control during deposition or for consideration during the design of deposition areas or pad-
docks. Figure 5 shows a cross section (looking parallel to flow direction) of a channel experi-
encing overbanking. 

 
 
 
 
 
 
 
 

Figure 5. Cross-section of a channel experiencing overbanking and aggradation (looking parallel to flow 
direction). 
 
 

3.3.3 Changes in rheology in distance and time 
 
As introduced in Section 2.4, tailings flowing across a beach for a period of time (say two to 
five minutes for some typical long beaches) will experience prolonged shearing; hence, one 
might expect some time-dependent rheological changes to occur.  Indeed, significant reductions 
in yield stress have been measured in the field by the author for high-clay thickened tailings un-
der high-energy flow conditions. Practitioners reasonably argue that rheological change on the 
beach relative to changes that occur during the transportation of tailings in-pipe is negligible; 
however, the validity of this argument will depend on the sensitivity of the tailings and the en-
ergy of flow on the beach.  
 The change in tailings behaviour across the length of the beach should be acknowledged by 
designers and operators.  For very sensitive materials or tailings prone to significant strength 
loss due to shearing, these fundamental changes in distance and time should be considered. Not 
only may the flow behaviour be altered across the beach, but the settling, dewatering, and ulti-
mate consolidation characteristics of the tailings may also be impacted. 

4 APPLICATION OF FIELD DATA IN DEPOSITION MANAGEMENT 

Rheological data may be used in a number of ways to improve the operation of a tailings man-
agement facility.  For the purpose of focusing this paper, the author will discuss the direct bene-
fits of rheological field monitoring during the sub-aerial discharge of thickened tailings. 

4.1 Beach management & modelling 
While models of tailings beach development vary in theory and presentation, yield stress is 
widely accepted as an important parameter for beach formation, influencing both the run-out 
distance (beach length) and average beach slope (suppress for simplicity the fact that tailings 
beaches are curved in profile).  
 Back analysis of field-measured rheology may help to explain physical changes in the beach 
development over time (e.g. flattening or steepening of the beach) and help in devising correc-
tive management strategies. 

4.2 Quality control 
The regular collection of rheological field data may help to gauge plant performance, operator 
diligence, or identify possible physical or chemical changes in the tailings feed or pore water.  
For example, pore water pH is known to have a significant influence on the rheology of some 
mineral suspensions (Coussot, 2005).  Many such physical, chemical, or operational deviations 
could be identified by simple field tests, such as the slump test.   

dMFT

Channel Sedimentation

Overbanking & Aggradation
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4.3 Deposition area design 
While plant-side rheology may be well defined from bench testing prior to start-up, the field 
rheology may differ significantly and is likely less well understood.  For this reason, pilot test-
ing should be undertaken at a reasonable scale to characterize the tailings flow behaviour under 
field conditions. 

An understanding of field-scale flow behaviour and how that behaviour changes in distance 
and time during deposition should be documented and considered when designing the manage-
ment facility.  For instance, a hypothetical deposition area may be reduced in slope and length if 
it is observed that the tailings are sensitive to shear, but a target shear strength is desired to 
maintain sheet-like flow across the beach.  Conversely, an underlying slope may be increased, 
or beach lengthened, if the yield stress of the tailings does not significantly decrease with addi-
tional shear along the beach.      

5 CONCLUSION 

It was the goal of this paper to impress upon the reader the value of rheological field monitoring 
as opposed to relying solely on laboratory data.  In closing, we summarize the following key 
points: 

 

(i) Field data differs from laboratory data in that there is potential to capture the as-
pects of scale and true boundary conditions in the former.  Monitoring a flow on 
whole may provide better insight into the material’s true flow behaviour and con-
ditioning when compared to laboratory testing. 

(ii) Field rheology may be readily determined using rapid, easily administered tests 
such as the modified slump test or a set-up akin to the bucket-rheometer (Fisher 
at al., 2007).  While the scale and boundary conditions many not necessarily re-
flect field flow behaviour in all instances, these tests benefit from the field condi-
tioning of the tailings prior to testing. 

(iii) Beyond standard rheological methods, more empirical relationships may be de-
rived between macroscopic, geomorphological features like overbanked channel 
levees and key rheological parameters (such as yield stress or dynamic viscosity).  
Such techniques have been successfully applied in the earth sciences, particularly 
in volcanology. 

(iv) Rheological field data may be used as a metric for monitoring operational per-
formance.  Furthermore, field data may provide the basis for implementing cor-
rective management strategies during tailings deposition. 
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1. INTRODUCTION 
 
Oil sands tailings are a byproduct from the oil extraction process used in mining operations. The 
produced tailings may be discharged directly in a tailings pond for storage or may be processed 
in a variety of ways (e.g., through a cyclone separator and/or thickener) for disposal. When 
tailings are released into the ponds, they segregate relative to the grain size distribution and 
settle further to create a layer of stagnant water on top which is drained and re-used in bitumen 
extraction, and a mixture of clay, silt and water on the bottom of the central part of the pond 
which is referred as mature fine tailings (MFT). On the other hand, when tailings are separated 
with hydro cyclones and the overflow of the cyclones is processed in a thickener to remove 
some of the water, the tailing product formed is called thickened tailings (TT) (Sobkowicz & 
Morgenstern, 2010). Both MFT and TT have common characteristics as high fines content 
(defined as the fraction <44 um) and a relatively low solid content. These fine tailings settle and 
consolidate very slowly in the ponds due to the small grain size and low permeability, thus 
dewatering is a problem. The fast growth in the volume of fine tailings and the potential 
associated environmental concerns has received more and more public attention these years. 
There is a strong interest to explore and develop economical techniques to dispose fine oil sands 
tailings effectively. 
 Atmospheric drying or sub-aerial drying has recently been accepted as a promising tech-
nique in reducing the volume of existing fine tailings (e.g. MFT) and newly formed tailings 
(e.g.TT). MFT is collected using a large barge from existing tailings ponds before transferring 
to a drying area. The fine tailings are placed on a sloped surface (1%-2%) with a thin layer. 
Once deposited, water is released from the tailings as the fine particles settle and consolidate. 
This process can be accelerated by mixing flocculants with clays. The released water runs down 
the sloped surface to a collection area and is returned to the ponds. The remaining deposits are 
then further dried by environmental factors (radiant heat, wind, humidity, and drainage) to the 
desired moisture content for removal and placement, or subsequent lifts.  

Aspects of the behavior of fine oil sands tailings during 
atmospheric drying  
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ABSTRACT:  Atmospheric drying is one of the promising methods to reduce the volume of 
fine tailings produced as a result of mineral production or oil extraction from oil sands. In this 
paper, aspects of the behavior of fine oil sands tailings during atmospheric drying are presented 
based on results of laboratory experiments. Shrinkage characteristics curves and water retention 
curves of mature fine tailings (MFT) and thickened tailings (TT) from the Albian Sands Muskeg 
River Mine were determined. Column drying tests were performed to measure the evaporation 
behavior of the tailings under laboratory conditions. The purpose of this research is to obtain 
material parameters, which can be used for numerical modeling of the atmospheric drying pro-
cess of these tailings. The objective is to determine the most optimal deposition parameters for 
the best desiccation results in practice. 
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 This paper presents the results of laboratory tests performed on MFT and TT samples. The 
obtained material parameters are the input parameters for numerical modeling of the atmospher-
ic drying process of these tailings. The objective is to determine the most optimal deposition pa-
rameters (e.g. layer thickness, duration between lifts etc.) for the best desiccation results in prac-
tice. 
 
2. BASIC PHYSICAL PROPERTIES 
 
The materials used in this paper are MFT and TT, shipped from Albian Sands Muskeg River 
Mine at Fort McMurray in Canada. The fine tailings were contained in several drums when de-
livered to the laboratory. These drums were rolled for about 30 minutes before samples were 
transferred into 10L buckets. A series of laboratory tests were carried out to study the basic 
physical properties of the tailings, including tests for water content, specific gravity, Atterberg 
limits and particle size etc. The basic physical properties of fine tailings are summarized in Ta-
ble 1.Comparing the data provided in the table, MFT has a slightly higher value in fines content, 
Liquid Limit and Plastic Limit than TT. According to ASTM soil description, MFT is Fat Clay 
and TT is Lean Clay. 
 
Table 1. Basic physical properties of the materials used in the laboratory tests 
Property Index MFT   TT 
Water content (%) (mw/ms) 
Solid content (%) (ms/mt) 

194 
34 

185 
35 

Bulk density (g/cm3) 1.21 1.20 
Density of the solids (g/cm3) 2.30 2.31 
Liquid limit (%) 57 50 
Plastic limit (%) 27 21 
Plasticity Index (%) 30 29 
Fines content (< 44 m; %)*  80 67 
Sand content ( > 44 m;%) 
Soil classification (ASTM)  

20 
CH 

33 
CL 

* In oil sands industry, fines refer to the particle size less than 44 m.  
 
3. SHRINKAGE CURVE TEST 
 
When the released water runs away, fine tailings starts to desiccate under the influence of envi-
ronmental factors. For mine tailings that swell and shrink during desiccation, the relationship 
between their changes in bulk volume and changes in water content is a necessary parameter for 
geotechnical engineers to predict the tailings behavior during drying. The soil shrinkage charac-
teristic curve (SSCC) is used to describe the relationship between bulk volume and water con-
tent. In this paper, moisture ratio and void ratio are the variables used to determine the SSCC 
(Cornelis et al. 2006). The moisture ratio , is defined as 
 

	   = w                                                              (1) 
 
Where w is the gravimetric water content (defined as mw/ms), sis the density of the solids and 

w is the density of water. The void ratio, e, can be written as 
 

e = ( ) 1	                                                         (2) 
 
Where b is the bulk density.     

       
Generally, a swelling and shrinking clay soil undergoes four shrinkage stages during drying: 
(Bronswijk, 1991): (1) structural shrinkage, (2) normal shrinkage or basic shrinkage, (3) residu-
al shrinkage and (4) zero shrinkage. The first stage only occurs in structured well-aggregated 
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soils or soils with considerable biological activity. This stage does not occur in deposited tail-
ings. The second stage is characterized by the equal decrease in water volume and in bulk soil 
volume during drying. In the case of a structureless clay paste, the slope in this stage is equal to 
1 (Chertkov, 2000, 2003). In the third stage, air enters the intra-aggregate pores. The volume of 
water lost exceeds the decrease in bulk volume. Finally, in the fourth stage, the soil particles 
have reached their densest configuration and the volume of the aggregates stays constant as the 
water volume further decreases. 
 In this paper, SSCC of MFT and TT were determined using the balloon method described 
by Tariq & Durnford (1993). The advantage of this method is that the setup (see Figure 1) is 
easily constructed and continuous measurement of bulk density is possible. Tailing sludge was 
air dried for several days to form clay paste, and 100 g of clay paste was filled into the balloon. 
The reason why a small quantity of clay was used in this study is to avoid cracks formation 
which would affect the volume measurement. After that, the balloon with the soil was closed by 
a rubber stopper with an air inlet and outlet which could be closed with a valve. To allow dry-
ing, both valves were kept open and the air inlet was connected to an air pump which passed air 
with low pressure (100 L per hour) over the sample. At regular time intervals of 10 hours, the 
bulk volume and weight of the samples were measured. The weight was directly determined by 
weighing it on a balance. To determine the volume, the valves were closed and a small vacuum 
was applied to ensure a perfect fitting of the balloon to the soil sample followed by submerging 
it into the water and measuring the mass of water replaced by the soil using Archimedes princi-
ple. The complete drying process took about 2 weeks and the soil sample was then oven-dried. 
Tests results showed that increasing the pressure of the air could shorten the drying duration 
(Cornelis et al, 2006). 
 

 
Figure 1. Setup used to determine soil shrinkage characteristic curve using Tariq & Durnford balloon 
method.  
 
 Two representative shrinkage curves, assessed in the described method are shown in Figure 
2. The shrinkage curves of the two materials show some similarities: Firstly, both of them have 
three shrinkage stages which are classified as normal shrinkage, residual shrinkage and zero 
shrinkage according to the principle mentioned above. Secondly, in the normal shrinkage, al-
most all the measurements were located on the 1:1 line, which means the soils were fully satu-
rated and the decrease in bulk volume was equal to decrease in water. Thirdly, in the residual 
stage, SSCC started to deviate from the saturation line, air entered the soil samples and the vol-
ume of water loss exceeded the decrease in bulk volume. Finally, the bulk volume remained 
constant as the water content further decreased in the zero shrinkage stage. On the other hand, 
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the shrinkage curves of MFT and TT showed significant differences. Firstly, MFT has a much 
wider range (almost doubled) of residual shrinkage than TT. Secondly, MFT has a higher value 
of water content at which the air starts to enter the soil aggregates over TT. In figure 2, the nor-
mal shrinkage stage of MFT ends at a moisture ratio of about 0.77 which corresponds to 33% in 
gravimetric water content compared to 0.42 and 18% in the case of TT. Finally, the final void 
ratio of MFT is 0.35 and 0.29 of TT, which means MFT has a slightly larger bulk volume when 
dried out if the amounts of solids are equal. The differences exhibited in the SSCC are attributed 
to the differences in their composition and properties.  
 

  
Figure 2. Observed soil shrinkage characteristic curves determined by balloon tests 
 
4. WATER RETENTION CHARACTERISTIC TEST  
 
The water retention characteristics indicate the relationship between soil suction stress and wa-
ter content. Soil suction stress is one of the most important factors which drives dewatering and 
deformation of unsaturated soils. In the atmospheric drying method, the tailings are deposited in 
a thin layer and allowed to desiccate, thus the tailings de-saturate. Therefore, it is necessary to 
understand the water retention characteristics of the materials being deposited.  
 The measurement of soil suction is crucial for studying the dewatering behavior of un-
saturated tailings. The filter paper method (see ASTM D5298) has been accepted as a suitable 
test method to measure soil suction because of its advantages over other suction measurement 
devices. The working principle is that the filter paper will come to equilibrium with the soil ei-
ther through vapor flow or liquid flow, and at equilibrium suction value of the filter paper and 
the soil will be the same. If the filter paper is allowed to absorb water through vapor flow, then 
the total suction is measured.If the filter paper is allowed to absorb water through fluid flow 
(contact between the filter paper and soil), then only matric suction is measured (Bulut,1996). 

The filter paper needs to be calibrated before use. The purpose of calibration is to build a re-
lationship between the soil suction (total suction or matric suction) and the moisture content of a 
specific filter paper at a constant temperature. After equilibrium is established between the filter 
paper and the soil, the water content of the filter paper disc is measured. Then, by using filter 
paper water content versus suction calibration curve, the corresponding suction value is found 
from the curve. This is the basic approach suggested by ASTM Standard Test Method for 
Measurement of Soil Potential (Suction) Using Filter Paper (ASTM D5298, 1994). ASTM D 
5298 employs a single calibration curve that has been used to infer both total and matric suction 
measurements. However, Houston et al (1994) proved that the total suction calibration curve 
and the matric suction calibration curve of one soil don’t match thus should be determined sepa-
rately. Bulut (1996, 2001) calibrated Schleicher & Schuell No. 589-WH filter paper for both to-
tal and matric suction measurement. The total suction calibration curve was determined using 
saturated salt solutions, which is based upon the thermodynamic relationship between total suc-
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tion (or osmotic suction) and the relative humidity resulting from a specific concentration of a 
salt in distilled water. The matric suction calibration curve was constructed using pressure plate 
and pressure membrane devices.  
 In this paper, we selected Schleicher & Schuell No. 589-WH, the same type of filter paper 
as used in the referenced paper (Bulut,2001), for the measurement of suctions. First of all, we 
prepared a group of NaCl solutions from 0 to 2.7 molality (the number of moles of NaCl in 
mass in 1000 ml of distilled water) and followed the procedure suggested by ASTM and Bulut 
to determine the calibration curve for total suction measurement. The results showed that our to-
tal suction calibration curve coincided perfectly with the corresponding one presented in refer-
enced paper. Considering that filter papers are manufactured in factory with unified standards 
and strict quality control, properties of the filter papers in the same type should be consistent. 
Therefore, it is not necessary to assess the matric suction calibration curve in this study. In other 
words, we can directly use the calibration curve, constructed by Bulut et al. (2001), to measure 
matric suction of tailings. 
 To assess the water retention curve the matric suction was determined using the following 
procedure: Firstly, a filter paper was sandwiched between two larger size protective filter pa-
pers. Then, these sandwiched filter papers were inserted into the tailing sample in a very good 
contact manner. After that, the soil sample with embedded filter papers was put into the glass jar 
container, sealed up tightly with plastic tape. These procedures were repeated for every tailings 
sample with different water content. Finally, the water content of each filter paper was deter-
mined after 2 weeks of equilibrium. The water retention curve determined is presented in  
Figure 3. 
 

 

Figure 3. Water retention curves of fine tailings determined using filter paper method. 
 
 
5. COLUMN DRYING TEST 
 
A drying column is commonly used to measure the evaporation behavior of a soil under labora-
tory conditions. To study the desiccation behavior during the process of atmospheric drying, la-
boratory column drying tests were carried out in a controlled environment. A group of PVC cyl-
inders, 360 mm high, 92 mm outside diameter with a wall thickness of 2 mm was selected.  
Column A, B and C were filled with MFT sludge to monitor the evaporation from the surface. 
Column D was filled with pure water and used as an evaporation pan. In order to shorten the du-
ration of the tests, column A and B were allowed drying with an air pump which passed 200 Li-
ter of air through the headspace above the tailings every hour. Column C was left open with 
ambient conditions for long-term observation. All the columns were placed in a climate room 
where the air temperature was well controlled and the changes of relative humidity were moni-
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tored during the test. Table 2 provides the details of the column drying tests. During the test, set-
tlements of the tailings and changes of the total weight due to evaporation were measured. 
 
Table 2. Information about the drying column tests 

Column  ID A B C D 
Materials filled MFT MFT MFT Water 

Sample height (cm) 30 30 30 30 
Sample volume (ml) 1800 1800 1800 1800 
Bulk density  (g/ml) 1.22 1.22 1.22 1.0 
Solid content (ms/mw%) 34 34 34 - 
Air pump drying  200L/H 200L/H - - 
Temperature (oC)      24±0.5oC     
Relative humidity Measured   
 
After the fine tailings were filled into the columns, the solid particles settle and consolidate 
slowly due to the gravity and a layer of clear water forms on top. The water surface drops as a 
result of evaporation and will finally reach the sediment bed when the evaporation rate of water 
exceeds the consolidation rate of clay. Figure 4 shows this phenomenon observed in column C. 
In column A and B, which were dried with an air pump, no stagnant water was observed during 
drying. In this case the evaporation rate was apparently higher than the consolidation rate right 
from the start. 

Figure 4. Settlement of the fines and the surface of stagnant water during drying in column C. 
 
Figure 5 compares the height of the sample surface in column A, B and C with the water surface 
in column D. The height of the surface is determined in two ways: 1) by visual observation 
(markers); 2) by calculation from the measured cumulative water loss (solid lines). Column 
Aand B, undoubtedly, have the maximum settlement as a result of accelerated drying. Secondly 
it shows that the evaporation rate in column C is just slightly lower than the open water evapo-
ration in column D. After about 10 days the calculated surface level in the columns with accel-
erated drying starts to deviate from the observed surface level. The difference between the two 
methods is probably due to the material sticking to the sidewall of the columns above the sur-
face level, which leads to a higher calculated surface level from the cumulative water loss. After 
about 40 days the surface level in the column with accelerated drying (B) remained constant, 
although evaporation continued, which indicates that further volume loss is by the development 
of vertical cracks and horizontal shrinkage and that the tailings become desaturated. 
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Figure 5. Changes in the surface elevation of different samples during drying. 
 
Figure 6 demonstrates the evaporation rate determined from weight measurements. The evapo-
ration rate is a function of the environmental factors such as temperature, relative humidity, air 
flux, etc. In this figure, the dotted curve is the measured relative humidity (RH) in the climate 
room during the test. The evaporation rate of each sample fluctuated as a result of changeable 
RH. There was a general inversely proportional relationship between these two variables, which 
is especially obvious during the period of 0 to 40 days where the peaks occurred in the RH 
curve usually correspond to the valleys in those curves of evaporation rate for different samples 
and vise versa. Compared with the data of column C, the average evaporation rates almost dou-
bled in A and B when using the air pump to increase the air flux over the sample. During the 
first half of the test, the average evaporation rate of MFT in Column C is slightly less than that 
of evaporation pan in column D, however, this difference becomes negligible at the end of the 
test. For column A and B, average evaporation rate during the first month corresponding to a 
RH averaged at 41.1% are 24.52g/day and 23.70g/day respectively. After 30 days the evapora-
tion rate in column B dropped gradually and during the second month was 15.91g/day with an 
average RH of 44.9 %. The drop in the evaporation rate in column B test is partly attributed to 
the slightly increase in relative humidity and largely due to a significant decrease in hydraulic 
conductivity of the soil surface since the tailings surface de-saturates and forms a crust which 
hinders the evaporation. 

 Figure 6. Measured evaporation rate in terms of weight lost per day for various columns. 
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The surface soil crust became thicker and stiffer as drying continued. In column A and B, 
shrinkage cracks were found on the top soil surface and along the cylinder wall at about 6 days 
since the test started. The weight of the tailings decreased from initially 2210g to 1465g after 30 
days for column A and 994g for column B after 60 days. The plastic columns were cut and the 
tailings were cored for analysis. Small portions of soil taken from different depth of the cored 
samples were analyzed in terms of solid content, shown in Figure 7. Looking at the profile, the 
elevation of the tailings surface decreased from 30 cm to 17.8 cm after 30 days and then de-
creased to 13.5 cm after 60 days. For samples taken from column A, the maximum solid content 
(75%) occurred in the top surface layer. Solid content dropped with the depth till 7 cm above the 
bottom where it reached the minimum value (37.5%) followed by a slow increase which is due 
to the self weight consolidation. In case of the samples from column B which were dried for 60 
days, the maximum solid content (86%) occurred on top and then decreased gradually down-
ward and reached the minimum value (64%) at the bottom. In order to compare the observed da-
ta with soil consistency limit (liquid limit & plastic limit), solid content was transferred into wa-
ter content which is shown on the right part of figure 7. Values of liquid limit and plastic limit 
were marked on the graph, from which we can see that, after 60 days, the water content of the  
whole tailings are well below the liquid limit and majority of them were below the plastic limit.     

Figure 7. Vertical distribution of solid content (left) and water content (right) of the sample cored from 
column A and column B. 
   
 
6. SUMMARY AND CONCLUSION 
 
In this paper, a series of laboratory tests were performed to study the properties of mature fine 
tailings and thickened tailings. The basic physical properties, shrinkage characteristics and wa-
ter retention characteristics were obtained. Several column drying tests were carried out to study 
the evaporation behavior of the tailings. The main conclusions from the study are as follows: 
 (1) MFT and TT behave like clayey soils in terms of the shrinkage characteristics. There are 
three shrinkage stages during drying. They have a similar shape in the soil shrinkage character-
istic curves, but MFT has a wider range of residual shrinkage, with a void ratio at air entry point 
of 0.77 compared to 0.42 for TT and a slightly larger final void ratio of 0.35 compared to 0.29 
for TT when completely dried out.  
 (2) The filter paper method is an economical and efficient method to measure the water re-
tention curve of the tailings samples. Both total and matric suction can be determined with this 
method over a very large range.   
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 (3) The column drying tests demonstrated that the drying process of the tailings is greatly 
influenced by the environmental factors such as relative humidity and wind speed. Laboratory 
drying tests can be greatly accelerated with the aid of air pump. Using increased air circulation, 
the tailings weight decreased by 34% after 30 days and 55% after 60 days. According, the sam-
ple height dropped by 42% (30 days) and 55% (60 days) .  
 (4) The shrinkage characteristics, water retention characteristics and the results of these col-
umn drying tests can be used to validate predictive ripening models. 
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1 INTRODUCTION 
 
In Alberta bitumen is produced at about 1,300,000 bbl/d capacity by surface mining of oil sands 
followed by ore-water slurry based extraction processes.  In this process oil sands ore is mined, 
screened and slurried at about 50% solids content; the slurry is conditioned for about 20 
minutes in a conditioner or during its transportation to an extraction plant using a pipeline.  Bi-
tumen extraction is accomplished in a primary extraction vessel mainly by density differences 
and in secondary and even tertiary extraction vessels by air flotation.  Regardless of the process 
steps, bitumen extraction involves mobilization and liberation of bitumen in the oil sands struc-
ture and aeration of bitumen which yields the formation of a bitumen rich froth composed of 
about 60% bitumen, 30% water and 10% solids.  In the bitumen froth, clay particles are at-
tached to the water-bitumen interface and are discharged in the solids in the froth treatment 
process by using naphthenic or paraffinic solvents as emulsion destabilizers (Romanova et al, 
2006).  Bitumen froth may also contain a significant amount of emulsified water.  The destabi-
lization of water in oil emulsion needs the addition of demulsifiers (Wu et al, 2003).  Bitumen-
water interfacial tension, therefore extraction process additives plays the key role in the for-
mation and stability of both bitumen in water and water in bitumen emulsions. 
 The extraction plant discharges a tailings stream which is composed of water, solids (sand, 
slit and clay) and residual bitumen in a wide range of compositions.  Geotechnical properties of 
the tailings are controlled by the extraction process operating conditions, mainly by the extrac-
tion process aids used to promote bitumen extraction efficiency.  These additives activate sur-
factant species in bitumen, reduce bitumen-water interfacial tensions and promote clay disper-
sion and the disintegration of the oil sands matrix.  Because of clay dispersion and water 
chemistry, oil sands tailings have poor geotechnical properties and result in the formation of 
high water content toxic mature fine tailings (MFT).  As a result, disposal of oil sands tailings 
has become a serious environmental liability; rectification of which needs development of novel 
bitumen extraction and tailings disposal processes.  Novel extraction processes should not harm 
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ABSTRACT:  In Alberta bitumen is produced from oil sands by surface mining followed by 
ore-water slurry based extraction processes at 1,300,000 bbl/d capacity. The Clark Hot Water 
Bitumen Extraction process is used at all plants; which provides acceptable bitumen recovery 
efficiency however produces toxic mature fine tailings.  The mature fines tailings inventory is 
exceeding 800,000,000 cubic meters and steadily growing as the present mines are expanded 
and new ones opened.  The Energy Resources Conservation Board of Alberta issued Directive 
074 which requires oil sands mining companies develop measures to reduce the amount of ma-
ture fine tailings produced by 50% by 2013.  To comply with Directive 074, bitumen extrac-
tion using CaO, ozone and biodiesel additives and nonsegregating tailings production from the 
blend of Cyclone Underflow, Thickener Underflow and existing mature fine tailings using 
CaO or CaO and CO2 additives are proposed. Implementation of both of these technologies 
could be cost effective and environmentally friendly alternatives.  
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bitumen extraction efficiency and bitumen fuel quality and should produce tailings with im-
proved geotechnical characteristics. 
 Oil sand plants are operated with a zero discharge policy and the release water in the tail-
ings ponds is recycled to the extraction plant.  Extraction plants need 7 to 9 barrels of water per 
barrel of bitumen produced; with the zero discharge policy, only about 3.1 barrels fresh water 
per barrel of bitumen produced is imported from the Athabasca River as make-up water 
(MacKinnon, 2001).  Since all bitumen extraction and tailings disposal processes are taking 
place in aqueous environments, water chemistry plays the key role in overall performance of the 
oil sands plants.  Therefore, water chemistry deserves ample attention in the development of 
novel processes for the oil sands industry. 
1.1 Source of Oil Sands Tailings Problems in Alberta 
Surface minable oil sands ore is composed of about 10% bitumen, 86% solids (composed of 
mainly quartz sand grains, silt and clay), and 4% water; where the fines fraction (<45 m, silt 
and clay) of the solids is in the range of 10% to 40 % depending on the geology of the for-
mation.  The great majority of clay minerals in the tailings come from the indurated clay-shale 
discontinuous seams and layers in the oil sands ore bodies.  These dense but weak clay-shale 
materials are broken up during the mining process and the larger more indurated pieces are 
screened out as reject materials. In the bitumen extraction process, the clay-shale pieces are fur-
ther broken down into clay aggregates and lumps and some clay lumps are dispersed into small 
clay booklets and flakes.  The extent of clay dispersion in the extraction process depends on the 
additives used to promote bitumen extraction efficiency.   Some additives used in the extraction 
process effectively disperse much of the clay aggregates into clay flakes smaller than 2 m 
which have large active clay surfaces. 

 Bitumen extraction involves: (i) bitumen mobility which is promoted by reduction of vis-
cosity; (ii) bitumen liberation or detachment from the sand matrix, which is promoted by reduc-
tion of bitumen-water interfacial tension ( B/W); (iii) coalescence of small bitumen droplets to 
bigger ones which is detrimentally affected by reduction of B/W; and, (iv) aeration by attach-
ment of bitumen to air bubbles which is promoted by reduction of B/W as sketched in Figure 1.  

 
   

Figure 1.  Bitumen extraction mechanism 
(B: Bitumen; S: Sand; W: Water; A: Air). 

 
Experience gained over the decades in bitumen extraction has confirmed that an increase in 

extraction temperature reduces bitumen viscosity and increases bitumen mobility. Reduction of 
surface and interfacial tension improves bitumen liberation, reduces the attachment of clay par-
ticles to bitumen droplets and promotes the attachment of air bubbles to bitumen droplets; 
which all promote the bitumen extraction efficiency (Baptista and Bowman, 1969; Leja and 
Bowman, 1968; Bowman, 1967; Kasperski, 2001; Masliyah et al., 2004). 
Excessive reduction of the bitumen-water interfacial tension promotes the stability of bitumen 
in water emulsion; therefore, it is unfavorable for the   coalescence  of  small   bitumen  droplets  
to larger droplets and causes a reduction in the bitumen recovery efficiency.  The balance be-
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tween the coalescence of small bitumen droplets to larger droplets and bitumen liberation and 
aeration by reduction of bitumen-water interfacial tension has to be established to accomplish 
acceptable bitumen recovery efficiencies. 
 Dr. K. A. Clark and his co-workers at the Alberta Research Council succeeded in develop-
ing a bitumen extraction process from oil sands ore-water slurry systems using caustic NaOH 
additive; which eventually resulted in the development of the Clark Hot Water Extraction 
(CHWE) process (Clark, 1939; Clark and Pasternack, 1932).   Some versions of the CHWE 
processes are being commercially used at all oil sands extraction plants in northern Alberta, 
Canada.  NaOH as an extraction process aid maintains the pH of the ore-water slurry at about 
9.5.  Elevation in the pH of the slurry increases the solubility of asphaltic acids present in the 
bitumen (partly aromatic, containing oxygen functional groups such as phenolic, carboxylic and 
sulphonic types) which perform as a surfactant reducing the surface and interfacial tensions. 
This then promotes swelling and dispersion of the clay and liberates the bitumen trapped in the 
ore matrix (Speight and Moschopedis, 1977). 

 Tailings disposal problems associated with the extraction process using an NaOH additive 
was firstly stated by the inventor of the CHWE process: “Undoubtedly, a major difficulty with 
which the hot water method of bitumen recovery must contend is the presence of silt and clay in 
bituminous sand.  The amount of these materials present may be small and unimportant or con-
siderable and very troublesome.  Silt occurs as -200 mesh material in the bitumen-impregnated 
sand.  Clay occurs as partings in the bituminous sand beds.  The present investigation has 
served a useful purpose in redirecting attention to the seriousness of the silt and clay factor in 
hot water bituminous sand separation" (Clark, 1939).   

 What had been predicted then has become a reality since Suncor Energy Inc. and Syncrude 
Canda Ltd. plants started producing bitumen commercially in 1967 and 1978 respectively.  At 
all oil sands plants using the CHWE process; the coarse tailings effluent is produced in the form 
of slurry which is hydraulically transported and deposited in the tailings ponds.  This slurry is a 
mixture of sand particles, dispersed fines, water and residual bitumen.  Approximately, it has 
about 55% solids, of which 82% is sand, 17% are fines smaller than 45 µm and 1 % is residual 
bitumen.  When the tailings is discharged, the fines segregate and the coarse sand particles pre-
cipitate quickly and form a beach while the remaining fine tails at about 6% to 10% solids ac-
cumulate in the tailing ponds.  Fine tails settle quickly to 20% solids content and over a few 
years to 32 w % solids (over 85% by volume water) with a stable slurry structure, which is 
called mature fine tails (MFT).  MFT will remain in a fluid state for centuries because of its 
very slow consolidation rate (Kasperski, 1992). 
1.2 Efforts Made to Reduce MFT Production 
Many efforts have been made on bitumen extraction and tailings disposal fronts to reduce the 
environmental impacts of oil sands plants.  On the extraction front, the oil sands industry has 
commercially implemented a non-additive Low Energy Extraction (LEE) process. It was ex-
pected that bitumen extraction would be accomplished by the turbulent mixing imposed on the 
oil sands ore-water slurry during its pipeline transportation at temperatures under 40 oC and 
without using any additive.  LEE process would reduce thermal energy consumption, reduce 
process water salinity and MFT production (Burns et al, 1998).  LEE processes were imple-
mented at Syncrude Canada Ltd.’s Aurora Mine and Albian Sands Energy Ltd.’s Muskeg River 
Mine plants; however, modifications were made to boost the bitumen extraction efficiency.  At 
both plants temperature and pH of the extraction process were increased by different additives; 
therefore, both plants are operating by using basically some versions of the CHWE process. 

 To reduce the environmental impacts of oil sands plants, specifically to reduce water de-
mand and tailings management problems, other bitumen extraction processes were also devel-
oped for Alberta’s oil sands; unfortunately these processes could not be developed to their 
commercialization stages. The AOSTRA-Taciuk Process is based on retort or thermal cracking 
of bitumen which eliminates the need for water and MFT production (Goodwin and Turner, 
1990).  Performance of this process was tested using a pilot scale processor at 4.5 t/h capacity 
but was not carried to commercial production.  The Bitmin Process is based on the counter cur-
rent drum separator process to extract bitumen from oil sands ore-water slurry.  This process 
discharges clay by operating the drum at a slightly acid condition.  Performance of this process 
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was tested using a 20-tonne-per-hour extraction demonstration plant but also was not carried to 
commercial production.  Total E&P has tested a three-stage counter-current cyclone wash cir-
cuit replacing conventional primary, secondary and tertiary recovery vessels. A pilot scale test 
has been performed at a 70 t/h capacity.  An Agglomeration Process was developed to recover 
bitumen from oil sands ore-water slurry systems.  This process is based on the addition of car-
bonaceous particles such as coal into ore-water slurry system, where bitumen is recovered as 
the binding agent forming the agglomerates (Coleman et al, 1995). 

 On the tailings disposal front, the CT (Composite Tailings or Consolidated Tailings) pro-
duction process was developed at the University of Alberta and implemented at two oil sands 
plants (Caughill et al, 1993; Liu et al, 1994).  In the CT production process the total tailings is 
passed through cyclones; the cyclone underflow is blended with existing MFT and treated with 
CaSO4 (gypsum) additive at about 800 to 1,300 g/m3-CT dosages to prevent segregation during 
pumping and deposition.  A process flow diagram of for CT is presented in Figure 2.   

 
  

Figure 2.  CT production process schematics. 
 

Present CT production has some short fallings; it produces additional MFT from the Cyclone 
Overflow and increases Ca2+ and Mg2+ concentrations in the recycled release water (MacKin-
non, 2004; Allen, 2008a; 2008b).  It could potentially cause H2S emission by anaerobic reduc-
tion of SO4

2- with the residual bitumen in the tailings. However an increase in Ca2+ and Mg2+ 
concentrations in the process water after implementing CT production has not shown an effect 
on bitumen extraction efficiency.The high bitumen extraction efficiency was probably main-
tained after the implementation  of CT  production  processbecause of the high bicarbonate 
(HCO3

-) concentration of the process water which compensates for the detrimental effect of 
Ca2+ on bitumen extraction efficiency (Hall  and Tollefson, 1982).  High HCO3

- concentration 
was already established in the process water because of the use of NaOH as an extraction addi-
tive over the years (MacKinnon and Sethi, 1993).  High HCO3

- concentration also favors clay dis-
persion and promotes MFT production (Yong and Sethi, 1983). 

 The ratio of monovalent (mainly Na+) to divalent (Ca2+ and Mg2+) cations and CHCO3
- 

concentrations play important roles both in extraction and CT production processes (Dawson et 
al, 1999; Donahue et al, 2008).  High Na+ and CHCO3

- concentrations in the process water 
promotes clay dispersion and prevents the formation of yield stress by the reaction between the 
clay-water matrix and Ca2+ thus allowing segregation.  Because of high Na+ concentration in 
the process water, the required Ca2+ concentration to form yield stress in the fines-water matrix 
may exceed the solubility limit of CaSO4 additive.  In fact, one of the oil sands plant has de-
clared discontinuing CT production, while the others have selected to continue producing CT 
using the same process. 

 Canadian Natural Resources Limited (CNRL) preferred to produce CT using CO2 as the 
additive to prevent segregation, most likely because of an unusually high Na+ content in the ore.  
The injection of CO2 reduces the pH of the CT mixture (blend of Cyclone Underflow and MFT) 
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which promotes the formation of a yield stress in the water-fines matrix and aids in preventing 
segregation.  The strength of the yield stress and water chemistry issues caused by a low pH 
could be a concern.  Commercial experience gained by CNRL would be a valuable asset for the 
tailings management operators.     

 In summary, a major source of the existing oil sands tailings problem is the use of NaOH or 
Na+ salts of weak acids as extraction process aids.  More specifically, the source of the tailings 
problem is the water chemistry which directly affects extraction processes and tailings proper-
ties.  Therefore, altering extraction and tailings disposal processes which would result in suita-
ble process water chemistry without suffering extraction efficiency or bitumen fuel quality, is 
probably the most effective solution to reduce environmental impacts of oil sands plants. 

1.3 Regulatory Decision to Reduce MFT Inventory; ERCB Directive 074 
All bitumen production plants at oil sands mines in Alberta are operating by some version of the 
CHWE process which provides acceptable bitumen extraction efficiency; however, they cause 
formation of toxic MFT.  MFT inventory is exceeding 800x106 m3 which is a serious environ-
mental liability to be faced.  Both the oil sands industry and government regulatory agencies 
have committed to reduce the production of MFT as outlined in the ERCB Directive 074 
(ERCB, 2009).  In response, oil sands operators have submitted their plans to comply with the 
Directive 074.   

 Production of CT with CaSO4 (gypsum) or CO2 additives was the major technology re-
sponse to reduce MFT production.  Shell Energy Canada is planning the implementation of 
nonsegregating tailings (NST); timing of which requires further testing, compilation, data anal-
ysis and detailed design for a commercial facility.  Syncrude Canada Ltd., to complement CT, is 
proposing the implementation of MFT centrifuging technology which accelerates the release of 
water from the MFT and produces a soft, clay-rich soil termed “centrifuge cake”.  Syncrude 
proposes to sand cap the resulting centrifuge cake deposit for reclamation as a dry landscape 
feature.  The implementation of MFT centrifuging technology is proposed to be executed in 
three stages, commencing in 2012 and in increased capacity in 2018.   Suncor Energy Inc. is 
proposing Tailings Reduction Operations (TRO) to reduce MFT production as an alternative to 
CT production. The TRO process is based on the addition of a polymeric flocculent to MFT and 
spreading it in a thin layer to drain and dry. The product of the TRO is a clay material that may 
be reclaimed in-place or rehandled to mine dumps.  The technologies proposed by the oil sands 
players have appeared as novel and ambitious processes for the management of their MFT in-
ventory; cost effectiveness and practicality of which appear to be foremost constraints.    

 All oil sands operators envision the use of end pit lakes at mine closure.  Any fluid tailings 
remaining at this time will be returned to the mined pits and capped with water. It is planned 
that these lakes will, with time, become viable ecosystems that will sustain plant and aquatic 
life. Environmental concerns exist with this concept and end pit lakes have not yet been 
approved by the ERCB.  Syncrude has been conducting long-term field tests to develop and 
prove out this technology. 

 Our review of the existing status of the MFT production and proposed processes to reduce 
its inventory concludes that novel bitumen extraction and tailings disposal processes are still 
needed to achieve the objectives of Directive 074. 

2 NOVEL BITUMEN EXTRACTION AND TAILINGS DISPOSAL PROCESSES 
 
Reduction of MFT production is possible by: 
  

 (i)  reducing clay dispersion in the bitumen extraction process; and,  
 (ii) disposing the fines fraction (which has tendency to produce MFT) of the original tail-

ings material in the form of an NST material. 
 
 This requires the implementation of novel bitumen extraction and NST production process-

es, which could be made by simple modifications of the existing plants as sketched in Figure 3 
(Ozum et al., 1999). 
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Figure 3.  Bitumen extraction and NST production processes. 

  After the implementation of the CT production process, new oil sands plants were con-
structed in isolated areas where excess heat generated in refining operations was not assessable.  
In these new generation plants the Cyclone Overflow effluent is thickened in thickeners and 
warm water is recycled which increases the energy efficiency of the extraction plants.   

Our laboratory experimental results showed that a modification made in the extraction pro-
cess reducing clay dispersion would improve the performance of the thickeners in terms of a 
higher solids content in the Thickener Underflow and a lower clay content in the Thickener 
Overflow.  

Dispersive and non-dispersive particle size determination (PSD) hydrometer tests made on 
oil sands tailings showed that extraction process additives (such as NaOH used in CHWE pro-
cess) and process water chemistry control clay dispersion in oil sands tailings (Miller et al, 
2010).  Similar observations were made at our laboratory by performing PSD dispersive and 
non-dispersive tests on desanded Cyclone Underflow and Cyclone Underflow tailings materials 
received from a plant operating both in non-additive LTE and additive extraction process 
modes, as depicted in Figures 4 and 5.  In this study hydrometer tests were made using ASTM 
422-63 and ASTM 421-99 methods with and without using sodium hexametaphosphate and a 
blender as dispersing agents, respectively. 

 
 

Figure 4.  Sieve-hydrometer tests, desanded Cyclone Overflow tailings, non-additive extraction tailings. 
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Figure 5.  Sieve-hydrometer tests, Cyclone Overflow tailings, with additive extraction tailings. 
 

 Data presented in Figures 4 and 5 show that when an extraction additive is used, the PSDs 
using the dispersive and non-dispersive hydrometer tests are almost identical.  This shows that 
the extraction process additive, for example, a sodium salt of a weak acid such as sodium cit-
rate, disperses the silt and clay size particles to a much higher extent than that of the non-
additive extraction process tailings.  In fact, a non-additive LTE process middling with >95% 
fines content has consolidated to as high as 55% or even 60% solids content in one year upon 
its disposal; while a similar tailings material from a CHWE process, such as MFT, has only 
reached about 32% solids content after forty years.  Therefore, novel bitumen extraction pro-
cesses to be developed to reduce MFT production should operate by reducing dispersion of the 
silt and clay size particles. 

 
2.1 Proposed Extraction Processes to Reduce Environmental Impacts of Oil sands Plants  
As a solution to existing mature fine tailings and water salinity problems, we investigated the 
performance of CaO, ozone (O3) and biodiesel (BD) as extraction additives.  CaO, which be-
comes Ca(OH)2 in aqueous environments, replacing NaOH used in the CHWE process as a pH 
adjusting additive; O3  for in-situ production of surfactants by oxidation of bitumen asphaltenes; 
and BD as a surfactant additive from an external source. BD is a methyl ester of fatty acids 
which possesses hydrophilic and hydrophobic functional groups which act as surfactants which 
reduce the bitumen-water interfacial tension.   

 Performance of CaO, O3 and BD as extraction process additives was tested using a Denver 
D-12 Flotation apparatus as an extraction test unit.  Extraction tests were performed using 500 g 
of oil sands ore of different grades and varying amounts of artificial process water with a stand-
ard composition.  Extraction tests were performed by simulating the ore conditioning, primary 
and secondary extraction process operating conditions.  Bitumen, solids and water contents of 
the primary and secondary extraction froths were determined using the Dean-Stark extraction 
method.  Standard water chemistry analyses were made on the release water samples. 

 These additives reduce clay dispersion in the extraction process without harming bitumen 
extraction efficiency; produces tailings with improved settling and consolidation characteristics. 
The Ca(OH)2 additive acts similar to NaOH; which improves bitumen recovery by the mecha-
nisms, discussed in Section 1.1, by the following reactions: 
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NaOH2ClayCaClayClayNa2)OH(Ca 2  (1) 

OH23CaCO2)HCO(Ca)OH(Ca 2232  (2) 

OH2NAPCaNAPNAPH2)OH(Ca 22  (3) 

where chemical equilibrium, the thermodynamic property of the system, determines the concen-
trations of the species such as Ca(OH)2, Na-Clay (water swelling sodium clay) and water solu-
ble Ca(HCO3)2  (bicarbonates in general) and H-NAP (naphthenic acids) naturally present in bi-
tumen. In principle, the dosage of CaO (or Ca(OH)2), temperature, hydrodynamics and 
retention time should control the overall performance of the ore conditioning and extraction 
process. 
  The major advantages of the use of CaO are that it increases pH of the ore-water slurry 
which decreases clay-bitumen attachment, reduces clay dispersion and concentration of water 
soluble naphthenic acids salts. These acid salts act as surfactants by the chemical reactions 
shown in Equations 2 and 3.   As discussed in Section 1.1, reduction of the activity of surfactant 
species increases bitumen-water interfacial tension and promotes coalescence of small bitumen 
droplets to larger droplets.  Excessive increase in the interfacial tension reduces bitumen libera-
tion and detachment from sand; therefore, reduces bitumen extraction efficiency.  It was ob-
served that excessive use of CaO, for example beyond 600 mg-CaO/kg-ore dosages, results in a 
decrease in extraction efficiency.  This observation resulted in us considering using O3 or BD as 
an additive to reduce the bitumen-water interfacial tension after conditioning the ore-water slur-
ry with CaO additive. 

 Performance of CaO as a pH adjusting additive, ozone as an oxidizing agent producing sur-
factants from bitumen asphaltenes and BD as a surfactant additive in a bitumen extraction pro-
cess has been tested for different grade ores and extraction process temperatures (Ozum and 
Scott, 2010a; Babadagli et al, 2008).  As an example, for a low grade ore with 7.7% bitumen, 
82.4% solids, 27.0% fines (of the solids) and 9.7% water, an extraction process by CaO addi-
tion at 150 mg CaO/ore dosage provided an acceptable bitumen recovery efficiency with a 40 to 
50 oC extraction temperature.  It is noted that when CaO is used as an extraction process addi-
tive Na+ concentration in the release water has no sign of increasing; which indicates that it im-
proves the geotechnical characteristics of the tailings and reduces MFT production. 

 The long term effect of a CaO additive as an extraction process additive also was tested by 
recycling the release water five times with the addition of CaO at each cycle. All extraction 
tests performed with CaO additive resulted in decreases in release water Ca2+, Mg2+ and Na+ 
concentrations, which were expected by the chemical reactions expressed in Equations 1, 2 and 
3.  It is speculated that clay flocculated by the chemical reaction shown in Equation 1 traps Na+ 
rich liquid layer adjacent to the clay particles; which results in low Na+ concentration in the re-
lease water.  A similar reduction trend in the release water Na+ concentration was also observed 
with NST production using an CaO additive; where CaO was used at much larger dosages, 400 
to 800 g-CaO/m3-NST.  Reduction in recycle process water Na+ concentration results in better 
water chemistry and boosts long term sustainability of the oil sands plants. 

 Laboratory scale bitumen extraction test results suggest that the dosage of CaO additive 
could be increased to about 300 mg-CaO/kg-ore depending on ore grade, more specifically the 
clay content.  In the bitumen extraction process, O3 or BD additives could be used especially for 
the processing of low grade ores at dosages of about 200 mg/kg-ore.  Both CaO and O3 addi-
tives perform better at reduced operating temperature, potentially at about 40 oC temperature.   

 The proposed extraction additives would cost about $0.06 for CaO ($130/t-CaO), $0.35 for 
O3 ($1,100/t-O3) and $0.58 for BD ($1,800/t-BD) per barrel of bitumen.   

 At our laboratory, extraction experiments are being performed to investigate the effects of 
CaO as an extraction process additive on: (i) geotechnical properties of the tailings; (ii) silt and 
clay size particles content in the extraction froth; and, (iii) concentration of water soluble naph-
thenic acids salts in the release water. 
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2.2 Proposed NST Production Process from the Blend of Cyclone Underflow, Thickener 
Underflow and MFT using CaO or CaO and CO2 
As discussed in Section 2, reduction of MFT production would be possible by disposing the 
fines fraction (which has tendency to produce MFT) of the original tailings material in the form 
of a NST material, regardless of the extraction process used in the first place.                   

 Segregation is a physical process controlled by the Bingham plastic tendency of the fines-
water matrix rheology; the fluid remains rigid if the shear stress is smaller than the yield stress 
and behaves as Newtonian when the shear stress is greater than the yield stress.  Formation of 
the yield stress requires sufficiently high fines-water ratio, FWR, defined by the ratio of 
fines/(fines+water) on a mass basis.  Additives such as Ca2+ reduces the minimum required 
FWR by agglomerating the clay size particles in the suspension by the chemical reaction ex-
pressed in Equation 1. 
As an example, the measured yield stresses for NST mixes (prepared from non additive extrac-
tion process tailings) with 20% fines (sand-to-fines ratio, SFR, of 4) at different solids content 
are presented in Table 1.   
 
 
Table 1.  Measured yield stress for NST Mixes of 20% fines 
 

Solid Yield Stress (Pa) @ Shear Rates 
Comments 

(%) 0.01/s 0.02/s 0.03/s 0.1/s 0.2/s 0.3/s 
56 1 1 1 - - - segregating 
61 4 4 4 4 - - partially segregating 
66 15 14 14 14 - - nonsegregating 
67 16 15 15 15 15 14 nonsegregating 
68 13 13 13 13 14 13 nonsegregating 

 

 
 Data presented in Table 1 show that the segregation boundary of the NST mix at 20% fines 

content (SFR=4) is at a solids content between 61% and 66%.  The segregation boundary of a 
tailings mixture with a different fines content would be at different solids content; however, 
along the segregation boundary the FWR (fines/(fines+water) ratio) doesn’t change.  This ob-
servation suggests that the yield stress formed in the fines-water matrix determines the segrega-
tion behavior of the tailings.  As an example, the measured yield stresses of a desanded Thick-
ener Underflow tailings (99% of fines, <45 m; also prepared from a nonadditive extraction 
process tailings) at different solids contents, or at different SFRs are presented in Table 2.   
 
Table 2. Yield stress of desanded Thickener 
Underflow at different SFR  

 

FWR Yield Stress 
(%)  (Pa) 
22 ~1 
23 ~1 
32 ~5 

41 ~18 
 

 
    For deposition of tailings as a nonsegregating material, it is desirable that the segregation 
boundary is shifted to the lowest possible FWR.  This could be achieved by using an additive, 
such as CaSO4 used in CT production, promoting agglomeration between the clay particles. Ef-
fect of Ca2+ on the stability of clay-water suspensions used as oil well drilling fluids and surfac-
tants used as thinners to increase  their  life span  was   extensively  studied (Rogers, 1953). 
   These studies encouraged the researchers at the Alberta Research Council to investigate 
the use of Ca2+ (using CaCl2 and Ca(OH)2) as additive for the treatment of oil sands tailings in 
1970s without referring segregating behavior of the tailings (Speight and Moschopedis, 1978 
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and 1980; Kessick; 1978, 1979a, 1979b and 1983).  Effect of Ca2+ on segregation properties of 
oil sands tailings was notified with the researchers at the University of Alberta (Morgenstern 
and Scott, 1995). 

We studied production of NST from oil sands tailings produced by nonadditive and additive 
extraction processes, by using CaO and CaO and CO2 additives to prevent segregation (Scott et 
al, 2007, 2008, Ozum and Scott, 2009 and 2010b; Donahue et al 2008).  All NST production 
studies were made considering the release water chemistry for the use of release water in ex-
traction process as depicted in Figure 3 and segregation boundary diagram presented in Figure 
6.  

 
Figure 6 .  Segregation boundaries for the oil sands tailing. 

 
 Our NST production research results suggest that NST can be produced from the blend of 

Cyclone Underflow, Thickener Underflow and existing MFT, using CaO as process additive at 
400 g to 800 g/m3-NST dosages, which corresponds to CaO additive cost at about $0.05 to 
$0.09 barrel bitumen produced.  Segregation characteristics presented in Figure 6 suggests that 
NST production would be easier if the Thickener Underflow is at high solids content which 
could be achieved by thickening the Cyclone Overflow in high performance thickeners. 

 Use of CaO additive would improve the nonsegregating characteristic of the NST mixture.  
Excessive use of CaO would not harm the overall performance of the oil sands plant since it 
could be used soften fresh make-up water (chemical reaction expressed in Equation 3) or buff-
ered with CO2 absorbed from the air or injecting at the plant site to adjust the pH of the NST 
mixture by the following reaction: 

 

OHCaCOCO)OH(Ca 2322  (4) 
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3 CONCLUSIONS 

 
Novel bitumen extraction and NST production processes are needed to reduce the environmen-
tal impacts of oil sands.  Implementation of the use of CaO as pH adjusting additive in extrac-
tion process and as an additive to boost nonsegregating property of the NST mixture in tailings 
disposal would improve the process water chemistry and reduce MFT formation; long term use 
of these processes in a coupled manner would rectify the existing environmental problems 
caused by the oil sands plants.  For low grade ores ozone and biodiesel additives could be used 
as additives to boost bitumen extraction efficiency.  Pilot scale testing of both bitumen extrac-
tion and NST production process would be needed for their commercialization. 
 

4  ACKNOWLEDGEMENTS 

The authors acknowledge the financial support provided by IRAP-NRC, Alberta Energy Re-
search Institute and Alberta Minister of Advanced Education and Technology. 

5 REFERENCES 

Allen, E.W. 2008a. Process water treatment in Canada’s oil sands industry: Part I. Target pollutants and 
treatment objectives, Journal of Environmental Engineering and Science, 7: 123-138. 

Allen, E.W. 2008b. Process water treatment in Canada’s oil sands industry: Part II. A review of emerging 
technologies, Journal of Environmental Engineering and Science, 7: 499-524. 

Babadagli, T., Z. Burkus, S.E. Moschopedis and B. Ozum. 2008.  Bitumen Extraction from Oil Sands 
Ore-Water Slurry Using CaO (Lime) and/or Ozone, SPE 117677, SPT Internation-
al Thermal Operations and Heavy Oil Symposium, October 20-23, Calgary, Alberta, Canada. 

Baptista, M.V. and C.W. Bowman, 1969.  The Flotation Mechanism of Solids from the Athabasca Oil 
Sands. 19-th Canadian Chemical Engineering Conference, Edmonton, Alberta, Canada. 

Bowman, C.W. 1967. Molecular and Interfacial Properties of Athabasca Tar Sands.  Proceedings of the 
Seventh World Petroleum Congress, 3: 583-604, Mexico City, Mexico. 

Burns, R., Tipman, R., Firmin, K. Mikula, R.J., Munoz, V.A., Kasperski, K.L. and Omotoso, O.E. 1998. 
Bitumen Release Mechanisms and New Process Development, Seventh UNITAR International Confer-
ence on Heavy Crude and Tar Sands, Paper No. 1998.226, October 27-30, Beijing, China. 

Coleman, R.D., B.D. Sparks, A. Majid, F.N. Toll. 1995. Agglomeration-Flotation: Recovery of Hydro-
phobic Components from Oil Sands Fine Tailings. Fuel, 75(8), 1156-1161.  

Clark, K.A. 1939. The Hot Water Method for Recovering Bitumen from Bituminous Sand, Report on Sul-
livan Concentrator, Alberta Research Council, Edmonton, Alberta Canada. 

Clark, K.A. and D.S. Pasternack.  1932. Hot Water Separation of Bitumen from Alberta Bituminous Sand.  
Industrial Engineering Chemistry, 24: 1410-1416. 

Caughill, D.L., N.R. Morgenstern and J.D. Scott. 1993. Geotechnics of Non-Segregating Oil Sands Tail-
ings.  Canadian Geotechnical Journal, 30(5):801-811.  

Dawson, R. F., Sego, D.C., and Pollock, G.W. 1997. Freeze Thaw Dewatering of Oil Sands Fine Tails, 
Canadian Geotechnical Journal, 36: 587–598. 

Donahue, R., S. Jeeravipoolvarn, J.D. Scott and B. Ozum. 2008.  Properties of Nonsegregating Tailings 
Produced from the Aurora Oil Sands Mine Tailings. International Oil Sands Tailings Conference, De-
cember 7-10, Edmonton, Alberta, Canada. 

ERCB Directive 074. 2009. Tailings Performance Criteria and Requirements for Oil Sands Mining 
Schemes Energy Resources Conservation Board, February 3, Calgary, Alberta, Canada. 

Goodwin, S. and L.R. Turner. 1990.  The AOSTRA Taciuk Process. AOSTRA Oil Sands 2000 Confer-
ence, March 26-28, Edmonton, Alberta, Canada. 

Proceedings Tailings and Mine Waste 2012  |  Keystone, Colorado, USA  |  October 14-17, 2012

589



Hall, E.S. and E.L. Tollefson. 1982. Stabilization and Destabilization of Mineral Fines-Bitumen-Water 
Dispersions in Tailings from Oil Sand Extraction Plants that use the Hot Water Process. Canadian 
Journal of Chemical Engineering, 60: 812-821. 

Kasperski, K.L. 2001.  Review of Research on Aqueous Extraction of Bitumen from Mined Oil Sands, 
Natural Resources Canada, Western Research Centre, Division Report, May 2001, CWRC 01-17. 

Kasperski, K.L. 1992.   A review of properties and treatment of oil sands tailings. AOSTRA Journal of 
Research 8: 11-53. 

Kessick, M. 1983. Recovery of Water and Alkali Used in Oil Sands and Heavy Oil Extraction.   Fuel, 62: 
1296-1298. 

Kessick, M. 1979a.  Complex Acids and Their Role in the Stability of Clay Sludges form Oil Sands.  Clays 
and Oil Minerals, 27(4) 301-302. 

Kessick, M. 1979b.  Structure and Properties of Oil Sands Clay Tailings. The Journal of Canadian Petro-
leum Technology, Heavy Oil Technology, January-March, 49-52. 

Kessick, M. 1978. Clay Slimes from the Extraction of Alberta Oil Ssands, Florida Phosphate Matrix and 
Other Mined Deposits. Canadian Mining and Metallurgical Bulletin, February, 1-9. 

Leja, J. and C.W. Bowman.  1968.  Application of Thermodynamics to the Athabasca Tar Sands. Canadi-
an Journal of Chemical Engineering, 46: 479-481. 

Liu, Y.B., E. Lord and J.D. Scott. 1997.  Geotechnical Aspects of Two Innovative Disposal Technologies 
for Oil Sands Tailings.  Proceedings of 50th Canadian Geotechnical Conference, 2: 514-521, Ottawa, 
ON, Canada. 

MacKinnon, M. 2004.  Oil Sands Water Quality Issues: Properties, Treatment and Discharge Options. 
CONRAD Oilsands Water Usage Workshop, February 24-25, Fort McMurray, Alberta, Canada. 

MacKinnon, M. 2001.  Process-Affected Waters: Impact of Operating Factors on Recycle Water Quality.  
CONRAD Oil Sands Extraction and Process Water Workshop, May 7-8, Fort McMurray, Alberta, 
Canada. 

MacKinnon, M.D. and A. Sethi. 1993. Proceeding Fine Tailings Symposium, Oil Sands Our Petroleum 
Future Conference, pp.1-33, April 4-7, Edmonton, Alberta, Canada. 

Masliyah, J., Z. Zhou, Z. Xu, J. Czarnecki and H. Hamza, 2004.  Understanding Water-Based Bitumen 
Extraction from Athabasca Oil Sands, Canadian Journal of Chemical Engineering, 82: 628-654. 

Miller, W. G., J. D. Scott and D. C. Sego. 2010.  Influence of the Extraction Process on the Characteris-
tics of Oil Sands Fine Tailings.  CIM Journal, 1(2), 93-112. 
Morgenstern, N. R., and Scott, J. D. 1995.  Geotechnics of Fine Tailings Management. GeoEnvironment 

2000, ASCE Specialty Conference, February 24-26, New Orleans, 46 (2): 1663-1683. 
Ozum, B. and J.D. Scott. 2010a.  Methods to Reduce Production of Oil Sands Mature Fine Tailings, 

GEO2010-63rd Canadian Geotechnical Conference, September 12-16, 2010, Calgary, Alberta, Canada. 
Ozum, B. and J.D. Scott. 2010b. Methods to Reduce Production of Oil Sands Fluid Fine Tailings, Interna-

tional Oil Sands Tailings Conference, December 5-8, Edmonton, Alberta, Canada. 
Ozum, B. and J.D. Scott. 2009.  Reduction of Oil Sands Fine Tailings. Proceedings of the Thirteenth In-

ternational Conference on Tailings and Mine Waste, November 1-4, Banff, Alberta, Canada. 
Ozum, B., R. Chalaturnyk and J.D. Scott. 1999.  Water Quality and CT from Full Tailings:  An Integrated 

Approach, Proceedings of the Oil Sands Process Water Workshop, July 7-8, Fort McMurray, Alberta, 
Canada. 

Rogers, W.F. 1953.  Composition and Properties of Oil Well Drilling Fluids.  Gulf Publishing Company. 
Houston, Texas, USA. 

Romanova, U.G., M. Valinasab, E.N. Stasiuk, H.W., Yarranton. 2006.  The Effect of Oil Sands Bitumen 
Extraction Conditions on Froth Treatment Performance. Journal of Canadian Petroleum Technology, 
45(9): 36-45. 

Scott, J. D., S. Jeeravipoolvarn, R. Donahue and B. Ozum. 2008.  Characterization of Oil Sands Thick-
ened Tailings. International Oil Sands Tailings Conference, December 7-10, Edmonton, Alberta, Cana-
da. 

Scott, J.D., Donahue, R., Blum, J.G. Paradis, T. G., Komishke, B. and Ozum, B. 2007. Production of 
Nonsegregating Tailings with CaO or CaO and CO2 for Improved Recycle Water Quality, CON-
RAD’s Water Usage Workshop, November 21 & 22,  Calgary, Alberta, Canada. 

Speight, J.G. and S.E. Moschopedis. 1980.  Surface and Interfacial Phenomena Related to the Hot Water 
Processing of Athabasca Oil Sands.  Information Series No. 86 Alberta Research Council, Edmonton, 
Alberta, Canada. 

Oil Sands

590



Speight, J.G. and S.E. Moschopedis. 1977/78.  Factors Affecting Bitumen Recovery by the Hot Water 
Process.  Fuel Processing Technology, 1: 261-268. 

Wu, J. Y. Xu, T. Dobras and H. Hamza. 2003. Effect of Demulsifier Properties on Destabilization of Wa-
ter-in-Oil Emulsion.  Energy and Fuels, 17(6): 1554-1559. 

Yong, R.N. and A.J. Sethi. 1983.  Decarbonization of Tailings Sludge to Improve Settling.  USA Patent 
No. 4,414,117. 

Proceedings Tailings and Mine Waste 2012  |  Keystone, Colorado, USA  |  October 14-17, 2012

591



592



 
 

1 INTRODUCTION 

Mining is the process of extracting a beneficial naturally occurring resource from the earth 
(Newman et al., 2010) and historical assessment of mineral resource evaluations has demonstrated 
the sensitivity of project profitability to decisions based on mine planning. A major aspect of mine 
planning is the optimization of long-term production scheduling. The aim of long-term production 
scheduling is to determine the time and sequence of extraction and displacement of ore and waste 
in order to maximize the overall discounted net revenue from a mine within the existing economic, 
technical and environmental constraints. Long-term production schedules defines the mining and 
processing plant capacity and expansion potential as well as management investment strategy. In 
mining projects, deviations from optimal mine plans will result in significant financial losses, 
future financial liabilities, delayed reclamation and resource sterilization. 

Mixed Integer Linear Goal Programming (MILGP) type mathematical models are considered 
powerful tools in optimizing mine production schedules and there have been some efforts in 
applying them to mining projects. Though Mathematical Programming Models (MPMs) have been 

A mathematical programming model for oil sands production 
scheduling and waste management 

E. Ben-Awuah & H. Askari-Nasab 
Mining Optimization Lab (MOL), University of Alberta, Edmonton, AB, Canada 

 

ABSTRACT: In oil sands mining, providing good ore and tailings containment at the right time 
are the main drivers for profitability and sustainability. Recent environmental and regulatory 
requirements makes waste management an integral part of mine planning in the oil sands 
industry (Directive 074). This paper introduced a Mixed Integer Linear Goal Programming 
(MILGP) mine planning model for multiple material types and destinations that uses exact 
optimization techniques. Using a Mathematical Programming Model (MPM) like MILGP with 
exact optimization methods result in solutions within known limits of optimality. As the 
solution gets closer to optimality, it leads to production schedules that generate higher net 
present value than those obtained from heuristic optimization methods. MPM however results in 
large scale optimization problems which may become intractable or have longer solution times. 
To implement an efficient MILGP model, a clustering algorithm known as Hierachical 
clustering which has been customized to generate reduced mining precedences is used. An 
initial production schedule is also generated with Whittle’s Fixed Lead heuristic algorithm and 
used as an input for the exact optimization process. This reduced the size and solution time of 
the oil sands production scheduling and waste management optimization problem leading to 
sustainable mining practices. This includes an efficiently modeled pushback mining strategy. 
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applied in mine production scheduling, very little work has been done in terms of oil sands mine 
planning, which has a unique scenario when it comes to waste management. Recent mining 
regulations by Alberta Energy Resources and Conservation Board (Directive 074) (McFadyen, 
2008) requires oil sands mining companies to develop integrated mine planning and waste 
management strategies for their in-pit and external tailings facilities. The MILGP model used for 
this research incorporates multiple material types with multiple elements for multiple destinations 
in Oil Sands Long Term Production Planning (OSLTPP). This MILGP model however results in a 
large scale optimization problem which may become intractable or have longer solution times. It is 
our objective to develop an efficient MILGP model for OSLTPP and waste management that 
delivers acceptable results in a reasonable time.    

Oil sands mining is increasingly becoming challenging as the public and law makers continue to 
put pressure on their waste management practices. Together with the limitations in lease areas, it 
has becomes necessary to look into effective and efficient waste disposal planning system. This 
system should be well integrated into the long term mine plan in an optimization framework that 
creates value and a sustainable operation. In oil sands operations, the pit phase mining occurs 
simultaneously with the construction of in-pit dykes in the mined out areas of the pit and ex-pit 
dykes in designated areas outside the pit. These dykes are constructed to hold tailings that are 
produced during processing of the oil sands ore. The materials used in constructing these dykes 
come from the oil sands mining operation. The dyke materials are made up of overburden (OB), 
interburden (IB) and tailings coarse sand (TCS). Any material that does not qualify as ore or dyke 
material is sent to the waste dump. 

In implementing an efficient MILGP model to incorporate waste management into OSLTPP, our 
targets are to: 

 Determine the order and time of extraction of ore, dyke material and waste to be removed 
from a predefined final pit limit over the mine life that maximizes the Net Present Value 
(NPV) of the operation. 

 Determine the destination of dyke material that minimizes construction cost based on the 
construction requirements of the various dykes. 

Prior to OSLTPP, we assume that the material in the final pit limit is discretized into a three-
dimensional array of rectangular or cubical blocks called a block model. Attributes of the material 
in the block model such as rock types, densities, grades, or economic data are represented 
numerically (Askari-Nasab et al., 2011; Ben-Awuah & Askari-Nasab, 2011). Figure 1 shows the 
scheduling of oil sands multi-mine final pits block models containing K mining-cuts. Mining-cuts 
are clusters of blocks within the same level or mining bench that are grouped based on a similarity 
index defined using the attributes; location, grade, rock type and the shape of mining-cuts that are 
created on the lower bench. In this research, an agglomerative hierarchical clustering algorithm 
which seeks to generate clusters with reduced mining-cut extraction precedences compared with 
other automated methods is used (Tabesh & Askari-Nasab, 2011). Each mining-cut k, is made up 
of ore ko , OB dyke material kd , IB dyke material kn , and waste kw . The material in each 
mining-cut is to be scheduled over T periods depending on the goals and constraints associated 
with the mining operation. OB dyke material scheduled T

kd , IB dyke material scheduled T
kn , and 

TCS dyke material from the processed ore scheduled, T
kl , must further be assigned to the dyke 

construction sites based on construction requirements. For period t1, the dyke construction material 
required by site i is dykei. 
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Figure 1. Schematic representation of the problem definition showing strategic production and dyke material 

scheduling modified after Ben-Awuah & Askari-Nasab (2011) 

 

The schedules generated for OSLTPP drives the profitability and sustainability of an oil sands 
mining operation. The strategic production and dyke material schedules control the NPV of the 
operation and provide the platform for a robust waste management planning strategy. Lack of 
proper waste management planning can lead to environmental and sustainability issues resulting in 
major financial liabilities or immediate mine closure by regulatory agencies. 

The rest of the paper is organized as follows. Section 2 summaries the application of MILGP 
model to OSLTPP and waste management. Section 3 outlines the implementation of an efficient 
MILGP model for OSLTPP and waste management and a case study presented in section 4. The 
paper concludes in section 5. 

2 MILGP MODEL FOR OSLTPP AND WASTE MANAGEMENT 

The OSLTPP and waste management problem is to find the time and sequence of extraction of ore, 
dyke material and waste mining-cuts to be removed from pre-defined open pit outlines and their 
respective destinations over the mine life, so that the NPV of the operation is maximized and dyke 
construction cost is minimized. In general, the MILGP formulation is for multiple material types 
and destinations as well as pushbacks which ties into the waste management strategy for oil sands 
operations. The production schedule is subject to a variety of technical, physical and economic 
goals and constraints which enforce mining extraction sequence, mining and dyke construction 
capacities and blending requirements. The notations used in the formulation of the OSLTPP and 
waste management problem have been classified as sets, indices, subscripts, superscripts, 
parameters and decision variables. Details of these notations can be found in the Appendix. 

The summary of economic data for each mining-cut known as economic mining-cut value is 
based on ore parcels within mining-cuts which could be mined selectively. The economic mining-
cut value is a function of the value of the mining-cut based on the processing destination and the 
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costs incurred in mining from a designated location and processing, and dyke construction at a 
specified destination. The cost of dyke construction is also a function of the location of the tailings 
facility being constructed and the type and quantity of dyke material used. The discounted 
economic mining-cut value for mining-cut k is equal to the discounted revenue obtained by selling 
the final product contained in mining-cut k minus the discounted cost involved in mining mining-
cut k as waste minus the extra discounted cost of mining OB and IB dyke material, and generating 
TCS dyke material from mining-cut k for a designated dyke construction destination. This can be 
summarized by Equations (1) to (6). 

Discounted economic mining-cut value = discounted revenue - discounted costs  
, , , , , ,u t u t a t u t u t u t

k k k k k kd v q p m h   (1) 

The variables in Equation (1) can be defined by Equations (2) to (6). 

, , , , , ,

1 1

E E
u t e u e e t e t u e t
k k k k

e e
v o g r p cs o cp            (2) 

, ,a t a t
k k k k kq o d n w cm   (3) 

, ,u t u t
k kp d ck   (4) 

, ,u t u t
k km n cb   (5) 

, ,u t u t
k kh l ct   (6) 

Where: 

1,......,t T  index for scheduling periods. 

1,.....,k K  index for mining-cuts. 

1,.....,e E  index for element of interest in each mining-cut. 

1,.....,j J  index for phases (pushback). 

1,.....,u U  index for possible destinations for materials. 

1,.....,a A  index for possible mining locations (pits). 

,u t
kd       the discounted economic mining-cut value obtained by extracting mining-cut k and sending 

it to destination u in period t.  
,u t

kv       the discounted revenue obtained by selling the final products within mining-cut k in period 
t if it is sent to destination u, minus the extra discounted cost of mining all the material in 
mining-cut k as ore from location a and processing at destination u.  

,a t
kq  the discounted cost of mining all the material in mining-cut k in period t as waste from 

location a. 
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,u t
kp  the extra discounted cost of mining all the material in mining-cut k in period t as 

overburden dyke material for construction at destination u. 
,u t

km  the extra discounted cost of mining all the material in mining-cut k in period t as 
interburden dyke material for construction at destination u. 

,u t
kh  the extra discounted cost of mining all the material in mining-cut k in period t as tailings 

coarse sand dyke material for construction at destination u. 

ko  the ore tonnage in mining-cut k. 

kd  the overburden dyke material tonnage in mining-cut k. 

kn  the interburden dyke material tonnage in mining-cut k. 

kw  the waste tonnage in mining-cut k. 

kl  the tailings coarse sand dyke material tonnage in mining-cut k. 
e
kg  the average grade of element e in ore portion of mining-cut k. 
,u er  the proportion of element e recovered (processing recovery) if it is processed at destination 

u. 
,e tp  the price of element e in present value terms per unit of product. 
,e tcs  the selling cost of element e in present value terms per unit of product. 
, ,u e tcp  the extra cost in present value terms per tonne of ore for mining and processing at 

destination u. 
,a tcm  the cost in present value terms of mining a tonne of waste in period t from location a. 

,u tck  the cost in present value terms per tonne of overburden dyke material for dyke construction 
at destination u. 

,u tcb  the cost in present value terms per tonne of interburden dyke material for dyke construction 
at destination u. 

,u tct  the cost in present value terms per tonne of tailings coarse sand dyke material for dyke 
construction at destination u. 

2.1 The MILGP model objective functions 

The objective functions of the MILGP model for OSLTPP and waste management can be 
formulated as: 1) maximizing the NPV of the mining operation, 2) minimizing the dyke 
construction cost for the waste management plan, and 3) minimizing the deviations from the set 
goals. We used the concepts presented in Ben-Awuah et al. (2012) as the starting point of our 
development. The formulation uses continuous decision variables, ,a t

ky , ,u t
kx , ,u t

kz , ,u t
kc , and ,u t

ks  to 
model mining and processing requirements, and OB, IB and TCS dyke material requirements 
respectively, for all mining locations and processing and dyke construction destinations. Using 
continuous decision variables allows for fractional extraction of mining-cuts in different periods for 
different locations and destinations. Continuous deviational variables, , ,

1
a td , , ,

2
u td , , ,

3
u td , , ,

4
u td  and 

, ,
5

u td  have been defined to support the goal functions that control mining, processing, OB, IB and 
TCS dyke material, for all mining locations and processing and dyke construction destinations. The 
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deviational variables provide a continuous range of units (tonnes) that the optimizer can choose 
from to satisfy the set goals. In the objective function, these deviational variables are minimized. 
The objective function also contains deviational penalty cost and priority (PP) parameters. The 
deviational penalty cost parameters, 1a , 2a , 3a , 4a , and 5a , penalizes the NPV for any deviation 
from the set goals. The priority parameters 1P , 2P , 3P , 4P  and 5P  are used to place emphasis on the 
goals that are more important. The PP parameters are set up to penalize the NPV if the set goals are 
not met as well as the most important goal.   

When setting up these parameters, the planner needs to monitor how continuous mining 
proceeds period by period and the uniformity of tonnages mined per period; as well as the 
corresponding NPV generated, to keep track of how parameter changes affect these key 
performance indicators. In some scenarios, the limit for setting the PP parameters depends on the 
extent to which the planner wants to trade off NPV to meet the set goals. A higher PP parameter 
may enforce a goal to be met whilst reducing the NPV of the operation. A case showing this trend 
was analyzed in Ben-Awuah et al. (2012). In general, the magnitude of the PP parameters should 
be calibrated based on the objectives of management. More weight should be assigned to a goal 
that has a higher priority for the management. 

The three objective functions of the MILGP model for OSLTPP and waste management are 
represented by Equations (7) to (9) respectively.  

, , , ,

1 1 1 1 j

A U T J
u t u t a t a t
k k k k

a u t j k B
Max v x q y

 
(7) 

, , , , , ,

1 1 1 1 j

A U T J
u t u t u t u t u t u t
k k k k k k

a u t j k B
Min p z m c h s

 
(8)          

, , , , , ,
1 1 1 2 2 2 3 3 3

, , , ,
1 1 1 1 4 4 4 5 5 5j

a t u t u t
A U T J

u t u t
a u t j k B

P a d P a d P a d
Min

P a d P a d
 

(9) 

Equations (7) to (9) can be combined as a single objective function formulated as in Equation (10). 

 

, , , , , , , , , ,

, , , , , ,
1 1 1 2 2 2 3 3 3

1 1 1 1
, , , ,

4 4 4 5 5 5

j

u t u t a t a t u t u t u t u t u t u t
k k k k k k k k k k

A U T J
a t u t u t

a u t j k B
u t u t

v x q y p z m c h s

Max P a d P a d P a d

P a d P a d

 (10) 

2.2 The MILGP model goal functions 

In the proposed model, the goals to be achieved are the mining and processing targets, and OB, IB 
and TCS dyke materials targets in tonnes for all mining locations, and processing and dyke 
construction destinations. These goal functions are represented by Equations (11) to (15) 
respectively. 

, , , ,
1

1 j

J
a t a t a t

k k k k k m
j k B

o d n w y d T
              

(11) 
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, , , ,
2

1 j

J
u t u t u t

k k p
j k B

o x d T
  

(12) 

, , , ,
3

1 j

J
u t u t u t

k k d
j k B

d z d T
  

(13) 

, , , ,
4

1 j

J
u t u t u t

k k n
j k B

n c d T
  

(14) 

, , , ,
5

1 j

J
u t u t u t

k k l
j k B

l s d T
  

(15) 

Equation (11) represents the mining goal function which ensures the total amount of ore, dyke 
material and waste mined in each period from all mining locations equals the total available 
equipment capacity with a defined acceptable deviation. This goal is controlled by the continuous 
variable ,a t

ky . With the deviational variable , ,
1

a td , Equation (11) will be used in achieving a 
uniform stripping ratio over the mine life. A production schedule with a constant stripping ratio 
ensures that the mining equipment fleet size required is matched to material movement targets. To 
establish a proper production rate, among other things, multiple scenarios of yearly ore production 
rates must be investigated and the one with a uniform mill feed and the highest NPV considered. A 
variable mining goal that allows the mine planner to use different mining capacities throughout the 
mine life can be implemented with this model. This allows for consideration of future expansion 
projects either by owner or contract mining which in most cases increases profitability 
considerably. The set mining goal is a function of the ore reserve, targeted mine-life, designed 
processing capacity, overall stripping ratio, and the available capital for mining fleet acquisition.      

Equation (12) represents the processing goal function which controls the mill feed. This goal 
helps the mine planner to provide a uniform feed throughout the mine life resulting in an 
effectively integrated mine-to-mill operation. In practice, the processing goal must be set with 
minimal periodic deviations to ensure maximum utilization of the mill. Depending on the ore grade 
distribution of the orebody, the processing goal may not be achieved in some periods. In such 
cases, pre-stripping and stockpiling could be explored to provide a uniform mill feed. This amounts 
to forcing the optimizer to mine waste in the early periods, or mining more ore than needed when 
available and feeding the mill with the stored ore when required. 

Equations (13), (14) and (15) represent the dyke material goal functions which control dyke 
construction scheduling. These goals enable the mine planner to schedule the required dyke 
materials for all dyke construction destinations. The TCS dyke material generated from the 
processing plant is directly dependent on the mill feed. The schedules generated from the MILGP 
model give the planner good control over dyke material and provide a robust platform for effective 
dyke construction planning and tailings storage management. Movement of dyke material and dyke 
construction scheduling can be well integrated with the mining fleet management plan. Thus, 
timely tailings containment areas can be created for the storage of fluid fine tailings. In oil sands 
mining, being able to efficiently plan the waste management strategy results in a more profitable 
and sustainable operation. 
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2.3 The MILGP model grade blending constraints 

The MILGP model grade blending constraints control the grade of ore bitumen, ore fines and 
interburden fines in the mined material for all processing and dyke construction destinations. These 
constraints are formulated by Equations (16) to (21). 

, ,, ,

1 1
0

j j

J Ju t ee u t u t
k k k k k

j k B j k B
g o x g o x

  
(16)  

, ,, ,

1 1
0

j j

J J
u t ee u t u t

k k k k k
j k B j k B

g o x g o x
  

(17) 

, ,, ,

1 1
0

j j

J Ju t ee u t u t
k k k k k

j k B j k B
f o x f o x

  
(18) 

, ,, ,

1 1
0

j j

J J
u t ee u t u t

k k k k k
j k B j k B

f o x f o x
  

(19) 

, ,, ,

1 1
0

j j

J Ju t dd u t u t
k k k k k

j k B j k B
f n c f n c                (20) 

, ,, ,

1 1
0

j j

J J
u t dd u t u t

k k k k k
j k B j k B

f n c f n c                (21) 

 
Equations (16) to (19) represents inequality constraints which monitors the mill feed quality. 

They specify the limiting grade requirements for ore bitumen and ore fines for processing.  The 
objective of blending in production scheduling is to mine in a way that the run-of-mine materials 
meet the quality and quantity specification of the processing plant and dyke construction 
destinations. As more detailed planning is done in the short term, the planner is more concerned 
with reducing the mill head grade variability and hence blending of mill feed material becomes 
critical. The mill head grade is a function of the ore grade distribution, processing plant design and 
mine cash flow requirements.    

Equations (20) and (21) represents inequality constraints that controls the IB dyke material 
quality. They specify the limiting grade requirements for IB dyke material fines for dyke 
construction. The designs for dykes at different destinations come with specific dyke material 
requirements. Among other things, the dyke material quality defines the integrity of the tailings 
containment facilities constructed. Since in oil sands mining it is required by law to store large 
volumes of tailings with less environmental footprints, waste management directly impacts 
profitability and sustainability (McFadyen, 2008). 

2.4 The MILGP model variables control constraints 

In the proposed model, the variables control constraints monitor the logics of the variables that 
define mining, processing, dyke materials and goal deviations to ensure they are within acceptable 
ranges. These variables control constraints are represented by Equations (22) to (28). 

, , , ,

1 1

U A
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k k k k
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,

1 1
1

U T
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u t
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,

1 1
1

U T
u t
k

u t
s                    (27) 

, , , , , , , , , ,
1 2 3 4 5, , , , 0a t u t u t u t u td d d d d   (28) 

Equation (22) outlines inequalities that ensure that the total material mined from mining-cut k in 
any given scheduling period from any mining location exceeds or is equal to the sum of the ore and 
OB and IB dyke material mined from that mining-cut. It is assumed that when a mining-cut is 
scheduled, all the blocks or parcels within the mining-cut are extracted uniformly. Equation (23) 
states that the fraction of TCS dyke material produced in each period should be less or equal to the 
fraction of ore mined for all destinations. This constraint manages the direct relationship between 
ore and TCS dyke material. TCS dyke material is only generated when ore is processed for bitumen 
extraction. Equations (24) to (27) ensure that the total fractions of mining-cut k mined and TCS 
dyke material produced and sent to all destinations in all periods is less or equal to one. This keeps 
track of the different portions of mining-cuts that are scheduled for various destinations. Equation 
(28) defines the non-negativity of the deviational variables defined to support the goal functions. 

2.5 The MILGP model mining-cuts extraction precedence constraints 

The mining-cuts extraction precedence in the MILGP model are defined by Equations (29) to (33). 
Binary integer decision variable, 0,1t

kb  is used to control precedence of mining-cuts extraction. 
t
kb  is equal to one if the extraction of mining-cut k has started by or in period t, otherwise it is zero. 

These equations together implement the vertical and horizontal mining-cut extraction sequence. 

,

1 1
0 ( )

a t
t a i
k s k

a i
b y s C L
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,
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a t
t a i
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a i
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1 0t t
k kb b   (33) 

For each mining-cut k, Equations (29) to (33) check the set of immediate predecessor mining-
cuts that must be mined prior to mining mining-cut k for all periods and from all locations. This 
precedence relationship ensures that: 1) all the immediate predecessor mining-cuts above the 
current mining-cut k are extracted prior to extraction of mining-cut k; represented by the set ( )kC L , 
2) all the immediate predecessor mining-cuts preceding the current mining-cut k in the horizontal 
mining direction are extracted prior to extraction of mining-cut k; represented by the set ( )kM P , 
and 3) all the mining-cuts within the immediate predecessor mining phase that precedes the current 
mining phase, j are extracted prior to extraction of mining-cut k in the current mining phase; 
represented by the set ( )kN H .  

Specifically, Equations (29) to (31) ensures that all the immediate predecessor mining-cuts 
which are members of ( )kC L , ( )kM P , and ( )kN H  are mined prior to mining mining-cut k. 
Equation (32) checks that extraction of mining-cut k can start only when the mining-cut has not 
been extracted before. Equation (33) monitors that once the extraction of a mining-cut starts in a 
period, this mining-cut is available for extraction during the subsequent periods. These equations 
work together to ensure mining proceeds in the specified horizontal mining direction as the mine 
goes deeper. 

3 IMPLEMENTATION OF AN EFFICIENT MILGP MODEL FOR OSLTPP AND WASTE 
MANAGEMENT 

We have progressively developed an efficient and robust MILGP model for solving the OSLTPP 
and waste management problem which involves multiple destinations, material types, mining 
locations and pushbacks (Askari-Nasab & Ben-Awuah, 2011; Ben-Awuah & Askari-Nasab, 2011). 
This leads to a large scale optimization problem with numerous decision variables and constraints 
that takes large memory overheads and time to solve; thus, resulting in a sophisticated production 
scheduling problem which calls for improved numerical modeling and optimization techniques to 
deliver acceptable results in a timely manner. We have further developed techniques to reduce the 
number of non-zero decision variables and pushback mining constraints in the production 
scheduling problem. We also implemented hierarchical clustering developed by Tabesh & Askari-
Nasab (2011) which creates clusters that results in less mining-cuts extraction precedence 
constraints. 

The formulated MILGP production scheduling problems are solved using Tomlab/CPLEX 
(Holmström, 2009). The CPLEX solver uses branch and cut optimization method to solve mixed-
integer linear programs.  This is a hybridized method which combines branch and bound and 
cutting plane optimization methods (Horst & Hoang, 1996). 

4 CASE  STUDY: IMPLEMENTATION OF THE MILGP MODEL 

The MILGP model was coded in Matlab (Mathworks Inc., 2009) and implemented on an oil sands 
deposit which has 2 final pits covering an area of about 3900 ha. The mineralized zone of this 
deposit occurs in the McMurray formations. The deposit is to be scheduled for 12 periods 
equivalent to 12 years for the processing plant and dyke construction destinations. The 
performance of the proposed MILGP model was analyzed based on NPV, mining production goals, 
smoothness and practicality of the generated schedules, the availability of tailings containment 
areas at the required time and the computational time required for convergence. The model was 
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implemented on an Octa-Core Dell Precision T7500 computer at 2.8 GHz, with 24GB of RAM. 
Table 1 provides information about the orebody model within the ultimate pits limits used in the 
case study. 

The area to be mined are divided into 2 pushbacks in consultation with tailings dam engineers 
based on required tailings cell capacities and the timelines required in making the cell areas 
available for tailings containment. A hierarchical clustering algorithm is used in clustering blocks 
within each pushback into mining-cuts (Tabesh & Askari-Nasab, 2011). Clustering blocks into 
mining-cuts ensures the MILGP scheduler generates a mining schedule at a selective mining unit 
that is practical from mining operation perspective. In solving the MILGP model with CPLEX, the 
absolute tolerance on the gap between the best integer objective and the objective of the best node 
remaining in the branch and cut algorithm, referred to as EPGAP, was set at 2% for the 
optimization of the mining project. The mining targets, processing plant feed, dyke construction 
requirements, bitumen grade and fines percent need to be controlled within acceptable ranges. 
These requirements have been summarized in Table 2. Mining will proceed from pushback 1 to 2 
with complete extraction of each pushback prior to the next. In addition to the processing plant, 
dyke material requirements for 4 dyke construction destinations will be scheduled. Details of the 
waste management strategy implemented here has been well documented by Askari-Nasab & Ben-
Awuah (2011).  
 
Table 1. Oil sands deposit characteristics within the ultimate pit limits to be scheduled for 12 periods 

Characteristic 
Value 

Pushback 1/Final pit 1 Pushback 2/Final pit 2 
Tonnage of rock (Mt) 1,241.9 2,165.9 
Ore tonnage (Mt) 394.7 673.0 
OB dyke material tonnage (Mt) 406.4 667.5 
IB dyke material tonnage (Mt) 202.6 589.5 
TCS dyke material tonnage (Mt) 298.7 468.0 
Waste tonnage (Mt) 214.6 211.5 
Average ore bitumen grade (wt%) 10.82 10.65 
Average ore fines (wt%) 10.16 15.13 
Average IB dyke material fines (wt%) 19.47 29.38 
Number of blocks 16,948 28,700 
Number of mining-cuts 366 614 
Block dimensions (m) 50 x 50 x 15 
Number of benches 9 

 
Table 2. Mining and processing goals, OB, IB and TCS dyke material goals, ore and IB dyke material grade 
requirements for the MILGP model 

Production 
scheduling 
parameter 

,a t
mT  

(Mt) 

,u t
pT  

(Mt) 

,u t
dT  

(Mt) 

,u t
nT  

(Mt) 

,u t
lT  

(Mt) 

, , , ,u t e u t eg g  

(wt%) 

, , , ,u t e u t ef f  

(wt%) 

, , , ,u t d u t df f  

(wt%) 
Value 285 70 / 90 22.5 16.5 16 16 / 7 30 / 0 50 / 0 
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4.1 Analysis 

After optimization, the overall NPV generated including the dyke construction cost for all 
pushbacks and destinations is $8996M and the total dyke construction cost is $888M at a 1.46% 
EPGAP. The scenario implemented here focuses on a practically integrated OSLTPP and waste 
management strategy that generates value and sustainability. This includes mining in a specified 
direction and making completely extracted pushbacks available for in-pit dyke construction and 
subsequently tailings management. This reduces the environmental footprints of the external 
tailings facility by commissioning in-pit tailings facilities when the active pushback is completely 
mined. The mining direction was decided on during the initial production schedule optimization 
run using the Fixed Lead heuristic algorithm in Whittle (Gemcom Software International, 2008). 
The mining direction with the best NPV was selected for the MILGP model. This was the west-east 
mining direction. Pushback 1 was mined from period 1 to 5 and pushback 2 was mined from period 
5 to 12. The mining sequence shows a progressive continuous mining in the specified direction to 
ensure least mobility and increased utilization of loading equipments. This is very important in the 
case of oil sands mining where large cable shovels are used. The size of the mining-cuts also 
enables good equipment maneuverability. 

Figure 2 shows uniform mining and processing schedules that ensures efficient utilization of 
mining fleet and processing plant capacity throughout the mine life. Figure 2 also shows the 
complete extraction of pushback 1 prior to mining pushback 2, to support tailings management. 
The schedule provides the quality and quantity of dyke material needed to build the dykes of the 
external tailings facility and in-pit tailings cells in a timely manner and at a minimum cost. Pre-
stripping of pushback 1 starts in the first year, resulting in less ore being mined. Subsequently, 
uniform ore feed is provided at the current processing plant capacity. The dyke material mined is 
sent to the scheduled dyke construction destination. In period 6, due to the pre-stripping of 
pushback 2, very little ore is mined. This is to enable ore to be available in period 7. Apparently, it 
may be appropriate to outsource the pre-striping of pushback 2 in period 6, to double the mining 
capacity and enable the ore in pushback 2 to be available one year earlier than scheduled thereby 
reducing the mine life to 11 years. Major processing plant maintenance and expansion could also 
be planned in period 6. The schedule shows an increase in ore availability from period 9 which 
requires increase in the processing plant capacity. Table 3 shows the total material mined, ore, OB 
and IB dyke material tonnage mined and TCS dyke material tonnage generated from the processing 
plant. The schedules give the planner good control over dyke material and provides a robust 
platform for effective dyke construction planning and tailings storage management. 

 

Oil Sands

604



 
Figure 2. Schedules for ore, OB, IB, and TCS dyke material, and waste tonnages 

 
Table 3. Summary of production scheduling results 

Production 
scheduling 
results 

Tonnage 
of rock 

(Mt) 

Ore 
tonnage 

(Mt) 

OB dyke 
material 

tonnage (Mt) 

IB dyke 
material 

tonnage (Mt) 

TCS dyke 
material 

tonnage (Mt) 

Average ore 
fines (w%) 

Average IB 
dyke material 

fines (w%) 
Min Max Min Max 

Value 3407.8 821.1 416.1 373.3 600.3 11.3 28.3 14.0 50.0 
 
The ore and dyke material quality is obtained by blending the run-of-mine material. The targeted 

processing plant head grade and IB dyke material grade that was set were successfully achieved in 
all periods and for all destinations. We targeted to reduce the periodic grade variability by setting 
tighter lower and upper grade bounds. The periodic grades in each pushback can be varied 
depending on the processing plant or dyke construction requirements whilst ensuring a feasible 
solution is obtained. The average ore and IB dyke material fines percent range obtained has been 
summarized in Table 3. 

5 CONCLUSIONS 

We have developed, implemented and verified a MILGP formulation which takes into account 
practical shovel movements by selecting mining-cuts that is comparable to the selective mining 
units of oil sands mining operations. The model created value and a sustainable operation by 
generating a practical, smooth and uniform schedule for ore and dyke material. The schedule gives 
the planner good control over dyke material and provides a robust platform for effective dyke 
construction and waste disposal planning. The schedule ensures that the major factors affecting oil 
sands profitability and sustainability are taken care of within an optimization framework by 
maximizing NPV whilst creating timely tailings storage areas. 

The total NPV generated including dyke construction cost for all pushbacks and destinations is 
$8996M. The average bitumen grade for the scheduled ore was 10.9%. The average ore and IB 
dyke material fines percent ranges between 11.3 and 28.3, and 14 and 50 respectively. The total 
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material mined was 3407.8Mt, which includes: 821.1Mt of ore; 416.1Mt of OB dyke material and 
373.3Mt of IB dyke material whilst 600.3Mt of TCS dyke material was generated from the 
processing plant. 
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APPENDIX 

1,....., K   set of all the mining-cuts in the model. 

1,......, JJ   set of all the phases (push-backs) in the model. 

1,.....,UU   set of all the possible destinations for materials in the model. 

1,.....,A A   set of all the possible mining locations (pits) in the model. 

( )kC L  for each mining-cut k, there is a set ( )kC L K  defining the immediate 
predecessor mining-cuts above mining-cut k that must be extracted prior to 
extraction of mining-cut k, where L is the total number of mining-cuts in 
the set ( )kC L . 

( )kM P  for each mining-cut k, there is a set ( )kM P K  defining the immediate 
predecessor mining-cuts in a specified horizontal mining direction that 
must be extracted prior to extraction of mining-cut k at the specified level, 
where P is the total number of mining-cuts in the set ( )kM P . 
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( )kN H  for each phase j, there is a set ( )kN H K  defining the mining-cuts within 
the immediate predecessor pit phases (push-backs) that must be extracted 
prior to extracting phase j, where H is an integer number representing the 
total number of mining-cuts in the set ( )kN H . 

, ,u t eg  the lower bound on the required average head grade of element e in period 
t at processing destination u. 

, ,u t e
g  the upper bound on the required average head grade of element e in period 

t at processing destination u. 
e

kf  the average percent of fines in ore portion of mining-cut k. 
, ,u t ef  the lower bound on the required average fines percent of ore in period t at 

processing destination u. 
, ,u t e

f  the upper bound on the required average fines percent of ore in period t at 
processing destination u. 

d
kf  the average percent of fines in interburden dyke material portion of 

mining-cut k. 
, ,u t df  the lower bound on the required average fines percent of interburden dyke 

material in period t at dyke construction destination u. 
, ,u t d

f  the upper bound on the required average fines percent of interburden dyke 
material in period t at dyke construction destination u. 

,a t
mT  the mining goal (tonnes) in period t at location a. 

, ,
1

a td  the negative deviation from the mining goal (tonnes) in period t at location 
a. 

,u t
pT  the processing goal in period t at destination u (tonnes). 

, ,
2

u td  the negative deviation from the processing goal in period t at destination u 
(tonnes). 

,u t
dT  the overburden dyke material goal in period t at destination u (tonnes). 

, ,
3

u td  the negative deviation from the overburden dyke material goal in period t 
at destination u (tonnes). 

,u t
nT  the interburden dyke material goal in period t at destination u (tonnes). 

, ,
4

u td  the negative deviation from the interburden dyke material goal in period t 
at destination u (tonnes). 

,u t
lT  the tailings coarse sand dyke material goal in period t at destination u 

(tonnes). 
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, ,
5

u td  the negative deviation from the tailings coarse sand dyke material goal in 
period t at destination u (tonnes). 

1P  the priority level associated with minimizing the deviations from the 
mining goal. 

2P  the priority level associated with minimizing the deviations from the 
processing goal. 

3P  the priority level associated with minimizing the deviations from the 
overburden dyke material goal. 

4P  the priority level associated with minimizing the deviations from the 
interburden dyke material goal. 

5P  the priority level associated with minimizing the deviations from the 
tailings coarse sand dyke material goal. 

1a  the penalty paid per tonne in deviating from the mining goal. 

2a  the penalty paid per tonne in deviating from the processing goal. 

3a  the penalty paid per tonne in deviating from the overburden dyke material 
goal. 

4a  the penalty paid per tonne in deviating from the interburden dyke material 
goal. 

5a  the penalty paid per tonne in deviating from the tailings coarse sand dyke 
material goal. 

, 0,1u t
kx  a continuous variable representing the portion of mining-cut k to be 

extracted as ore and processed at destination u in period t. 
, 0,1u t

kz  a continuous variable representing the portion of mining-cut k to be 
extracted as overburden dyke material and used for dyke construction at 
destination u in period t. 

, 0,1u t
kc  a continuous variable representing the portion of mining-cut k to be 

extracted as interburden dyke material and used for dyke construction at 
destination u in period t. 

, 0,1u t
ks  a continuous variable representing the portion of mining-cut k to be 

extracted as tailings coarse sand dyke material and used for dyke 
construction at destination u in period t. 

, 0,1a t
ky  a continuous variable representing the portion of mining-cut k to be mined 

in period t from location a, which includes both ore, overburden and 
interburden dyke material and waste. 

0,1t
kb  a binary integer variable controlling the precedence of extraction of 

mining-cuts.  t
kb  is equal to one if the extraction of mining-cut k has 

started by or in period t, otherwise it is zero. 
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1 INTRODUCTION 

The economic value that is generated by mining companies is the most important driver in the 
industry. Net present value (NPV) is well introduced to measure the economic value of production 
over the life of an active mine. However, in addition to the economic aspects of the business, 
related social and environmental issues must be considered in business plans. In mining industry, 
limited natural resources that contain minerals are the main source of income. Mining companies 
are now required to minimize the land disturbance and exploit natural resources in a responsible 
manner. 
 The oil sands industry is one of the fastest growing industries in North America. Most of the 
bitumen resources of the world are located in northern Alberta boreal forests. An oil sands deposit 
is a mixture of bitumen and water in sands and clay. It is a thick, sticky, heavy and viscous material 
and needs rigorous extraction treatment. Based on the resource depth, there are two methods for oil 
sands bitumen production: surface mining and steam-assisted gravity drainage (SAGD) technology. 
Surface mining is used for near-surface reserves, requiring an open-pit mine operation with trucks 
and shovels. However, more than 80 percent of Alberta’s bitumen is located deeper in sub-surface 

Towards integration of oil sands mine planning with tailings and 
reclamation plans 

M.M, Badiozamani & H. Askari-Nasab 
Mining optimization lab (MOL), University of Alberta, Edmonton, AB, Canada 

 

ABSTRACT: One of the most concerning issues in oil sands surface mining is dealing with the 
tailings produced in bitumen extraction process. The common approach is to develop tailings 
and reclamation plans separately from the mine planning model. The goal of this research is to 
develop an integrated optimization framework that links long-term mine planning to the tailings 
management and reclamation plan. The objective of the optimization model is to maximize the 
net present value (NPV) while minimizing the reclamation costs. In addition to the typical mine 
planning constraints, the optimization model is constrained by the capacity of tailings facilities 
and the volumes of tailings components. Moreover, material requirement for site reclamation is 
considered in the proposed integrated model. Clark Hot Water Extraction method for bitumen 
extraction is investigated to formulate tailings volumetric calculations. Afterwards, a mixed 
integer linear programming (MILP) model is developed to find the optimal mine production 
schedule that will honor the tailings and reclamation constraints. The proposed model is coded 
in Matlab® and run using CPLEX. It is then verified by testing on real-case oil sands data sets. 
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and needs to be extracted using an in-situ methods such as SAGD. Different lists of environmental 
impacts and their significance corresponding to mining projects are addressed in the literature 
(Singh, 2008, Woynillowicz et al., 2005 and Rodriguez, 2007). The impacts are classified into 
three categories as; (1) land-related, (2) water-related and (3) air quality-related issues. Some of 
important land-related impacts are the effect on the boreal forests, erosion and remaining foot 
prints in the sites. Water-related ones include withdrawal from surface fresh water, remaining 
bitumen in tailings and decreased water pressure of aquifers. Finally, Air quality-related impacts 
include emissions and dust from purification process and mining operations. 
 In order to address the environmental issues of bitumen production and honor sustainability, it 
should be determined that which environmental issues must be considered in mine planning or 
mine design and how they influence the problem. Mine design refers to the group of techniques 
that are applied to determine what the overall configuration of the mine will be at the end of its life. 
A number of environmental issues may be considered here by introducing a new cost as an 
“environmental cost” (Rodriguez, 2007). 
 On the other hand in mine planning, the objective is to find the optimal production plan to 
extract all the material out of the optimal designed pit. A typical mine plan maximizes the NPV 
over the mine-life subject to some technical constraints such as block precedence, production and 
processing capacities. Those environmental issues with ties to the block model can be included in 
the optimization. For instance, the extraction of each block results in generating a certain volume of 
waste. If the optimization model includes the capacity of reclaimable tailings facility, then the 
optimal solution meets requirements of tailings facility reclamation that is one step towards 
sustainable mining practice. 
 In recent decades, many papers have been published regarding different aspects of 
environmental impacts in the mining industry. In the literature, two groups of tools are used to 
evaluate sustainability in mining industry: descriptive versus quantitative methods. Descriptive 
approaches are based on various reports, such as those dealing with the environmental conditions 
and concerns in mining projects (Sinding, 1999). Quantitative approaches try to quantify the 
qualitative measures and provide quantitative assessment results for mining operations. In some 
cases, the environmental impacts are quantified in the designing phase of a mining project 
(Rodriguez, 2007 and Odell, 2004). Fuzzy logic is another powerful tool that is used in 
quantification of descriptive and qualitative values associated with environmental impact 
assessment (Shepard, 2005). 
 The focus in the current literature is mostly on qualitative approaches for the assessment of 
environmental impacts. There are few works that have considered the impacts quantitatively, but in 
most of current cases, the scope of the quantitative approaches is mine design, not mine planning. 
 From the list of environmental issues, two impacts are believed to have significant ties to the 
block model and can be considered in mine planning: (1) the tailings and (2) the land disturbance. 
It is necessary to figure out the relation between tailings volume and block extraction and then, to 
revise the traditional mine planning model in such a way as to generate the required material for the 
reclamation of tailings ponds. 
 There are many works addressing the maximization of NPV in mine planning (Askari-Nasab 
and Awuah-offei, 2009 and Askari-Nasab et al., 2010). There are also a number of models that 
have considered different environmental costs in finding the optimal pit limits in mine design phase 
(Odell, 2004 and Rodriguez, 2007). In addition to pure mine planning and mine design, tailings 
plan is also considered in some works (Ben-Awuah and Askari-Nasab, 2011). However, the critical 
aspect of mine planning that has been missed is a merger between all these areas: profit 
maximization with respect to tailings plan and reclamation costs. 
 Therefore, the objective in this paper is to develop an integrated mine planning model that 
maximizes the cash flow with respect to the amount of produced tailings as the main environmental 
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issue in oil sands industry and at the same time, considers material flow in the mine site to 
minimize the reclamation costs. 

2 PROBLEM DEFINITION 

For a better understanding of reclamation process and also the missing part in mine planning chain, 
a revision of Shell’s plan in fulfillment of Directive 074 (ERCB, 2009) is helpful. Shell Canada has 
considered dedicated disposal area (DDA) for its JackPine Mine (JPM) in Athabasca river region, 
Alberta, Canada. The site has in-pit tailings facility which is constructed with multiple cells 
adjacent to each other (Shell-Canada, 2011). 
 Shell Canada considers three main stages in its plan for decommissioning of the external 
tailings facility: (1) construction, (2) operations and (3) closure. All these three have ties to the 
operation plan of the mine. The amount of waste material that is produced in extraction operations 
is used for the preparation of a starter dyke, external dyke walls and upstream dyke (construction). 
In addition, the thickened tailings (TT), centrifuge cake manufacturing and coarse sand tailings 
(CST) are the by-products of extraction and processing operations and used in filling and 
reclamation (operations phase). In addition, the over burden and cover soil is produced in the 
extraction phase and is used later for reclamation (closure phase). Thus, any change to the 
production schedule has some effect on the amount of produced tailings and required material for 
reclamation. 
 Now, it is required to find an optimized integrated mine production plan that takes into account 
reclamation material requirement and available tailings capacity. Production and reclamation 
should be integrated, because the extracted and processed materials are used in reclamation. 
Therefore, it is important to take into account the destinations for different extracted materials so as 
to properly manage the stream of materials for reclamation. The overview of the problem is 
illustrated in Figure 1. 
 

 
Figure 1. An over view of the integrated mine plan 
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3 THEORETICAL FRAMEWORK 

In a typical mine planning problem, the number of variables is proportional to the number of 
blocks, number of destinations and time periods considered in planning. Since in real long-term 
mine planning problems, usually millions of blocks are considered in the optimum pit and multiple 
destinations and periods are taken into account, the problem has millions of integer and continuous 
variables. This makes the problem NP-hard and non solvable with current in hand software. In a 
brief review, the literature regarding the methodology used in finding the solution for such NP-hard 
problems can be classified into two main categories; (1) those based on the exact solutions, mainly 
relying on linear programming (LP) to find the exact optimal solution that in most cases take a very 
long solution time (CPU time), and (2) those based on the approximation of optimal solution by 
applying heuristic and meta heuristic algorithms to find the best solution. Some good solutions can 
be found by using the heuristic algorithms, but the optimality of solution is not guaranteed. 
 On the other hand, exact methods aim to find the optimal solution, but without simplification 
of the problem they fail to solve problems due to real-case problem sizes. In some studies, the 
authors have relaxed the binary nature of integer variables (Tan and Romani,1992), or have used a 
combination of simulation and optimization to tackle the complexity of the problem (Fytas et al., 
1993). Another technique to reduce the size of problem is to aggregate blocks and create “mining-
cuts” (Askari-Nasab et al., 2010). In this paper, block aggregation is used to reduce the number of 
decision variables. 

3.1 Tailings model 

For the integrated mine planning, it is essential to have an estimate for the volume and tonnage of 
total tailings and its components that are produced as a result of oil sands processing in surface 
mining. In this paper, Suncor’s flow sheet is used to find the mass-balance relationship between ore 
feed and tonnage of the total ponded slurry tailings, total sand, water and fine material (Suncor, 
2009). A schematic view of a related part from Suncor’s oil sands processing flow diagram is 
illustrated in Figure 2. 

 

 
Figure 2. Suncor processing flow diagram 

 
 In this paper, the focus is on three main streams that produce the tailings. The first one, which 
feeds the largest portion of the tailings material, is the over flow slurry. The second one is the 
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under flow slurry and finally the third one is the bitumen froth treatment stream. The tailings 
components for each of streams are illustrated in Figure 2. For the sake of simplification, more 
details from the flow sheet, regarding composite tailings (CT) and mature fine tailings (MFT) are 
not included in this paper. 
 The total volume of produced tailings is calculated as in Equation(1). 

 Tailings Overflow Underflow Bitumen frothV V V V       (1) 
 The total volume of fines, sand and water are calculated as in Equations(2), (3) and(4). 

Overflow Underflow
Fines Fines FinesV V V        (2) 

Overflow Underflow
Sand Sand SandV V V        (3) 

Overflow Underflow Bitumenfroth
Water Water Water WaterV V V V      (4) 

3.2 Mathematical model 

The long-term mine production scheduling problem is formulated using mixed integer linear 
programming. The formulated model for the strategic production and operational reclamation 
material scheduling problem has an objective function and number of constraints. The materials 
used for reclamation purposes in oil sands surface mining - overburden, interburden and coarse 
sand – all are coming from mining or processing. However, the cost relating to each portion is 
different. In reality, due to the different activities associated with dumping, reloading and hauling 
of each type of material for each destination, there are different costs corresponding to each 
portion. Thus, different decision variables and cost coefficients are defined in the mathematical 
model to differentiate between different portions of each cut. 
 The notation used in the formulation of the problem has been categorized into sets, indices, 
subscripts, superscripts, parameters, and decision variables. Multiple material types and 
destinations are taken into account in the MILP formulation. The mixed integer linear 
programming (MILP) formulation framework is developed based on mining-cuts. 

3.2.1 Sets 

 
1,...,K k  set of all the mining-cuts in the model. 
1,...,J J  set of all the phases (push-backs) in the model. 
1,...,U U  set of all possible destinations for materials in the model. 

( )kC L  For each mining-cut k, there is a set ( )kC L K  defining the immediate 
predecessor mining-cuts above mining-cut k that must be extracted prior to 
extraction of mining-cut k, where L is the total number of mining-cuts in 
the set ( )kC L . 

kM P  For each mining-cut k, there is a set ( )kM P K defining the immediate 
predecessor mining-cuts in a specified horizontal mining direction that 
must be extracted prior to extraction of mining-cut k at the specified level, 
where P is the total number of mining-cuts in the set ( )kM P . 
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jB H  For each phase j, there is a set jB H K  defining the mining-cuts 
within the immediate predecessor pit phases (push-backs) that must be 
extracted prior to extracting phase j, where H is an integer number 
representing the total number of mining-cuts in the set jB H . 

 
3.2.2 Indices, subscripts and superscript 
 
A parameter, f, can take indices, subscripts, and superscripts in the format , ,

,
u e t

k jf . Where: 
1,......,t T   index for scheduling periods. 

1,.....,k K   index for mining-cuts. 

1,.....,e E   index for element of interest in each mining-cut. 

1,.....,j J   index for phases. 

1,.....,u U   index for possible destinations for materials. 
, , ,D S M P  subscripts and superscripts for over/inter burden material, tailings sand, 

mining and processing respectively. 
3.2.3 Parameters 
 

,u t
kd  the discounted profit obtained by extracting mining-cut k and sending it to 

destination u in period t.  
,u t

kr  the discounted revenue obtained by selling the final products within 
mining-cut k in period t if it is sent to destination u, minus the extra 
discounted cost of mining all the material in mining-cut k as ore and 
processing at destination u.  

,u t
kn  the extra discounted cost of mining the over/inter burden material of the 

mining-cut k in period t and sending it for reclamation in destination u. 
,u t

km  the extra discounted cost of producing tailings sand from mining-cut k in 
period t and sending it for reclamation in destination u. 

,u t
kq  the discounted cost of mining all the material in mining-cut k in period t as 

waste and sending it to destination u. 
e
kg  the average grade of element e in the ore portion of mining-cut k. 

, ,u t eg  the lower bound on the required average head grade of element e in period 
t at processing destination u. 

, ,u t e
g  the upper bound on the required average head grade of element e in period 

t at processing destination u. 
o

kf  the average percentage of fines in the ore portion of mining-cut k. 
, ,u t of  the lower bound on the required average fines percentage of ore in period t 

at processing destination u. 
, ,u t o

f  the upper bound on the required average fines percentage of ore in period t 
at processing destination u. 
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c
kf  the average percentage of fines in the over/inter burden reclamation 

material portion of mining-cut k. 
, ,u t cf  the lower bound on the required average fines percentage of over/inter 

burden reclamation material in period t at reclamation destination u. 
, ,u t c

f  the upper bound on the required average fines percentage of over/inter 
burden reclamation material in period t at reclamation destination u. 

ko  the ore tonnage in mining-cut k. 

kw  the waste tonnage in mining-cut k. 

kd  the over/inter burden material tonnage in mining-cut k. 

kl  the tailings sand material tonnage in mining-cut k. 

kt  the tailings volume produced downstream from extracting all of the ore 
from mining-cut k. 

kf  the fines volume produced downstream from extracting all of the ore from 
mining-cut k. 

ks  the sand volume produced downstream from extracting all of the ore from 
mining-cut k. 

kr  the water volume produced downstream from extracting all of the ore from 
mining-cut k. 

t
MuT  the upper bound on mining capacity (tonnes) in period t. 
t

MlT  the lower bound on mining capacity (tonnes) in period t. 
,u t

PuT  the upper bound on processing capacity (tonnes) in period t , destination u. 
,u t

PlT  the lower bound on processing capacity (tonnes) in period t , destination u. 
,u t

CuT  the upper bound on over/inter burden reclamation material requirement 
(tonnes) in period t at destination u. 

,u t
ClT  the lower bound on over/inter burden reclamation material requirement 

(tonnes) in period t at destination u. 
,u t

NuT  the upper bound on tailings sand reclamation material requirement (tones) 
in period t at destination u. 

,u t
NlT  the lower bound on tailings sand reclamation material requirement (tones) 

in period t at destination u. 
,u t

TuT  the upper bound on capacity of tailings pound (tones) in period t at 
destination u. 

,u t
TlT  the lower bound on capacity of tailings pound (tones) in period t at 

destination u. 
,u er  the proportion of element e recovered (processing recovery) if it is 

processed at destination u. 
,e tp  the price of element e in present value terms per unit of product. 
,e tcs  the selling cost of element e in present value terms per unit of product. 
, ,u e tcp  the extra cost in present value terms per tonne of ore for mining and 

processing at destination u. 
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,u tcl  the extra cost in present value terms for mining and shipping a tonne of 
over/inter burden material for reclamation at destination u. 

,u tcu  the extra cost in present value terms for mining and shipping  a tonne of 
tailings sand material for reclamation at destination u. 

tcm  the cost in present value terms of mining and shipping a tonne of waste in 
period t. 

3.2.4 Decision variables 

 
, 0,1u t

kx  a continuous variable representing the portion of ore from mining-cut k to 
be extracted and processed at destination u in period t. 

, 0,1u t
kw  a continuous variable representing the portion of over/inter burden 

material  from mining-cut k to be extracted and used for reclamation 
purposes at destination u in period t. 

, 0,1u t
kv  a continuous variable representing the portion of tailings sand material 

from mining-cut k to be extracted and used for reclamation purposes at 
destination u in period t. 

0,1t
ky  a continuous variable representing the portion of mining-cut k to be mined 

in period t, which includes ore, over/inter burden reclamation material, 
tailings sand reclamation material and waste. 

0,1t
kb  a binary integer variable controlling the precedence of extraction of 

mining-cuts. t
kb  is equal to one if the extraction of mining-cut k has started 

by or in period t, otherwise it is zero. 
0,1t

jc  a binary integer variable controlling the precedence of mining phases.  t
jc  

is equal to one if the extraction of phase j has started by or in period t, 
otherwise it is zero. 

 
3.2.5 Modeling of economic mining-cut value 

 
The objective function of the MILP model is to maximize the net present value of the mined 
bitumen, including the operation-related portion of the reclamation costs. The concept of economic 
mining-cut value is based on ore parcels within mining-cuts, which could be mined selectively. The 
profit from mining a mining-cut is a function of the value of the mining-cut based on the 
processing destination and the costs incurred in mining, processing and reclamation material 
shipment at a specified destination. The cost of reclamation is also a function of the location of the 
tailings facility being constructed and the type and quantity of used dyke and tailings sand material. 
The discounted profit from mining-cut k is equal to the discounted revenue obtained by selling the 
final product contained in mining-cut k minus the discounted cost involved in mining mining-cut k 
as waste (Askari-Nasab and Awuah-offei, 2009). In this study, in addition to the previous terms, 
two new terms are considered in calculation of economic mining cut value; the extra discounted 
cost of mining over/inter burden (OI) and tailings sand (TS) material for reclamation. This has been 
simplified into Equations (5) to (9). 
 

, , , , ,u t u t u t u t u t
k k k k kd r q n m  1,..., , 1,..., , 1,...,t T u U k K  (5) 
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Where: 

, , , , , ,

1 1

E E
u t e u e e t e t u e t

k k k k
e e

r o g r p cs o cp
 

1,.., , 1,.., , 1,..,t T u U k K  (6) 

t t
k k k kq o d w cm  1,.., , 1,..,t T k K  (7) 

, ,u t u t
k kn d cl  1,.., , 1,.., , 1,..,t T u U k K  (8) 

, ,u t u t
k km l cu  1,.., , 1,.., , 1,..,t T u U k K  (9) 

3.2.6 The mixed integer linear programming model 

 
The objective functions of the MILP model for strategic and operational production plan for oil 
sands mining can be formulated as: i) maximizing the NPV and ii) minimizing the reclamation 
cost. These are combined as a single objective function, formulated as in Equation. (10). 
 

, , , , , ,

1 1 1

( )
j

U T J
u t u t t t u t u t u t u t

k k k k k k k k
u t j k B

Max r x q y n w m v  (10)

 

 
 The complete MILP model comprising of the combined objective function and constraints can 
be formulated as: 
Objective function: 
 

, , , , , ,

1 1 1 j

U T J
u t u t t t u t u t u t u t

k k k k k k k k
u t j k B

Max r x q y n w m v  (11)

 

 
Constraints: 
 

1 j

J
t t t

Ml k k k k Mu
j k B

T o w d y T  1,...,t T
 

(12)
 

, , ,

1 j

J
u t u t u t

Pl k k Pu
j k B

T o x T  1,..., , 1,...,t T u U
 

(13)
 

, , ,

1 j

J
u t u t u t

Cl k k Cu
j k B

T d w T  1,..., , 1,...,t T u U
 

(14)
 

, , ,

1 j

J
u t u t u t

Nl k k Nu
j k B

T l v T  1,..., , 1,...,t T u U
 

(15)
 

, ,, , , ,

1 j j

J u t eu t e e u t u t
k k k k k

j k B k B

g g o x o x g

 

1,.., , 1,.., , 1,..,t T u U e E
 

(16)
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, ,, , , ,

1 j j

J u t ou t o o u t u t
k k k k k

j k B k B

f f o x o x f

 

1,.., , 1,..,t T u U
 

(17)
 

, ,, , , ,

1 j j

J u t cu t c c u t u t
k k k k k

j k B k B

f f d w d w f

 

1,.., , 1,..,t T u U
 

(18)
 

, , ,

1 j

J
u t u t u t

Tl k k Tu
j k B

T t x T
 

1,..., , 1,...,t T u U
 

(19) 

, , ,

1 j

J
u t u t u t

Fl k k Fu
j k B

T f x T
 

1,..., , 1,...,t T u U  (20) 

, , ,

1 j

J
u t u t u t

Sl k k Su
j k B

T s x T
 

1,..., , 1,...,t T u U  (21) 

, , ,

1 j

J
u t u t u t

Wl k k Wu
j k B

T r x T
 

1,..., , 1,...,t T u U  (22) 

, ,

1

U
u t u t t

k k k k k k k
u

o x d w o d y  1,.., , 1,..,t T k K
 

(23)
 

, ,

1 1

U U
u t u t

k k k k
u u

l v o x  1,.., , 1,..,t T k K
 

(24)
 

,

1 1

1
U T

u t
k

u t

x  1,..,k K
 

(25)
 

,

1 1

1
U T

u t
k

u t

w  1,..,k K
 

(26)
 

,

1 1

1
U T

u t
k

u t

v  1,..,k K
 

(27)
 

1

0
t

t i
k s

i

b y  1,..., , 1,..., , ( )kt T k K s C L
 

(28)
 

1

0
t

t i
k r

i

b y  1,..., , 1,..., , ( )kt T k K r M P
 

(29)
 

1

0
t

i t
k k

i

y b  1,..., , 1,...,t T k K
 

(30)
 

1 0t t
k kb b  1,..., 1 , 1,...,t T k K  (31) 
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1

0
t

t i
j h

i

H c y  1,..., , 1,..., , ( )jt T j J h B H
 

(32)
 

1

0
t

i t
h j

i

y H c  11,..., , 1,..., , ( )jt T j J h B H
 

(33)
 

1 0t t
j jc c  1,..., 1 , 1,...,t T j J  (34) 

1

1
T

t
k

t

y  1,...,k K  (35) 

 
Equation (11) is the objective function of the formulation, which seeks to i) maximize the NPV and 
ii) minimize reclamation costs. Equation (12) is the total mining capacity constraint. Equations (13)
, (14) and (15) are the capacity constraints for processing, OI and TS for reclamation requirements, 
respectively. Equations (16), (17) and (18) specify the limiting requirements for bitumen in ore, 
fines in ore and fines in OI reclamation material for all destinations. Equation (19) represents the 
upper and lower bounds on the capacity of each tailings facility in each period. Equations (20), (21) 
and (22) ensure that the volume of tailings contents including fines, sand and water does not violate 
the bounds in each period. Equation (23) ensures that the total material that is mined in each period 
for all destinations does not exceed the sum of the ore and OI material that is mined. Equation (24) 
states that the tonnage of TS that is mined for reclamation in each period should be less than or 
equal to the tonnage of ore material that is mined for all destinations. Any unscheduled TS material 
becomes available for preparation of mature fine tailings (MFT). Equations (25), (26) and (27) 
ensure that the total fractions of mining-cut k sent to all destinations in all periods are less than or 
equal to one. Equations (28), (29), (30) and (31) control the set of immediate predecessor mining-
cuts that must be mined prior to mining mining-cut k for all periods and destinations. Equations 
(32), (33) and (34) check the set of immediate predecessor pit phase that must be mined prior to 
mining phase j in all periods for all destinations. Equation (35) ensures that the whole blocks within 
the optimal pit are completely extracted. 

4 CASE STUDY 

A real oil sands data set is used to test performance of the MILP model. There are four pushbacks 
(PBs 1, 2, 3 and 4) in the case. However in this paper, only pushbacks 1 and 2 are considered as the 
case study. Pushbacks 1 and 2 contain 45600 blocks of 50 by 50 by 15 meters, aggregated into 980 
mining cuts in 9 benches. Two material destinations are the processing plant and the waste dump. 
 As in MILP model, three sets of precedence are considered for extraction, including vertical, 
horizontal and pushback precedence. In this case, the direction for horizontal extraction is 
considered to be west to east, as it is the best direction according to Whittle results (Gemcom 
software International, 2008). Moreover, it is assumed that PB 1 precedes PB 2 in extraction, 
meaning that any mining in PB2 only can be initiated when PB 1 is completely mined. 
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Figure 3. Sample plan view, bench 4 
 

 To run the model for the presented case study, a MATLAB program (MathworkInc., 2009) is 
developed. The code calls TOMLAB/CPLEX (ILOGInc., 2007) to solve the MILP model. Figure 3 
illustrates a plan view of the resulting extraction sequence. The extraction sequence results in a 
specific tonnage of rock to be mined in each period and a tonnage of ore feed to the plant (Figure 
4). The results show that the bottom-up direction (pushback precedence) and left-to-right direction 
(horizontal precedence) is perfectly followed, as well as capacity constraints. 

 
Figure 4. Total tonnage of mining and processing 
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  The code is executed on an Octa-core Dell Precision T7500 computer at 2.8 GHz, with 24GB 
of RAM. The run time to find the optimal solution for the MILP model through branch and cut 
method for this case is a relatively large run-time for this problem size. It indicates the necessity to 
investigate for problem-size reduction techniques, including the relaxation of irrelevant decision 
variables and constraints and/or defining larger mining units (panels) by aggregation of cuts in each 
pushback. 

5 CONCLUSION 

An integrated mine planning model is proposed in this paper, including long-term production plan 
with respect to tailings capacity constraints and material requirement for site reclamation. Bitumen 
extraction process is investigated and tailings model is developed to calculate the volume of 
tailings slurry, over flow and under flow material associated with the ore feed to the processing 
plant. The proposed MILP model is verified through running the model using a real case oil sands 
data set. Resulted mining schedule follows pushback and horizontal precedence. However, there 
are some fragmentations associated with the mining operation in some benches, meaning that two 
or more segmented areas in bench are scheduled to be mined in one period. Therefore, the next 
steps of this research include model modifications to fix the fragmentation, presenting a more-
detailed tailings model, as well as considering advanced assumptions in definition of horizontal and 
pushback precedence and implanting some size-reduction techniques for the problem. 

REFERENCES 

Askari-Nasab, H. & Awuah-offei, K. 2009. Mixed integer linear programming formulations for 
open pit production scheduling. Mining Optimization Laboratory (MOL) report one , University 
of Alberta, Edmonton. 

Askari-Nasab, H., Tabesh, M., & Badiozamani, M. M. 2010. Creating mining cuts using 
hierarchical clustering and tabu search algorithms. Paper presented at International Conference 
on Mining Innovation (MININ), Santiago, Chile. 159-171. 

Ben-Awuah, E. & Askari-Nasab, H. 2011. Oil Sands Mine Planning And Waste Management 
Using Mixed Integer Goal Programming. International Journal of Mining, Reclamation and 
Environment, 25,(3), 226 - 247. 

ERCB 2009. Tailings performance criteria and requirements for oil sands mining schemes 
(Directive 074). 

Fytas, K., Hadjigeorgiou, J. & Collins, J. L. 1993. Production scheduling optimization in open pit 
mines. International journal of surface mining, reclamation and environment, 7,(1), 1-9. 

Gemcom Software International 2008. Whittle strategic mine planning software. Ver. 4.3, 
Vancouver. 

ILOGInc. 2007. ILOG CPLEX. Ver. 11.0. 
MathworkInc. 2009. MATLAB Software. Ver. 7.9 (R2009b). 
Odell, C. J. 2004. Integration of sustainability into the mine design process. Master of applied 

science Thesis, University of British Colombia, Vancouver, 252 Pages. 
Rodriguez, G. D. R. 2007. Evaluating the impact of the environmental considerations in open pit 

mine design. PhD. Thesis, Golden, Colorado, 160 pages. 
Shell-Canada 2011. Jackpine Mine: Dedicated disposal area (DDA) plan for DDA1 (TT Cell). 

Shell Canada Energy, Fort McMurray, Alberta, 
Shepard, R. B. 2005. Quantifying environmental impact assessments using fuzzy logic. Springer. 

Proceedings Tailings and Mine Waste 2012  |  Keystone, Colorado, USA  |  October 14-17, 2012

621



Sinding, K. 1999. Environmental impact assessment and management in the mining industry. 
Natural resources forum, 23, 57-63. 

Singh, G. 2008. Environmental impact assessment of mining projects. Paper presented at 
Proceedings of international conference on TREIA-2008, Nagpur. 

Suncor 2009. Tailings reduction operations, Project application, Suncor Energy Inc. Fort 
McMurray, October 2009, 1-395. 

Tan, S. & Romani, R. 1992. Optimization models for scheduling ore and waste production in open 
pit mines. Paper presented at 23rd Application of Computers and Operations Research in the 
Mineral Industries (APCOM) symposium, Littleton, CO. 781-791. 

Woynillowicz, D., Severson-Baker, C. & Raynolds, M. 2005. Oil sands fever: the environmental 
implications of Canada's oil sands rush. The Pembina institute. 

Oil Sands

622



 
 
Beneficial use of mine tailings to construct detention structures 
using geotextile tubes 
 
T.C. Stephens 
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ABSTRACT:  Following heavy precipitation events, a mine in Central America experienced 
heavy erosion in the highlands above the tailings storage facility (TSF) impoundment which had 
the potential to cause damage to the liner system should debris flow materials enter the 
impoundment at high velocity. The mine is located in a steep, mountainous region that 
experiences high intensity, short duration rainfall events. The nature of the deeply weathered 
tropical soils subjects them to mass-wasting type of erosion (debris flows). A cost–benefit 
technical feasibility alternative analysis determined that geotextile tube structures could be 
utilized as energy dissipation structures in the upper reaches of the TSF impoundment to reduce 
flow velocity, capture debris, and minimize liner damage.   

This paper will present the detailed design consideration, stability analysis, installation 
methodology, and cost for constructing the energy dissipation structures using geotextile tube 
structures. 
 
 
 
 
 
 
 
 
1  INTRODUCTION 
 
In underground mining operations, ore tailings are extracted, mixed with water, and pumped to 
the surface in slurry form. The coarse ore tailings are separated in a cyclone and the slurry with 
fines is pumped into a tailings impoundment where the tailings fines settle from the slurry and 
the effluent water is recycled to the plant discharge. At this mine, a new Tailings Storage 
Facility (TSF) was constructed to contain the tailings and extend the lifetime of the mine. The 
new TSF consisted of a 30 meter high earth filled containment dam with a complete LLDPE 
lined impoundment behind the dam. (See Figure 1).     
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Figure 1 

 
At the request of the owner the Engineer of Record (EOR) developed various mitigation 
scenarios to reduce the potential damage to the TSF from erosion. The chosen option was to 
construct detention structures down slope of the erosion area, in the upper reaches of the TSF 
basin. Two retaining possibilities were considered; gabion walls or geotextile tube structures. 
 To install the gabion walls would require the removal of sections of the LLDPE liner system 
to install the gabion wall on the underlying rock base. The gabion wall option posed 
considerable risk of allowing storm water to get under the lining system leading to erosion. This 
would cause interrupting the mine operation, risk future liner failure, all at a considerable cost to 
the owner. Therefore, this option was rejected. 
 The second debris detention option was to install multi layers of geotextile tube units to 
form the detention structures. It was believed that the tubes could be filled in place with mine 
tailings on top of the LLDPE liner in the channels above the TSF. The geotextile tubes would be 
fabricated from a high strength woven geotextile. (See Figure 7 - Geotextile Properties) Mine 
tailings slurry could be pumped into the tube. The water from the slurry would flow through the 
pores of the geotextile resulting in a dewatered solid mass of coarse grain tailings inside the 
tube. The tubes would be filled and dewatered multiple times until the tube was filled to the 
design width and height. The tubes could be custom fabricated to fit the 3-D compound angles 
of the inverted trapezoid shape of the lined channel leading into the TSF.  This would result in a 
gravity retaining structure that could be easily installed very rapidly at the site without removing 
sections of the LLDPE liner, nor interrupting the mining operation. 
 Discussions between the owner and the EOR concluded that the geotextile tube option was 
the best alternative for construction of the detention structures. The owner and the EOR chose 
the TenCate GT1000 Geotube® designs (See Figure2) for these structures and conducted 
hydrology and stability analysis which are included below in this paper. 
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Figure 2 

 
 

2  DESCRIPTION OF GEOTEXTILE TUBE DEBRIS DAM STRUCTURE 
 
Figure 1 shows the location of the geotextile tube structures in the TSF. The two structures were 
designed to provide redundancy given the uncertain nature of predicting the volume of erosive 
debris entering the facility. The detention structures were located in the narrowest part of the 
channel to minimize the size, thus minimizing material cost and installation time. Consideration 
was given to the grade of the impoundment at the location of the geotextile structures due to the 
fact that the stability of the structures is very dependent on the grade of the slope on which they 
are constructed. The TenCate design called for the installation of the structures perpendicular to 
the flow line in the channel. This design minimizes the required number of geotextile tube units 
for each detention structure. Due to stability concerns, water build up behind the structures 
would not be allowed. Build up was eliminated by incorporating 0.60 m diameter PVC pipe in 
the design at the base underneath the structures to convey water downstream into the TSF. 
Figure 2 details this design. 
  
3  STABILITY EVALUATION 
 
A stability analysis was conducted to determine the ability of the geotextile tube structures to 
resist different volumes of erosion debris and with different water tables within the debris. 
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4  METHOD 
  
The stability analyses were conducted using the Slope/W component of GeoStudio 2007 by 
GeoSlope International. Slope/W was used to conduct limiting equilibrium analyses using the 
general limit equilibrium (GLE) method, which satisfies both force and moment equilibrium. 
The Slope/W program incorporates a search routine to locate those failure surfaces with the least 
factor of safety within the defined search limits. Trial failure surfaces were defined with the 
‘block specified’ slip surface, resulting in a range of possible locations to search for the most 
critical (lowest factor of safety) potential failure surfaces. Due to the geometry of the geotextile 
tubes and the Slope/W program limitations to analyze complicated geometries, the structures 
were modeled with a trapezoidal shape. For all analyses, the geotextile tube and the 
geomembrane interface was considered the most likely mode of failure. All failure surfaces 
were analyzed along this interface. 
 
5  MODEL SCENARIOS 
 
Multiple cases were evaluated during the slope stability analysis. An example of the model 
analysis is detailed in Figure 3. The following sections describe each case modeled. Results of 
the Analysis are presented in Figure 5 and 6. 
 
 
5.1  Case 1 
 
Six geotextile tube units placed over a 3% slope. The tubes are stacked as a pyramid having a 
total height of 6 meters with a base width of 12 meters. Case 1A has variable water tables 
behind the structure, while Case 1B includes slope failure debris with variable water tables 
behind the structure. 
 
5.2  Case 2 
 
This Case depicts six geotextile tube units stacked as a pyramid and placed over an 8% slope. 
The structure height is 4 meters with a base width of 4 meters. Case 2B presents the tube 
structure with slope failure debris and a variable water table behind the structure. 
 
5.3  Case 3 
 
Case 3 represents the upper structure but with a wider cross section than in Case 1. It has 9 
stacked tubes placed on a 3% slope. The height is 6 meters with a base width of 16 meters. 3A 
represents the structure with a variable water table, while Case 3B includes erosion debris and 
variable a water table. 
 
5.4  Case 4 
 
A fourth case was studied, but on a flat base. It was decided that this case was not practical, 
because it would require removing sections of the LLDPE liner. 
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Figure 3 
 

 
6  MATERIAL PROPERTIES 
 
The material properties used in the slope stability analyses were taken from previous laboratory 
results and experience with similar materials. The unit weight for the geotextile tube fill material 
is similar to tailings, which is the material with which the tubes will be filled. A high value for 
the shear strength was chosen as it is unlikely the geotextile tube will fail in shear. The 
geomembrane / geotextile friction angle was taken from literature review (Koerner, 1998). 
Figure 4 presents the material properties used in the slope stability analyses. 
 
  

 
Figure 4 
 
 
 
 
 
 
 

Material Properties 
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7  HYDRAULIC MODELING 
 
Hydraulic modeling was performed using 2, 5, 10, and 100 year storm events and the underdrain 
system was designed to accommodate the drainage required to limit the water table behind the 
structures so that there was only a minimal amount of water table in the erosion material at one 
time during any event. 
 

 
8  RESULTS 
 
The results are presented below in Figure 5 and 6. The results indicate a direct link between the 
stability of the structure and the depth of the water retained behind the structures. For the 
selected geotextile tube structure designs (Case 1 and 2) the Factor of Safety drops below 1.0 
when water levels accumulate above 2 and 3 meters on the upstream face of the structures.  
Therefore, the culvert system modeled and included in the design conveys water and maintains 
the anticipated water table below these levels.   
 

 

  
Figure 5 

 

 
Figure 6 

 
9  CONSTRUCTION 
 
In November 2008, TenCate delivered 9 custom fabricated GT1000 Geotube® units to the 
project site. The lower level units were 10.0 meters in circumference, the second layer units 
were 12.0 meters in circumference while the third level units were 14 meters in circumference. 
Installation took approximately 1 month. The lower geotextile tube structure was installed first 

Case 1A and 1B Results 

Case 2A and 2B Results 

Water table is the depth of the water behind the structure in meters 

Water table is the depth of the water behind the structure in meters 
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followed by the installation of the upper structure. Each structure followed the same installation 
methodology. 
 First, a layer 400 grm/m2 needle punched nonwoven was placed on the HDPE liner. Then a 
20 cm. thick layer of 2.5 cm. diameter clean drainage stone was placed into which the 60.0 cm 
diameter PVC culvert was placed. Additional drainage stone completely bedded the culverts in 
place. Excess non-woven geotextile was used to encapsulate the drainage stone to prevent any 
loss from under and around the culverts. 
 The unfilled lower layer geotextile tube units were positioned on top of the culvert / 
drainage stone structure. Tailings slurry was pumped from the mine entrance to the site of the 
detention structures being installed thru a 20 cm. diameter steel pipe. A system of pinch valves 
were used to control the flow through a 20 cm. diameter flexible tubing to the fill ports of the 
geotextile tubes. The slurry was pumped at approximately 20% solids by weight and dewatered 
inside the geotextile tube units to approximately 60% dry solids in 24 hours. Final dewatered 
dry solids of 80% were reached within the tube within 48 hours. Repeated pumping of each tube 
was performed until each tube reached a dewatered height of 2.0 meters. The lower structure 
was constructed with two geotextile tube layers for a finished Debris Dam height totaling 4.8 
meters. The upper detention structures had 3 layers of geotextile tubes and achieved a total 
height of 6.8 meters. See Figures 8 - 10. 
 
 

 
Figure 7 – Geotextile Physical Properties 
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Figure 8 – Two Geotextile Tube Detention Structures As Completed In 2008 

 

 

 
Figure 9 – 6.8m High Upper Geotextile Tube Detention Structures 
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Figure 10 - 2011 Site Google Image        
 

 
10  CONCLUSION 
 
Mine Tailings, generally considered as waste, have a beneficial use to fill geotextile tube that 
can be constructed into retaining structures as safe and economical alternatives to traditional 
construction methods. These structures can be modeled and analysis can be performed using 
analytical tools that are commercially available. In this paper, the owner was able to construct 
two detention structures for less than $200,000.00, saving over 50% versus traditional methods. 
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1 BACKGROUND 
1.1 Tailings Issues 
Fine particulate materials generated from mining activities are often found well-dispersed in 
aqueous environments, such as waste water and/or tailings. The finely dispersed materials may 
include such solids as various types of clay minerals, recoverable materials, fine sand, and silt. 
Separating these materials from the aqueous environment can be difficult unless special energy-
intensive dewatering processes or long-term settling practices are employed. 

An example of a high volume water consumption process is the processing of naturally oc-
curring ores. During the processing of such ores, colloidal particles, such as clay and mineral 
fines, are released into the aqueous phase often due to the introduction of mechanical shear as-
sociated with the extraction and beneficiation process. In addition to mechanical shear, chemi-
cals added during recovery and purification can create an environment more suitable for colloi-
dal suspensions. A common method for disposal of the resulting tailings stream is to store them 
in tailings ponds or impoundments. Often with highly dispersed and well suspended fines, it 
takes years or decades for the solids to settle enough to enable reclamation. In addition, there 
typically exists a layer of loosely packed clay fines that retains moisture. This material will re-
main a liquid with very low strength for decades and in some cases centuries. Unless treated, 
this material is not suitable for reclamation to the original landscape. 

1.2 Current Tailings Treatment Processes 
A typical approach to consolidating fine materials dispersed in water involves the use of coagu-
lants and/or flocculants. This technology works by linking together the dispersed particles by 
use of multivalent metal salts or high molecular weight polymers. With the use of these agents, 
there is an overall size increase in the suspended particle mass; moreover, their surface charges 
are neutralized, so that the particles are destabilized. The overall result is an accelerated sedi-
mentation of the treated particles. Following the treatment, though, a significant amount of wa-

A novel fines sequestration and tailings treatment technology 

N. Ashcraft 
Soane Mining LLC, Cambridge, MA, USA 
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D. Soane 
Soane Mining LLC & Soane Energy LLC, Cambridge, MA, USA 

ABSTRACT: Traditional oil, gas, and mining industries rely heavily on the use of water as a 
means to aid in the recovery of natural resources. During processing, large volumes of waste 
water are generated that contains well dispersed, fine materials such as clay, ore, fine sand, and 
silt. Reuse of the resulting waste water, known as tailings, often proves difficult unless the sus-
pended solid materials can be quickly and efficiently removed. Soane Mining and Soane Ener-
gy have developed a polymer-based technology capable of treating tailings by rapidly consoli-
dating them into high strength, reclamation quality solids, while also recovering clarified water 
for immediate recycle. Applications in mining and oil and gas markets offer benefits including 
the efficient use of water resources and rapid reclamation of disturbed land. 
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ter remains trapped with the sedimented particles. These technologies typically do not release 
enough water from the sedimented material that the material becomes mechanically stable. In 
addition, the substances used for flocculation/coagulation may not be cost-effective, especially 
when large volumes of waste water require treatment, in that they require large volumes of floc-
culant and/or coagulant. While ballasted flocculation systems have also been described, these 
systems are inefficient in sufficiently removing many types of fine particles, such as those fine 
particles that are produced in wastewater from mining processes. Another alternative is paste 
thickening, which uses flocculants and large mechanical thickeners to create relatively high sol-
ids content pastes. Paste thickening typically still requires a large area for impoundment of the 
flowable paste, and the operation of paste systems can be very sensitive to process fluctuations 
(Jewell 2010). 

1.3 Needed Improvements 
It would be beneficial to reuse the water from tailings streams, so that there is less need for 
fresh water in the beneficiation process. Additionally, in many cases, tailings impoundments 
represent the largest environmental liabilities associated with mining projects both during oper-
ation and decommissioning (Martin & Davies 2000).  Ways to mitigate the size and reclamation 
costs of tailings ponds can provide significant benefits to both the industry and the environment. 

Thus, there remains a need for a treatment system that removes suspended particles from a 
tailings stream quickly, cheaply, and with high efficacy. It is also desirable that the treatment 
system yields a recovered (or recoverable) solid material that retains minimal water, so that it 
can be readily processed into a substance that is mechanically stable. It is further desirable that 
the treatment system yields clarified water that can be readily recycled for further industrial 
purposes. 

An additional need can be found in the management of existing tailings ponds. In their pre-
sent form, they are environmental liabilities that may require extensive clean-up efforts in the 
future. It is desirable to improve their existing state, so that their contents settle more efficiently 
and completely. A more thorough and rapid separation of solid material from liquid solution in 
the tailings pond could allow retrieval of recyclable water and compactable waste material, with 
an overall reduction of the footprint that they occupy. 

2 INDUSTRY APPLICATIONS 
2.1 Phosphate Mining 
Phosphate mining is a major industry with over 150 million tons of ore mined throughout the 
world annually. United States phosphate mining totals around 30 million tons with a majority 
occurring in central Florida. During phosphate beneficiation, significant quantities of waste clay 
and sand are generated. The approximate ratio of the extracted ore is 1:1:1 of phosphate to clay 
to sand. Thus, around 10 million tons of waste clay and sand must be disposed of annually in 
the US. Complicating matters is that the clay waste exists as a dilute slurry, or tailings, at ap-
proximately 1-5% solids. Separating out the clay into a high-solids-content, stable mass is diffi-
cult and costly, so the current practice of tailings disposal is to store the clay slurry in large tail-
ings ponds. 

For a typical phosphate mine, around 40% of the area of a mine ends up as tailings ponds, 
and estimates are that approximately 5,000 acres (20 km2) of land is annually turned into tail-
ings ponds in central Florida. It can often take decades for the tailings ponds to settle to a point 
where reclamation can begin, however even then the areas can only be used for very limited ap-
plications due to poor stability. Significant pressure exists to reduce or eliminate phosphate tail-
ings, with a recent example being a lawsuit by environmental groups that shut down operations 
at a major Florida phosphate mine for over a year. Additionally, domestic phosphate mining 
faces other regulatory and permitting issues due to tailings ponds, while other global phosphate 
operations suffer from lack of water availability. 
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2.2 Oil Sands 
The Canadian oil sands contain the third largest oil reserves in the world. Mining operations 
currently account for about 55% of the oil produced from oil sands. Daily production of oils 
from the mining operations is roughly 780,000 barrels per day. For every barrel of oil produced, 
approximately 10 barrels of tailings is produced (Griffiths & Woynillowicz 2003). While 
roughly 80-85% of the water in the tailings is reused, the majority of the fine material settles in 
the ponds as mature fine tailings (MFT).  Once the MFT settles to the bottom of the ponds, it 
remains as a viscous fluid, at around 30-35% solids for decades. The tailings ponds operations 
are vast, spanning more than 70 km2, and will hold as much as 1 billion m3 of MFT by 2014 
(Devenny 2009). 

The oil sands tailings ponds have been under public scrutiny for a number of reasons. Primar-
ily, the oil sands oil has become an increasingly larger part of the world’s oil supply and, as a 
consequence, tailings ponds represent an increasing environmental liability without a clear 
strategy to rehabilitate the landscape. 

New regulatory requirements have been implemented in 2009 that call for the controlled reg-
ulation of tailings handling and storage. The regulatory efforts are aimed at minimizing the long 
term storage of MFT by forming strict guidelines on solidifying the fluid tailings each year. 
Although it is still early in the regulatory cycle, to date, no operator has demonstrated the ability 
to be compliant. Efforts within the industry to collaborate on new tailings technology have re-
cently begun with the aim to speed the introduction of potential solutions. 

2.3 Coal 
In the US, around 1.1 billion tons of coal are mined annually. As a first step in coal cleaning, 
the coal is crushed to reduce its size and to free it up from the larger mineral inclusions. Further 
crushing may be necessary if the coal is more intimately associated with minerals. The crushed 
coal then goes through a series of water-driven separation processes, yielding slurries laden 
with fine coal. Separating the coal fines from the suspending medium is difficult, as the fines 
tend to remain suspended unless energy-intensive processes are employed to recover them. In 
coal mining and processing, significant quantities of coal fines are created that require disposal 
and handling. About 15-20% of the mined tonnage can be left as residual fines, in sizes ranging 
from powder to small granules. There is presently no direct utility for these fines, so that they 
are a source of waste and inefficiency in the industry. Moreover, their handling and storage are 
hazardous and expensive. The US Department of Energy estimates that 2 billion tons of coal 
fines currently exist in impoundment areas. 

One of the significant wastes produced during coal combustion is fly ash. The ash content of 
coal can range from 5 wt% for high-grade coal up to 50 wt% for poor quality coal. Over 131 
million tons of fly ash is generated annually in the US alone. Up to 47% of fly ash generated in 
the US ends up being beneficially reused. The remaining 53% of fly ash generated in the US is 
disposed of in landfills (in dry powder-like form) or in massive man-made impoundment areas 
(in slurry form).  Slurry impoundment avoids dust issues of dry disposal; however groundwater 
contamination can occur and, more significantly, massive and immediate environmental damage 
can occur if an impoundment dam ruptures. A prime example occurred in 2008 when a Tennes-
see Valley Authority fly ash impoundment dam ruptured and released approximately 1.1 billion 
gallons of fly ash slurry into the environment. 

3 ATA TECHNOLOGY 
3.1 Overview 
Soane Mining and Soane Energy have developed a polymer-based technology capable of elimi-
nating tailings impoundments by rapidly consolidating tailings streams into high strength, rec-
lamation quality solids, while also recovering clarified water for immediate recycle. The tech-
nology can also be implemented to treat and reclaim existing impoundment areas. 
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3.2 Process Description 
This platform technology, termed the ATA process, comprises three basic components: an Ac-
tivator polymer, a Tether polymer, and an Anchor particle. A diagram of the ATA process is 
shown in Figure 1. First, a low dose of the Activator polymer is added to the fine tailings 
stream, causing the suspended fine particles to aggregate. Separately, Anchor particles are coat-
ed with a Tether polymer. On-site coarse waste, e.g. sand or crushed rock, is a convenient 
source of Anchor particles. The Tether-bearing Anchor particles exhibit a strong affinity to the 
fines in the Activated fine tailings. When the two treated streams are combined, the Tether-
bearing Anchor particles quickly bind with the aggregates in the Activated fines stream, form-
ing robust, low-moisture complexes that are easily separated from the waste stream. Two output 
streams emerge: a clean water stream (typically below 50 NTU) that can be reused on-site and a 
dewatered solid that possesses sufficient mechanical integrity for landfill and/or reclamation. 

The Activator and Tether polymers are specifically designed to adhere to the surfaces of fine 
materials present in tailings streams and Anchor particles, while maintaining a strong cohesive-
ness with one another. Polymer pairs have been developed that can tolerate a wide range of wa-
ter chemistries, including high salinity and broad pH values. 
 

 
Figure 1. Diagram of the ATA tailings treatment process. 
 

3.3 General Methodology 
Laboratory ATA experiments were performed by the following procedure. Initially, a portion of 
coarse material was placed in a glass jar and a predetermined amount of Tether polymer solu-
tion was added. The jar was shaken by hand for approximately 10 seconds. Next, a portion of 
the fines stream was placed in a second glass jar, and a predetermined amount of Activator pol-
ymer solution was added. The jar with the fines and Activator was shaken to expose the fines to 
the Activator and agglomerate them. The agglomerated fines were then poured into the jar with 
the Tethered coarse material; this jar was then capped and inverted approximately 10 times and 
shaken to form the ATA solids. Immediately, the contents of the jar containing the clarified wa-
ter and ATA solids were poured onto a 70-mesh screen, where the solids were allowed to gravi-
ty drain for one minute. The clarified water was tested on a turbidimeter to determine its turbid-
ity, and a portion of the ATA solids was placed on a moisture balance to determine solids 
content. Last, a second portion of the ATA solids were optionally pressed between belt filter 
cloths to simulate the effects of additional mechanical dewatering, e.g. belt pressing. 

The coarse and fine materials may exist in one stream or already be present as two separate 
streams. If a tailings stream comprises both coarse and fine particles, the sample is split prior to 
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testing by settling and decanting the fines portion. The ratio of coarse to fines on a mass basis is 
referred to as the CFR and can be optimized depending on the available coarse material at a 
processing site or the desired properties of the ATA treatment. The range of CFR values that 
have been tested are 0.25 up to 5.0. 

4 ATA PERFORMANCE 
4.1 Settling Rates 
A key feature of the ATA process is the rapid consolidation and settling of the fine and coarse 
materials present in tailings streams. As described above, the fines are aggregated by an Activa-
tor polymer and then adhered to the surface of tether-bearing coarse particles. This mechanism 
serves to simultaneously consolidate the fines, while using the heavier coarse particles to facili-
tate separation and settling. A second benefit of the ATA mechanism is a more mechanically 
robust consolidated solid, as the final solids are intimately bound together by the affinity of the 
Activator and Tether polymers. To demonstrate the rapid settling and mechanical integrity of 
the consolidated ATA product, standard bench-scale settling tests were performed. The ATA 
process is compared against using a standard commercial flocculant at the same CFR = 1 and at 
the same total polymer dosing. After the initial settling tests were performed, both samples were 
exposed to shear by vigorous shaking for 30 seconds. Immediately after shaking, the settling 
rates were again determined to see how detrimental shear is to the aggregated solids. As shown 
in Figure 2, the ATA process yields superior settling rates as compared to a traditional floccula-
tion scheme, in this case applied to tailings from phosphate mining. More importantly, the tail-
ings treated with the ATA process show significantly less shear sensitivity, maintaining superi-
or settling even when compared to the results for the unsheared flocculant only treatment. 

 

 
Figure 2. Settling rates of phosphate tailings treated with the ATA process and 
with a traditional flocculant only; before and after shear; all samples at CFR = 1. 
 

4.2 Mechanical Stability 
As shown in Figure 3, ATA solids for a particular mining sample can contain 55 to 65% solids 
on a mass basis immediately after initial dewatering. The rheological yield values at these solids 
contents are in the range of 800 to 1,000 Pa. Additional dewatering steps can be taken to reach 
70 to 80% solids, resulting in a yield values of 3,000 to 6,500 Pa. Short term atmospheric dry-
ing of the dewatered solids resulted in yield values above the upper limit of the instrument 
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(>8,000 Pa). Yield values were measured on a Brookfield YR-1 rheometer. In forming a depos-
it, the weight of stacked solids may improve the expression of water and the development of 
strength. The ability to expel clear water shows that the deposit has some compressibility and 
good drainage properties. 
 

 
Figure 3. Rheological yield stress values of ATA solids versus solids content. 
 

4.3 Resistance to Filtration 
Often it is desirable to produce a solid cake of fine tailings material rather than a slurry or 
thickened paste. Solid cakes allow for maximum water removal for reuse as well as the ability 
to have material that is useful for immediate reclamation with high strength. 

Because of its unique morphology, ATA solids are remarkably permeable to water which is 
evident in high hydraulic conductivity values, as described below, and leads them to be readily 
filterable. Filterability is essential to some proposed dewatering mechanisms for ATA solids. 
The resistance to filtration (r) is a measure of the ability of a filtrate to pass through a filter me-
dium such as a bed of solids. To determine the r value, the filtration rate is measured experi-
mentally and the inverse of the filtration rate is plotted against the volume of filtrate. The linear 
portion of this plot can be described by the equation: 

t
V

r
2PA2 V

rLm

PA
 (1) 

where t = filtration time (s); V = filtrate volume (m3); µ = viscosity of the filtrate (Pa s);  = 
mass of the solids cake per unit filtrate volume (kg/m3); r = specific resistance of the filter cake 
(m/kg); P = pressure on the top of the filter cake (Pa); A = filter area (m2); and Lm = theoretical 
thickness of the filter medium. In this type of plot, the slope, b, and intercept, a, are: 

a
rLm

PA
     b

r
2PA2  (2) 

At a constant pressure, resistance to filtration (r) can be calculated as: 

r
2PA2

b (3) 

Resistance to filtration for various tailings preparations were measured using samples ob-
tained from Canadian oil sands tailings and compared to reported literature values, see Table 1. 
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Table 1. Resistance to filtration, r, as for oil sands tailings samples. ___________________________________________________________________ 
Treatment r value 
 (m/kg) ___________________________________________________________________ 
Mature fine tailings >1x1013 
Flocculated fines (no coarse) 3x1010 
NST, CFR = 4.5* 1x109 – 1x1010 
ATA Solids, CFR = 4.0 1x106 – 1x107 ___________________________________________________________________ 
* Data from Xu, Dabros & Kan 2008. 

 
 
The results of the filtration study can be interpreted as a reflection of the relative amount of 

fines available to plug the pores of the filter matrix of the solid. MFT is unadulterated fines ma-
terial, has the largest proportion of fines of the materials tested, and thus has the highest r value. 
In the flocculated fines sample, a high molecular weight polymer is used to capture fines mate-
rial, and thus increase the fines relative size and reduce the amount of free floating fines, result-
ing in much lower r values than MFT. The NST sample is prepared first by flocculating the 
fines material, followed by introducing the coarse fraction. The additional coarse material both 
reduces the relative amount of available fines, and also allowing for larger pore sizes in the ma-
trix. However, the fines and coarse factions are still unassociated and smaller aggregates tend to 
migrate though the coarse fraction. In contrast, the ATA solids aggregate the fines material on 
the surface of the coarse material. This essentially eliminates the influence of “free” fines by 
capturing them all on the surface of the larger diameter coarse. Not only does this increase the 
particle size of the material, but also eliminates the fines ability to block the pore openings, 
therefore, reducing the resistance to filtration even further.  

These results obtained are consistent with findings that filterability is inversely proportional 
to the square of the particle size and explains the significant increase in resistance to fines con-
tent in the samples tested (Wakeman 2007).   

Filtration of oil sands tailings has been considered in the past. However, to date, commercial 
implementation has not been achieved due to the difficulty in filtration of the fines heavy tail-
ings streams. Implementation of the ATA process could significantly impact the commercial vi-
ability of filtration as a process for tailings. 

4.4 Hydraulic Conductivity 
A traditional method for treating fluid tailings is to use high molecular weight flocculation pol-
ymers to aggregate fine particles. Additionally, coagulants can be added as a preliminary condi-
tioning step to further agglomerate the solid material suspended in the tailings waste streams. 
Coagulants can include cationic metallic salts or positively charged organic polymers. Typical-
ly, this sequential system is referred to as cat-floc (CF) and is done as a sequential addition of 
chemicals to a single stream of suspended particulate matter. This is in contrast to the ATA 
process which requires the separation of the coarse and fines and the treatment of each stream 
individually with tether and activator polymers, respectively, before they are recombined. The 
resulting ATA solids have a core/shell type morphology, with the fines adhering to the surface 
of each individual coarse particle. This allows the solids to behave as an agglomerate of large 
particles, rather than as a mixture of randomly aggregated material. The benefits of the ATA ar-
chitecture can be seen when comparing the hydraulic conductivity as a function of effective 
stress on similar materials prepared either using the ATA process or by the typical CF ap-
proach, as shown in Figure 4.  The results show consolidation properties of the materials using 
controlled-strain loading as per ASTM D4186.  It is clear that the ATA process generates mate-
rial that is considerably more hydraulically conductive throughout the consolidation process. 
Tailings material with high hydraulic conductivity inherently dewaters more quickly and hence 
develops strength more rapidly. This is both beneficial for water recovery as well as increased 
speed to reclamation. 
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Figure 4. Hydraulic conductivity comparison of identically composed samples 
at CFR =2. 
 

4.5 Comparison with Traditional Tailings Methodologies 
Traditional methods to minimize tailings storage volumes and to reduce reclamation time have 
incorporated a variety of techniques. Approaches can be separated roughly into mixed stream 
approaches (having coarse and fines streams deposited simultaneously) or separated stream ap-
proaches, treating the coarse and fines streams individually and disposing of each separately. 
Major benefits from a combined stream approach is that the coarse fraction can enhance the 
strength properties of the resulting solids by acting as a scaffold to create grain to grain interac-
tion while also promoting improved drainage.  

Since the coarse fraction often times does not pose disposal issues, a separated stream ap-
proach allows for the fines stream to be targeted, which sometimes represents a small fraction 
of the entire waste stream. 

One method to manage tailings used in the Canadian oil sands region is called NST, non-
segregating tailings. It involves taking the fines fraction of the tailings and dewatering (or 
thickening) it with the use of traditional flocculants. Once thickened, the fines are then recom-
bined with the coarse fraction at CFR = 4 or higher to produce a liquid slurry. The slurry is then 
pumped to a settling area where the NST is allowed to consolidate and solidify. 

In Figure 5, solids were consolidated by two methods. The sample on the left, labeled “ATA 
Treatment”, was prepared as indicated in the general methodology above, but at a CFR = 4.0 by 
weight, and allowed to gravity dewater to a solids content of 65% by weight. The sample on the 
right in Figure 5, “Traditional Treatment”, was prepared using a traditional waste water treat-
ment polymer (high molecular weight anionic polyacrylamide) to flocculate the fines stream 
and decant the clarified water. The dewatered fines were mixed with the appropriate level of 
sand to generate the same CFR = 4.0 and solids content of 65%. 

It is evident that the materials, although prepared with the same components of tailings mate-
rial, have distinctly different properties. Typical ATA solids at 65% solids have a vane shear 
strength of 1000 Pa or higher.  The mixture on the right has shear strength of only 30 Pa. 
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Figure 5. Comparison of solids generated by the ATA process and by a 
traditional polymer treatment. 
 

5 INDUSTRY APPLICATIONS 

The ATA process is applicable to numerous mining industries. A summary of two key metrics, 
solids content of the gravity drained ATA solids (on a mass basis) and the turbidity of the re-
claimed water, for several mining industries is shown in Table 2. By optimizing the choices of 
Activator and Tether polymers, along with polymer dosings and CFR values, high solids con-
tent solids and clear water are attainable for all mining industries studied below. Higher solids 
contents can be achieved through secondary dewatering, enabled by superior mechanical prop-
erties and excellent draining characteristics. 
 
 
Table 2. Summary of ATA process results for several mining 
industries: solids content and turbidity values. _______________________________________________________________ 
Industry CFR Solids Content Turbidity 
  _______________________________________________________________ 
Oil Sands 4.0 65 85 
 2.0 60 85 
Phosphate 1.0 55 100 
Coal 1.0 65 25 
Potash 1.0 60 50 
Silica 1.0 55 25 
Gold 1.0 70 25 _______________________________________________________________ 
 
 

6 CONCLUSIONS 

The ATA process offers a novel way to treat tailings that rapidly consolidates suspended parti-
cles into high strength, reclamation quality solids, while also recovering clarified water for im-
mediate recycle. The polymers used are designed to perform in a vast number of mining indus-
tries and can tolerate a wide range of water chemistries. 

Some of the properties of ATA solids produced from mine tailings have been demonstrated 
here, including: high permeability, increased strength, good filterability, rapid and clear water 
liberation, fast consolidation of the ATA solids, and a process that is robust to process fluctua-
tions. The ATA process offers numerous benefits over current tailings treatment approaches 
with chemical costs comparable to standard polymer treatments. 
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A tailings treatment strategy employing the ATA process has the potential to eliminate the 
need for tailings ponds, thereby reducing a large environmental liability. Finally, the ATA pro-
cess had the potential to dramatically reduce the overall mining footprint. By eliminating tail-
ings ponds, mine sites can significantly reduce construction costs and the level of disturbed ar-
ea. 
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Resource recovery from mining-related wastes using Tetronics’ 
Plasma Arc Technology 

T.P. Johnson & D.E. Deegan 
Tetronics Ltd., Swindon, Wiltshire, UK 

 

1 INTRODUCTION 

Rising commodity prices, increasingly stringent environmental regulations and a greater 
awareness of corporate social responsibility issues are all factors in stimulating an examination 
of mining wastes as a potential source of new raw materials. Furthermore, despite tougher 
economic times the demand for commodities remains strong, in no small part as a result of the 
growth of the world’s emerging economies. Furthermore, this combination of social and 
economic factors looks set to continue in the long term which will encourage greater recovery 
of materials from previously ignored sources such as mining wastes. However, by definition 
legacy and current waste streams are materials that have been discarded because their 
composition or physical form means they are less economic to deal with. It is also clear that 
environmental regulations will only become stricter in the future and disposal more restricted, 
which creates uncertainty for organizations concerned about the options and costs for the future 
treatment of their wastes. Consequently, an expansion in the recovery of useful materials from 
mining-related wastes is likely to require the use of robust and innovative techniques that have 
a built-in degree of future-proofing; DC plasma technology is one such technology.  

Naturally, like all good ideas, reworking of old mining waste is by no means a new 
phenomenon. There are many historical examples where the spoil heaps of old mining and 
metallurgical activities have become key sources of raw materials in later centuries; well-
known examples of this practice include coal, copper, diamonds, fluorspar, iron ore and silver. 
In the UK, the most common example is this of lead mining, where the ore and slag spoil heaps 
of Roman lead mines were worked and reworked by successive generations from medieval 
times right through to the 19th Century. Similarly, in the Balkans an astonishing 3,000 tonnes of 
lead was extracted from old Roman lead mine tailings and slag during the first decade of the 
20th Century. In all of these cases an improvement in extraction technology, combined with a 
reduction in the quality of the primary ores available, produced the conditions in which old 
mining wastes became viable new sources of materials. This remains the situation today and 
seems likely to persist into the future as high-quality ore bodies become ever harder to find.  

ABSTRACT: Increasingly stringent environmental regulations and high commodity prices have 
created a growing incentive for the recovery of materials from mining-related wastes. However, 
many of these materials present challenges that have made recycling and recovery operations 
uneconomic in the past. As a result of its ability to separate the valuable metal and minerals 
from the waste material while destroying hazardous compounds, Tetronics’ DC arc technology 
offers an alternative approach to resource recovery from a wide range of mining-related wastes. 
DC arc technology also brings additional benefits, including: the extremely effective 
destruction of organic materials, the conversion of the inorganic material into a re-useable 
aggregate and the high tolerance of the process to fine and dusty materials. This paper presents 
details of Tetronics’ DC arc technology and gives specific examples of how the technology has 
been successfully employed in the recovery of enriched slags, ferroalloys and other metals. 
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2 PLASMA TECHNOLOGY 
2.1 The benefits of DC plasma 
Tetronics’ DC Plasma Arc technology is one of the key pyrometallurgical solutions available 
for the recovery of valuable materials from traditional mining-related wastes and from the 
growing ‘urban mine’ of domestic, commercial and industrial wastes. DC Plasma arc 
technology is ideally suited to the recovery of valuable raw materials from this wide range of 
wastes as a result of the following features: highly flexible operation with a wide range of feed 
materials; small physical footprint; tight control of smelting conditions; and minimal losses of 
dust to the exhaust gases as a result of the low gas flows associated with DC plasma arc-based 
processes. These features make it highly efficient in isolating the valuable from the less 
valuable components of the waste. The high furnace temperatures and the ability to vary the 
reaction conditions of the process also allow operators to separate the waste into gaseous, slag 
and metal fractions, as required by changing feedstock or economic conditions. This in turn 
maximizes the value derived from the waste and minimizes the secondary waste arisings, whilst 
achieving low ultimate emissions to air and water. Its small plant footprint also makes it 
relatively simple for a plasma system to be retrofitted to an existing facility close the source of 
the waste, which reduces the environmental impact of the technology even further.  
Mining and mining-related activities, such as the metallurgical processing of ores, results in the 
production of a range of waste products, including the by-products from mineral processing and 
the discarded products and by-products of the downstream mining-related activities. Plasma 
technology can be applied to many of these wastes in order to recover materials that can be 
returned to the existing process flow sheet. These include additional final product that could not 
be produced by the existing process or entirely different products that can be sold outside the 
normal output streams. These various possibilities are summarized in Figure 1.  
 

 
Figure 1. Schematic flow sheet showing the plasma treatment of mining-related wastes. 
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Figure 2. Schematic diagram of a plasma furnace. 

2.2 Process and plant description 
In a typical DC plasma waste recovery plant, the waste material is conditioned (e.g. crushed and 
dried) then, if required, blended with fluxing additions to lower the melting point of the slag, 
and/or reducing agents to aid recovery of reducible metals from the waste. The plasma furnace 
(see Figure 2) consists of a refractory lined steel vessel, which is water cooled in the roof and 
upper shell areas, and with either a graphite electrode or a water cooled plasma torch as the 
plasma device. The electrode or torch is hollow to allow the passage of a stabilizing plasma gas, 
usually nitrogen or argon, respectively. The electrical power for the arc is provided by the 
plasma power supply, which converts the incoming AC voltage supply into the controlled DC 
supply required for the plasma; as with normal polarity welding, the molten bath is usually the 
anode of the circuit and the graphite electrode or plasma torch is usually the cathode.  

The plasma arc attaches onto the surface of a molten bath of slag, which floats on a layer of 
liquid metal in the bottom of the plasma furnace, both of which are typically at a temperature of 
1400-1600 °C. The waste material feed falls onto this molten bath, which causes the moisture 
and volatile species (e.g. organics, metals and metal halides) to vaporize; these are drawn off 
into the exhaust gases at around 1100-1200 °C before exiting to the gas cleaning system. It is 
also possible to inject oxidants into the furnace to encourage the gasification of organic 
components. The remaining non-volatile components (mainly metal oxides) either melt into the 
slag or are reduced to free metals which collect in the metal layer below. A small proportion of 
the blended feed is carried over into the exhaust gas and is collected in a filter by the gas 
cleaning system. In many cases, depending on the waste composition and furnace operating 
conditions, the residues collected from the bag house contain other useful materials, such as 
zinc or lead, which can be sold for additional revenue, thereby further reducing the quantity of 
secondary residues for disposal. 

In addition to the recovery of valuable metals, the slag product of the process, known as 
Plasmarok®, can be sold for use as an aggregate in a wide range of traditional building 
applications, owing to its inertness, low leachability and engineering properties. 
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Figure 3. Schematic process flow diagram for a typical mining waste plasma plant 

 
The gases from the outlet of the furnace pass into a closely-coupled secondary combustion 

chamber, which liberates the calorific value of the off-gas and oxidizes flammable species such 
as persistent organic compounds and volatile metals. The combusted off-gas is cooled to 200 °C 
using a quench tower and an in-situ water evaporation process in order to prevent reformation 
of dioxins and furans. The cooled gas then passes through a filter unit to remove particulates. 
The removal of acid gases can be accomplished by the injection of hydrated lime into the gas 
stream or via a wet scrubber, depending on the application. In the case of especially high 
concentrations and throughputs of chlorine or sulfur, the gases can be collected as an acid for 
sale to industry. The pressure inside the plasma furnace is carefully controlled to be just below 
atmospheric pressure by means of a variable speed, induced-draught fan, which prevents 
significant ingress of air or egress of process gases. The exhaust gas is analyzed and logged in 
accordance with local environmental regulations using Continuous Emissions Monitoring 
System (CEMS) equipment, before being vented to atmosphere (see Figure 3).  
 

3 SPECIFIC EXAMPLES 

3.1 Smelting of Chromite Ore and Stainless Steel Dust 
The recovery of ferroalloys from a range of mining and metallurgical wastes has been one of 
the most important applications of Tetronics’ DC plasma arc technology (Cowx, 1988). 
Commercial scale DC plasma furnaces for the production of ferrochrome have been established 
in the UK, Italy, Spain and South Africa and the technology has been applied not only to 
chromite ore, including fines and low grade ore, but also to dusts arising from stainless steel 
production (Cooke & Roddis, 1989). 

Recovery of the ferroalloy occurs by the carbothermic reduction of chromium and iron 
oxides in the feed material. The chromite ore feed is mixed with a coal or coke reductant plus 
silica and/or lime as a flux, depending on the chromite composition. These are fed into the DC 
plasma furnace and smelted at a furnace temperature of approximately 1600 °C. The typical 
operating parameters for the treatment of chromite ore are shown below in Table 1. 

New technologies

646



  
Table 1. Typical operating data for the plasma treatment of chromite ore 
Parameter Value 
Coal Addition 200 - 300 kg/tonne dust 
Gross Power Requirement 6.5MWh/tonne alloy 
Energy Efficiency >80% 
Furnace Availability >80% 
Graphite Consumption 0.3kg/tonne dust 
Recovery of Cr to metal 90 - 95% 
  

This process is also used for the recovery of iron, nickel, chromium and manganese from 
stainless steel dusts arising from the electric arc furnace, argon oxygen decarburization, mill 
scale and sludges. The ability of plasma to smelt fine powders, such as ore fines, is vital for the 
treatment of these steel dusts, since they arise mostly as fly ash from dust extraction systems 
and are therefore very fine powders. The process is similar to that for chromite ore except that, 
since nickel has a higher intrinsic value than chromium, the level of reduction is often adjusted 
to recover a lower proportion of the available chromium in order to reduce energy and reductant 
consumption, as required by the plant operator. The ferroalloy is tapped and poured into ingot 
moulds for recycling directly to the melt shop. Typical operating parameters for the treatment 
stainless steel dust are shown below in Table 2 (Johnson & Makepeace, 2012).  

  
Table 2. Typical operating data for the plasma treatment of stainless steel dusts 
Parameter Value 
Coal Addition 185 kg/tonne dust 
Gross Power Requirement 4.7MWh/tonne alloy 
Energy Efficiency >80% 
Furnace Availability >80% 
Graphite Consumption 2.3 kg/tonne dust 
Recovery of Cr to metal c.80% 
Recovery of Ni to metal c.95% 

 

 
Figure 4. Pouring of tapped ferroalloy from a holding ladle into one tonne ingot moulds. 

Proceedings Tailings and Mine Waste 2012  |  Keystone, Colorado, USA  |  October 14-17, 2012

647



3.2 Smelting of Ilmenite 
Ilmenite ores are used for the production of a range of titanium-based materials including 
metallic titanium and titanium dioxide for pigments. Theoretically, ilmenite is FeO-TiO2 but in 
practice ores contain smaller amounts of silica, alumina, magnesia and other mineral oxides. 
Downstream processing of these minerals usually involves acid leaching of the ore to remove 
the residual iron oxides from the ilmenite and, therefore, in order to minimize acid 
consumption, over half of all ilmenite ore is smelted, usually in submerged arc furnaces, to 
reduce the iron oxides in the slag by recovering the iron as pig iron. Wastes arising from the 
processing of the mined ilmenite include fines which are not easily amenable to submerged arc 
smelting as they reduce the permeability of the charge. In contrast, DC plasma processes 
operate with an open bath where permeability of the charge is almost irrelevant, the arc voltage 
is largely independent of the resistivity of the melt and there are low gas flows, all of which 
make it an extremely suitable process for the smelting of fines.  

In plasma smelting, the ilmenite fines are mixed with, typically, 100 kg of carbon reductant 
per tonne of ore fines and smelted at around 1600 °C to produce a TiO2-enriched slag 
containing up to 85% TiO2 and around 10% FeO, plus a pig iron by-product. Note that no 
fluxes are added as the iron oxide itself acts as a flux. This means that careful control of 
smelting conditions are required to ensure that the slag contains the optimum level of iron 
oxide: too much leads to foaming slags, and a less-enriched slag, but too little leads to a very 
viscous slag with a high melting point, which can lead to refractory erosion problems. The 
ability of DC plasma processes to alter the power input independently of process chemistry, and 
the well-sealed conditions in the plasma furnace, make DC plasma especially suitable for 
recovering additional ilmenite-rich slag from ore fines (Cowx & Hayes, 1986).  

3.3 Melting of Ferroalloy Fines 
Ferroalloys, such as ferrochrome and ferrosilicon, are produced in pyro-metallurgical furnaces 
from which the resulting ferroalloy melt is tapped periodically into brittle slabs, then crushed to 
meet the customer’s size requirements. This produces a quantity of fines, which are subjected 
to various gravity separation techniques so as to isolate a coarse metallic fraction which can 
also be sold, albeit to a limited range of outlets. In the past the remaining fine fraction has often 
been landfilled but investigations by Tetronics using ferrochromium and ferrosilicon fines have 
shown that DC plasma technology provides a simple method of melting the fines into a bulk 
ferroalloy product. Furthermore, these fines tend to contain slag from the original smelting 
process or even from ingot mould lining materials; DC plasma melting causes the slag and 
metallic fractions to separate effectively, thereby resulting in a clean product suitable for resale 
or recycling. Note that these materials tend to be the residues from a previous smelting process, 
therefore, re-melting the ferroalloy fines by DC plasma arc is straightforward and typically 
requires no additions of flux or reductant. It is possible, however, to re-melt the fines with 
addition of a small amount of CaO for desulphurization purposes and this has been shown to be 
effective in reducing sulfur levels in the final product (Cowx, 1985; Lafford 1987).  

3.4 Removal of Lead from Blast Furnace Slag 
Extensive investigations have been carried out at industrial pilot scale by Tetronics on slag 
arising from lead blast furnace operation. These slags contain typically 2-3% lead and 10-15% 
zinc and are classified as hazardous waste because the leaching of these two elements exceeds 
regulatory limits.  

When using DC plasma technology, the blast furnace slag is mixed with around 7.5% lime 
flux, in order to give a fluid slag at the processing temperature of 1400-1500 °C, and around 
10% coal reductant, in order to reduce the level of FeO from around 33% in the input to around 
10% in the output slag. This level of reduction is sufficient to remove around 98% of the lead 
and 87% of the zinc from the slag, giving an output slag composition of typically <0.02% lead 
and 1.0% zinc. This slag has been confirmed to meet TCLP1 leaching standards for both metals 

                                                      
1 Toxicity characteristic limit procedure 
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with the lead leachate in particular being typically less than 1% of the regulatory limit. It is, 
therefore, safe for inert disposal or re-sale as an aggregate (Carr et al, 1990). The majority of 
the lead and zinc is recovered in the bag house dust as oxides for sale to zinc smelters.  

3.5 Recovery of Zinc from High-Zinc Residue Fines 
Tetronics DC Plasma Arc technology has been used at pilot and commercial scale for the 
recovery of zinc from a wide range of zinc-containing wastes, including: electric arc furnace 
dust, zinc skimmings, brass dross and zinc production residues. Zinc is extracted as zinc oxide 
via a carbothermic reduction process and can be sold as an input to zinc smelting processes.  

The zinc-containing residues are blended with fluxes and carbon reductant, prior to feeding 
into the furnace. To achieve optimum (economic) operation the level of reductant is generally 
controlled to give an FeO level of around 30-35% in the slag. Technically, a compromise has to 
be made as high carbon additions enable good zinc recovery, but require higher plasma power, 
whilst low carbon additions require less plasma power, but lower the amount of recoverable 
zinc. The power/feed rate is closely monitored to ensure the furnace is maintained at a 
temperature of between 1350-1500°C. 

Oxides forming volatile metal species (zinc, lead, and cadmium), are reduced and vaporized 
so that the metal vapours and exhausted from the furnace, together with the reducing gases 
(mainly CO and H2). These are re-oxidized in a secondary combustion chamber and the 
particulates recovered in a baghouse unit prior to venting to atmosphere 

Stable oxide species (CaO, SiO2, MgO. Al2O3, TiO2, etc.), together with some iron oxide, 
report to the slag phase. Both the slag and the iron-rich metal phases are intermittently tapped 
from the furnace (Chapman et al, 1995).  

 
Table 3. Typical operating data for the plasma treatment of carbon steel dusts 
Parameter Value 
Coal Addition 90 – 130 kg/tonne dust 
Gross Power Requirement 1.0MWh/tonne dust 
Energy Efficiency >80% 
Furnace Availability >80% 
Graphite Consumption 0.3kg/tonne dust 

3.6 Metal Recovery from the Urban Mine 
In recent years there has been a growing realization of the potential for so-called ‘urban 
mining’. Here waste materials such as spent automotive catalysts and electronics waste are seen 
as increasingly important sources of various valuable and strategic metals, such as gold, silver, 
platinum, palladium, copper, etc. Using the same techniques outlined above, DC plasma 
smelting technology provides a way of extracting these metals with industry-leading recovery 
rates and is sufficiently economically competitive, at a small enough scale, to allow the 
establishment of local plants for the treatment of waste near to its source. Given the difficulties 
involved in collection of the wastes, the proximity of the treatment plant to the waste itself is an 
important consideration.  

A typical DC plasma plant for the treatment of automotive catalysts has a throughput of 
2,000 tonnes of catalyst per annum. Since the spent catalyst contains typically 2,000 g of 
platinum group metals (PGM) per tonne, such a plant will typically produce 4,000 kg of PGM a 
year (c.130,000 troy oz), which is equivalent to the production of a reasonably sized 
conventional mine. Similarly, a typical DC plasma plant for the treatment of electronics waste 
will process around 6,000 tonnes per annum of printed circuit board waste. Since printed circuit 
board waste contains typically 270 g of gold and 1,700 g of silver per tonne of waste, such a 
plant will typically produce 1,600 kg of gold a year (c.51,000 troy oz) and 10,000 kg of silver 
(c.325,000 troy oz); again, these would be respectable outputs from more conventional primary 
production plants (VM Group, 2010). 

In the conventional process, the waste material is mixed with fluxes then melted in a sealed 
furnace to give a mixed bath of molten slag, molten metals droplets and solid metal particles. 
Since the droplets and particles of metal are usually denser than the slag they will sink under 

Proceedings Tailings and Mine Waste 2012  |  Keystone, Colorado, USA  |  October 14-17, 2012

649



gravity and, given enough time and the absence of extraneous liquid flows, settle out to form a 
pool of molten metal at the base of the furnace thereby leaving the slag free from metal and 
suitable for discard. However, many of the metal particles and droplets produced in this way 
are extremely small and sink only very slowly. Furthermore, their slow rate of descent makes 
them very susceptible to extraneous movements of the slag bath and therefore these small 
particles have a great reluctance to settle out completely under all but the most ideal conditions.  

In order to accelerate the process of separation, the Tetronics process adds a collector metal 
oxide, usually of either iron or copper, and a reductant to the feed material to form a liquid 
‘solvent’ which is denser than the slag. Once molten, the larger droplets of this collector metal 
sink through the slag dissolving the other metal particles as they go, leaving the slag denuded of 
its valuable metals in both a shorter time and under more practical melting conditions.  

The furnace is constructed with a lower tap hole for intermittent tapping of the metal and an 
upper tap hole, which enables the spent slag, now stripped of its PM and PGMs, to overflow 
continuously (see Figure 5). The spent slag has been classified by the UK Environment Agency 
as a product and can be utilized as a constructional material (Johnson et al, 2012).  

The off-gas exhausts into a combustion chamber and then a high temperature filter where dry 
scrubbing takes place prior to its discharge to atmosphere. The composition of the off-gas is 
rigorously controlled by a CEMS to ensure that the operation is compliant with emissions 
regulations. 

After a certain quantity of blended feed has been processed, the lower tap hole is opened and 
the liquid metal is tapped into a ladle, which is then poured out on a steel casting table where it 
is allowed to solidify as a thin sheet. Once cold the collected metal and any entrained slag is 
crushed and separated and the metal is sent to a refinery where the discrete PM and PGM 
elements are recovered.  

For many years Tetronics’ DC plasma smelting technology has been used for the recovery of 
PGMs from spent chemical and automotive catalysts with four plants in commercial operation. 
In more recent years, the use of this highly-successful technology has been extended to the 
recovery of valuable metals from electronics waste, which will culminate in mid-2012 with the 
start-up of the first commercial Tetronics DC plasma system designed for the treatment of 
electronics waste. 

 

 
Figure 5. Continuous overflow of slag from plasma furnace: schematic (left) and during operation (right). 
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4 CONCLUSIONS 

There is growing economic, regulatory and social pressure for the remediation of mining-
related wastes, and a growing appreciation of the potential metal and mineral values contained 
in legacy and current waste streams. DC Plasma Arc technology is a key method of recovering 
these valuable materials in a practical and economic manner. Processes based on this 
technology have been used for the treatment of a wide range of waste materials in industrial 
pilot scale and full commercial scale plants for many years, the outputs of which either provide 
additional raw materials for other downstream processes or are saleable products in their own 
right. In addition, any residual slag by-product arising from DC plasma treatment is classified 
as inert and suitable for sale as a construction aggregate, even when the raw material is a 
hazardous waste; the process also enjoys excellent compliance with emissions regulations.  

DC plasma smelting is widely used for the recovery of precious metals from the growing 
‘urban mine’ of recycled electronics goods and spent catalysts, such that the production of gold, 
silver and platinum group metals from a typical DC plasma plant for these materials are similar 
to those from more conventional mines and their associated downstream refining processes. 
With increasing commodity prices, greater awareness of environmental issues and tightening 
legislation, it seems certain that DC plasma-based recovery will find even wider application in 
the treatment of mining-related wastes.  
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ABSTRACT: Steel, Polyethylene and PVC pipes have been available for many years and played an 
integral part in mining and have performed very well. With higher commodity prices for both pre-
cious and base metals, increases in production along with safety and durability are no longer a wish 
but an essential part of mining and new products are being sort out to meet these new demands.  
Sustainability is defined as the capacity to endure and this paper will introduce and discuss the sus-
tainability of the newest innovations in the mine piping industry including the ability to insert pipe 
below ground without excavation or boring, inserting or slip lining of above ground or below 
ground steel or concrete pipes and piping that can perform above ground without snaking or ham-
mering. Slurry piping that, with advanced thermoplastic inner coatings will extend the life of the 
pipe by 100%. 

This new generation of piping will revolutionize pipe lining as we know it and savings will be 
seen in a variety of forms such as material savings, lower installation costs and much improved long 
term performance. Not to mention savings in reduction of breakdowns and safety of operators. 
 
 
 
1  INTRODUCTION 
 
Piping  materials for use in mines have been constantly changing in the past few decades and with 
that newer and sustainable systems are and with that systems are being installed with higher quality 
and in many circumstances at less cost than the methods used previously. Mine Managers are all 
looking for ways to decrease the bottom line and increase operation profits. The next generation of 
pipes and fittings are a proving a significant level of assistance in this regard. In addition, these new 
piping systems significantly reduce the environmental impacts associated with replacing piping sys-
tems with conventional trenching methods.  Of particular value from both a cost and environmental 
perspective is polyethylene piping 
     Polyethylene (PE) Pipe is extremely tough and durable, thus well suited for use in the rigorous 
environment material for use in the mining industry. Mine Managers depend on PE pipe  for long 
service, ease of installation, resistance to chemicals, abrasion resistance better or as good as steel in 
certain installations and will generally meet all requirements. Based on urban gas distribution indus-
try data, PE pipe has the lowest repair frequency per mile of pipe per year compared with other 
pressure pipe materials used for urban gas distribution. Acceptability of PE pipe in the gas distribu-
tion has risen  from 50% in the 1980’s to 80% in the following 30 years. In the last 20 years, market 
satisfaction with PE pipe has achieved levels greater than 90%.  

 
 
 
2  WHY PE PIPE? 
 
Welding steel pipe is a complicated and costly process.  Working conditions must support ease of 
access to pipe joints to ensure sound welds and minimize leakage.  In contrast, PE pipe can be in-
stalled essentially leak free and in some instances like repairs with significantly reduced disturbance 
of the environment, no mass amounts of soil to be removed, a simple vertical access is sufficient. A 
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variety of installation methods are available to weld or join pipe, even in cramped difficult situa-
tions.  Installation methods such as butt welding, socket, flange connection and electro fusion will 
result in very effective, strong welds and connections between pipes. 
  PE pipe does not react with most chemicals and has excellent corrosion resistance which is con-
stantly being improved. PE pipe is chemically resistant to organics, bacteria, fungi and most of the 
contaminants found in soils.  PE is well suited for piping the many varieties of compounds and ma-
terials associated with mining. 
  Manufacturing has come a long way to the point where now PE pipes can be made on site and 
installed with complete quality control in sizes up to 2.25 metres or 88.5”. For mines especially in 
remote areas this can be a tremendous cost saving in freight, not to mention the dramatic reduction 
in the carbon footprint keeping all the trucks off the road delivering one piece of pipe per shipment. 
Onsite fabrication also means the length of the pipe section is controlled only by the logistics of 
moving the pipe away from the extruder so pipe length can be manipulated to suit. Pipes can also be 
crimped on site to reduce the surface area to make slip lining so much easier. Cold weather is not a 
deterrent as it remains flexible and easy to handle. All with onsite quality control.  A versatile selec-
tion of fittings available in several varieties to suit most applications also provides for quicker and 
less equipment intensive installations.  In particular, electro fusion fittings can make installation and 
repairs in tight situations or emergencies much more simple and time efficient. 
 The flow characteristics of PE pipe reduce raw material requirements. The very smooth surface 
of PE pipes, smoother than steel, ductile iron, concrete or clay pipes allows for an equivalent vol-
ume of material to be transported in a smaller, hence less costly pipe at the same or greater pressure. 
The significantly reduced scaling associated with PE pipe also adds to the life and efficiency of the 
system. 
 The flexibility of PE pipe reduces the time and effort involved with assembling the pipe system 
with fittings.   PE pipes can bend to radiuses of up to 30° which can reduce installation time, joint 
welding and can run left, right, up or down over various contours. Flexibility 20-25 times the out-
side diameter allows the PE pipe to be laid in much longer lengths without the use of fittings, which 
also reduces angle changes - which are a high wear point.. 
 PE pipes can be produced onsite in a variety of sizes from 12.5 mm (½”) to 2500mm (100”) 
with wall thicknesses and pressure ratings fabricated to suit the project specific needs.  In addition, 
PE pipe can be used for all project needs with an appropriate color coding system.  Color coding 
can be used to designate potable water from slurries or sewage pipe.  Indicative stripes to full color 
skins or co-extruded protective shells can be added to pipes during manufacture for differentiation 
or protection of the PE pipe. Now it is possible to determine leakage type from pipes at a distance 
or know by the color coding whether it is carrying a liquid needing immediate remedial action or 
poses a non-threatening environmental or human health situation. 
 Color coded – indicative stripes to full color skins or co-extruded protective shells can be added 
to pipes during manufacture for differentiation or protection of the PE pipe. Now it is possible to 
determine leakage type from pipes at a distance or know by the color coding whether it is a liquid 
needing immediate remediation action or a non threatening situation. 
 
  
3  PIPE RESINS 
 
Pipe resins are the first line of sustainability; it is a dynamic commodity that is always improving it-
self. 

Newer types of resins are constantly being developed, a recent example is: 
 
PE4710 
 
One of the most common resins in use today is PE3408 with density of 0.940 to 0.947 gm/cc with 
addition of carbon black this increases to 0.949 to 0.956 gm/cc. A next generation resin that is rap-
idly replacing  PE3408 is PE4710 here in the USA. This is a new resin that comes with a substan-
tially higher density of 0.947 to 0.955gm/cc, with the addition of carbon black, finished product 
density values rise to 0.956 to 0.964 for PE4710. 
 
 Higher density increases tensile strength, stiffness and chemical resistance.  For real world ap-
plications, this allows for PE pipe available with higher pressure ratings, increased flow capacity 
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and improved long-term performance.  For example, PE4710 provides up to a fifty fold increase in 
Slow Crack Growth (SCG).  PE 3408 materials have a SCG resistance of at least 10 hours as deter-
mined by test method ASTM F 1473.  PE 4710 must have at least 500 hours, a 50 to1 increase to 
qualify. This means the potential for SCG failure, the long term failure mode for PE4710 pipe, is 
extremely reduced. 
 
PE-RC 
 
Considering pressure resistance, mechanical and thermal properties, there are no differences be-
tween PE4710 materials and PE4710-RC that are noticeable. The outstanding difference, in com-
parison to standard PE4710 is the high resistance to slow crack growth. The RC offers extended 
protection against: 
 
Point loads 
Crack initiation 
Slow crack growth 
External damage 
Notch behavior 
Chemical attack 
 
PE-X 
 
Cross-linked Polyethylene – the molecules are linked together by strong chemical bonds, using 
crosslinking agents such as peroxide or physical crosslinking which is achieved by electron radia-
tion. Initially in smaller diameter pipes, techniques have been further developed to allow pipes of up 
to 20” (500mm) which are used for industrial applications. PEX has high toughness, outstanding 
crack growth resistance, excellent flexibility and improved operating temperature of up to 95°C. 
The ultimate goal of piping is to affectively and economically place or replace old piping in situa-
tions to improve flow, life expectancy or gain accessibility to areas previously unavailable such as  
under roadways or buildings. Rehabilitation of any kind of damaged pipe is possible, be it concrete, 
steel, cast iron, stoneware, PVC and so on and what can be fixed - cracks, holes, leaking connec-
tion, corrosion, in growth and so on. Should the structural integrity of the original pipe be unaffect-
ed, the new pipe should perform similarly and under the same stresses as the original pipe. All these 
can, on the most part, be accomplished with trenchless installation without disturbing the environ-
ment. 
 
4  ADVANTAGES OF NO-DIG COMPARED TO OPEN TRENCH 
 
One of the most significant benefits of PE pipe from an installation perspective is reducing  disrup-
tion of traffic, reduced cost for restoration of surfaces and rapid installation.  This also provides 
significant reduction of environmental impacts associated with conventional trench installation 
methods. Trench construction requires extensive use of heavy trenching equipment (size dependent 
on the soil type) and soil hauling equipment.  Trenchless construction techniques reduce fuel de-
mand thus preserve available fuel resources and reduce atmospheric emissions of priority pollu-
tants.   
 Disturbance of the ground surface can produce priority pollutants such as suspended solids and 
organic material which can contribute to run-off and eventually stream turbidity and biological oxy-
gen demand (BOD).  Every installation process that reduces the footprint of surface disturbance 
provides for increased sustainability of the process through reduced impact to the surrounding envi-
ronment. 
 
Below are ways this can be accomplished:   
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4.1  Pipe laying systems: 
 
Trenchless boring 
Relining 
Horizontal directional drilling 
Burst lining 
Slip lining 
Close-fit lining - crimped slip lining 
Concrete protective lining 
 
Advantages of PE when used for relining: 
 
Light and flexible 
Good abrasion properties 
Durability over 100 years 
Weld able 
High resistance to crack growth 
Rodent safe 
UV resistant 
No deposits and low friction 
Chemical resistance 
High flow capacities 
Biological resistance – root growth 
 
 
4.2  Slip –lining 
 
Re-lining with annular space 
Insertion into existing pipe 
Good surface properties 
 
4.3  Close-Fit Lining 
 
Deformation varieties - cross section reduction 
Factory made 
On site fabrication 
 
4.4  Memory effect 
 
Close ends 
Inject low PSI steam/water 
Returns to round shape 
Fits close to existing pipe 
Dimensions 

In factory 6” (150mm) -16” (400mm) 
On site 18” (450mm) -   69” (1725mm) + 

 
4.5  Burst-lining 
 
Cutting and demolishing the old pipe with a cutter-expander-tool 
Immediate feeding of the new pipeline 
New pipe can be 40% larger than existing/burst pipe 
 
Concerns 
 
Fractures rock/sub grade or old pipe can create point loads and point stress cracks 
High quality pipe using high strength resins like PE 100-RC or PE-X and/or PE100-RC with addi-
tional protective layer are essential for use in this type of relining. 
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4.7  Concrete protective liner 
 
Lining 
From 10” (250mm) to 240” (6000mm) 
Variety of cross section shapes 
Old pipe can be source of required stress/pressure 
Lining rehabilitates surface condition against corrosion 
Adds abrasion layer 
Chemical degradation is negated and reinstates resistance 
 
Tunnel/Pipe relining 
Pre-fabricated concrete protection liners 
Annular space closed with mortar or grout 
 
4.8  Segment lining 
 
Concrete Protection Liners are placed before steel reinforcement and formwork and concrete pour. 
Loose installation 
Gap between sheet and old pipe or structure will not be backfilled 
 
Custom liners available 
Signal Layer 
Self Cleaning  
Fabric backed 
Non-slip walking surface 
 
4.8  Tailings specific piping 
 
With high grade ore, higher commodity prices and the superior recovery of metals like gold with 
advanced  milling process, the need for tailings dams is growing and they are becoming larger. 
Likewise, slurry lines are being conveyed further. The next progression in mining operations is im-
proved methods for transporting the materials at preferably lower cost. These lower costs can be ob-
tained by extending the life of the piping. What are needed are extensive abrasion tests to qualify 
new products.  
 One of these is the test that was done at Darmstädter University had a pipe with a mixture of 
slurry type sand and water, the pipe which tilted back and forth on a tilt table many times up to 
200,000 cycles and then the reduction in wall thickness is measured. This is called the Darmstädter 
Kipprinne or Darmstädter Tilting Table. After review of these findings it was determined that Poly-
ethylene and Polypropylene pipes proved to be more abrasion resistance than other types of piping. 
See Figure 1. 
 
Pipe Material Plastic Type Loss of Weight 
    g/1000 Cycles 
PP-1 Polypropylene Random-copolymer 0.129 
PP-2 Polypropylene Homopolymer 0.185 
PE-1 PE 80/3408 0.154 
PE-2 PE 100/4710 0.164 
HMW-PE High Molecular Wt OE 0.108 
PE-Xb Cross Linked PE 0.142 
POM       Delrin Polyoxymethalene 0.533 
PMMA   Perspex Polymethalmethacrylate 0.829 
PVC Polyvinylchloride 0.706 
ABRASION Com-
pound  Not available 0.045 

 
Figure1. Abrasion resistance 
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 To enhance this even further, internal monolithic abrasion compound, (see also Figure 1) can be 
coextruded to the interface area of the internal section of the pipe during manufacture. With an in-
ner core of abrasion resistant liner which can increase the effective life of the pipe as much as four 
times the norm, then taking into account that when the abrasive resistant coating is removed by 
abrasion, if the remaining material is PE4710 life expectancy of the piping is more far reaching than 
has previously been expected especially considering turning the pipe to present a new section of the 
pipe.  
 This does not just extend the capital cost of the pipe but reduces significantly the maintenance 
costs and down times attributable to pipe movement and replacement extending the life cycle cost. 
 
 
5  COMPARISON OF STEEL AND PE PIPES 
 
It was found that higher bending radius reduces abrasion significantly and as can be seen in the at-
tached graph Figure 2.  PE pipes far outperform steel pipes and with considerable longer lifetimes 
than steel in these curved situations. Steel pipes do have similar abrasion resistance to the contem-
porary PE pipes in the straight line when   corrosion is completely eliminated however if corrosion 
takes place the abrasion resistance of steel pipes lowers significantly. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Comparison of Abrasion on Steel and PE Pipe in curves 
 
 
5.1   White Surfaced Pipe 
 
PE Pipes, having high thermal expansion properties produces snaking and the hammering and snap-
ping of tees that have been the predominant problem with black PE pipes in the past in exposed ap-
plications. It is seen constantly that black PE pipe with its thermal expansion moves mountains with 
even nominal temperature changes and it is close to impossible to control without anchoring or bur-
ying the pipe, another great expense.  
 A solution to this is now available with PE piping that has a white outer layer made of PE also 
and coextruded for no loss of strength or pressure rating. This significantly reduces maintenance of 
tees and other fittings at risk of stress induced breaks.  Also, the lower thermal temperature reduces 
pipe “snaking”. This phenomenon can result in putting the pipe in the trench at 8am only to put it 
back in at Noon after it has “snaked” out of the trench. 
 Informal tests done by a plant in Austria measured the difference in surface temperatures of 
regular black PE pipe and a PE pipe with the thin layer of white PE and the temperature differences 
were significantly different. Pipe exposed to sunlight at ambient temperature 32°C recorded 64°C 
for the black PE and 44°C for the white skinned material, a difference of 20°C a large gap in tem-
peratures which will affect the thermal expansion of the pipe. 
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6  CONCLUSION 
 
PE pipe is becoming more popular as the pipe of choice as properties improve and with that ex-
panded applications PE is such a simple compound it has virtually no reaction with chemicals and 
other  materials, very high abrasion resistance and ease of welding in multiple ways makes them ex-
tremely user friendly with extended long life performance in applications impossible for other pip-
ing materials to emulate. PE piping systems are efficient to install and work with and even in previ-
ously difficult situations . Use of these systems increases the service life and reduces the capital and 
maintenance costs. With additions to the lines of abrasion resistant inner coatings, white outer lay-
ers and tougher resins it makes PE pipes a valuable tool in the mining industry.  Onsite manufactur-
ing and installation of these piping systems significantly reduces environmental impacts.  This sig-
nificantly contributes to the sustainability of mining operations in using methods, systems and 
materials that won’t deplete resources or harm natural environmental cycles. 
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GEOTEXTILE CONTAINER DEWATERING TECHNOLOGY 

Geotextile containers have been used since the 1960’s as shoreline protection in marine and 
river structures such as breakwaters, dikes, artificial islands, and jetties.  Over the years, this 
technology has transferred into the dewatering of wastewater with the aid of chemical condi-
tioning.  There are three basic stages to dewatering with geotextile containers which are con-
finement, dewatering, and consolidation (See Figure 1).  The specially engineered textile which 
the geotextile containers are fabricated allows confinement of the fine solids inside the contain-
er but allows water to filter for dewatering.  As the water drains, the solids continue to densify 
inside the geotextile container and the volume inside the container continues to consolidate 
over time. 

   

Figure 1.  Three basic stages of geotextile container dewatering. 

A dewatering cell must be constructed to hold the geotextile containers (See Figure 2).  In most 
cases the available area for construction of a dewatering cell is limited but geotextile containers 
can be manufactured in many configurations and sizes to maximize the available footprint.  
Creating a slight grade with the slope in the length direction of the geotextile containers pro-
motes drainage of the filtrate for better collection.   An advantage of geotextile containers is 

Unique approach to dewatering of mine wastewater residuals using 
geotextile containers 
 
V. Ginter 
TenCate Water & Environment, Commerce, GA, USA 

C.D. Timpson 
TenCate Water & Environment, Commerce, GA, USA 

ABSTRACT:  Mining and mineral processing is vast and complex industry.  There are a variety 
of applications requiring the management of waste streams from the processing of raw coal, 
removal of tailings and fines from settling ponds, and treatment of thickened wastewater 
sludge.  As in remediation projects, governmental regulations dictate what mines can and can-
not do in terms of handling their waste streams.  In some areas underground storage of process 
waste is allowed, in other states there is a moratorium on underground storage.  Sometimes in 
states that allow underground storage, there may be temporary situations that require an alterna-
tive storage.    
 This paper will address how geotextile containers offer a unique high volume, low cost de-
watering system to provide a very effective way of dewatering wastewater residuals in mining 
applications. 

Proceedings Tailings and Mine Waste 2012  |  Keystone, Colorado, USA  |  October 14-17, 2012

661



that they can be stacked in a pyramid configuration several layers high depending on the con-
solidated characteristics of the dewatered solids. 

 

Figure  2.  Geotextile containers inside dewatering cell 

 Generally this cell has an impermeable membrane installed to help control the volume of 
effluent which drains through the containers.  Typically the effluent is returned back into a 
body of water, and in some instances can be directly discharged if the filtrate quality meets re-
porting limits.  The wastewater can be dredged or pumped directly into geotextile containers.   
If the flow of wastewater is extremely high, a manifold system can be installed which allows 
multiple containers to be filled at one time to maximize dredging output.  The primary feature 
of a geotextile container is to retain solids and contaminants while permitting effluent to drain 
through the pores of the woven engineered filtration textile. During all phases of the dewatering 
process (filling, dewatering and consolidation), the filtration textile must provide excellent ten-
sile properties, efficient effluent drainage, and effective retention of solids to guarantee opti-
mum slurry dewatering.  
 The filtration properties of the engineered textile permit the containers to capture the solids, 
while water drains out.  The moisture will continue to filter out and solids will continue to dry 
over time promoting more volume consolidation.  Using the appropriate polymer for chemical 
conditioning will allow for the solids in the wastewater stream to create an agglomeration and 
release free water for drainage. Figure 3 shows typical results of geotextile container dewater-
ing with a depiction of filtered effluent, conditioned slurry, and in-situ slurry. 
 

 

Figure 3.  Results of dewatering with geotextile containers showing filtrate, conditioned slurry, and in-situ slurry. 
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 Chemical conditioning optimizes the dewatering performance of geotextile containers, in-
creasing the dewatering rate, improving effluent quality, and achieving higher dry mass.  The 
chemical conditioning of the wastewater occurs before the slurry is pumped into geotextile con-
tainers to accelerate dewatering 
 Once the solids are fully consolidated or have met minimum requirements for transport, 
several options are available for disposal.  Typically after consolidation, the geotextile contain-
ers can be cut open and solids transported to landfill or land applied.  In some applications, the 
containers can be buried in place allowing the dewatering area to be reclaimed. 
 
 
PROCESSING OF RAW COAL PROCESSING 
 
Conventional disposal methods of surface impoundment or injection into abandoned under-
ground mine workings is not always possible.  Regulatory restrictions, available area, and con-
struction scheduling can create possible interruptions to the primary disposal methods for min-
ing refuse.  Geotextile containers can offer an alternative disposal method for wastewater and 
allow for the coal processing to continue operation without disruption. 
 A coal processing plant faced an issue where it was facing a possible interruption of its op-
eration which involved a waste stream of almost 1.5 million gallons of slurry per day.  Contin-
ued production of coal was needed in order to meet shipment demands, and geotextile contain-
ers were chosen as an alternative to prevent any shutdown.   
 The plant’s normal operation created two waste streams from the impurities of processing 
raw coal, which were composed of rock and fire clay.  Both coarse rock and fine rock particles 
are produced during the process, the coarse rock is sent to a refuse disposal area by conveyor 
and fine rock particles are slurried and disposed. 
 Due to the volume of slurry to be processed, the coal mine needed a safe and efficient plan 
that would allow the containers to be reclaimed in place instead of opening them up and trans-
porting the material to the course refuse disposal area.  In order to maximize utilization of the 
available dewatering area, a stacked pyramid of four layers of geotextile containers was de-
signed for one particular dewatering area.  The additional layers were installed and stacked 
once the consolidated material reached 35% dry weight solids.  The complete project required 
three dewatering cells.  Figure 4 is a illustration of the dewatering cell and progression of the 
stacked containers. 
 

 

Figure 4.  Dewatering cell and stacking progression. 

A manifold system, along with a polymer tank and pumps was implemented to fill and manage 
the flow to multiple containers at once.  A swinging ladder 8-inch dredge was placed into the 
slurry pond to pump the slurry into the containers.  The dredge was initially operated on a 24-
hour basis with two 12-hour shifts.  A crew of five to six men operated the dredge plus man-
aged the filling and dewatering of the containers. 
 This set-up was capable of pumping 1,750 cubic yards per 24-hour day.  The completed 
project utilized 240 geotextile containers, and a total of 200,000 cubic yards were pumped and 
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dewatered.  The average holding capacity of the geotextile containers was 5 cubic yards of sol-
ids per linear foot of container. 
 Once all the containers in the dewatering cell were fully dewatered, the site was then ready 
for reclamation.  Eventually, the containers were covered with earth and then topsoil.  Once 
reclamation was complete, the entire dewatering cell was mulched and seeded.  All three de-
watering cells were covered and reclaimed.  During the reclamation process, a layer of sand 
was first applied to cover the containers and provide a filter medium.  Next a layer of limestone 
was installed for drainage, and then containers were covered with earth and topsoil.  
 
  
REMOVAL OF TAILINGS & FINES FROM SETTLING PONDS 
 
Many aggregate plants experience high equipment and manpower costs associated with the 
handling and removing of tailings and fines from settling ponds.  The costs of maintaining pond 
operations can vary significantly from plant to plant.  Not only is valuable space tied up during 
gravity settling and thickening the materials in the settling ponds, but the ability to calculate the 
overall costs for mechanical dewatering, removal, and disposal costs of fines can be difficult. 
Smaller plants face a more difficult challenge since the capital, maintenance, and operating ex-
pense of mechanical dewatering equipment for the removal of clays and fines from plant efflu-
ent is beyond their budgetary means.  Aggregate plants find it necessary to explore and evaluate 
other dewatering options. 
 Several states are revising permits aimed at protecting water quality from the pollution dis-
charged by sand and gravel operations.  These facilities can include sand and gravel mines, rock 
quarries, clay mines, concrete batch plants, and asphalt plants.  Federal and state laws require a 
permit because these operations discharge water that may be polluted, such as sediment from 
gravel washing, oil and grease from trucks and heavy equipment, and alkaline wastewater from 
concrete plants.  The permit requires companies to take steps to ensure that surface and ground 
waters are protected and to monitor water quality on a regular basis.   
 Dewatering with geotextile containers is a cost effective alternative to mechanical process-
es.  Plant effluent can be pumped directly from the process or, if a clarifier/thickener is used, 
effluent from the underflow can be diverted through a geotextile container, eliminating the re-
quirement for expensive mechanical dewatering units.  Table 1 illustrates the effectiveness of 
dewatering aggregate tailings with geotextile tubes. 
 
Table 1.  Effectives of Dewatering with Geotextile Containers with Aggregate Tailings 
Material Type % Solids Dur-

ing Pumping 
Dry Solids    
after 1-Day 

Dry Solids    
after 3-Days 

Dry Solids    
after 15-Days 

Clarifier inflow with Polymer 8% 27% 45% 71% 

Clarifier outflow with Polymer 31% 43% 55% 70% 

Aggregate Tailings with Polymer 26% 42% 67% 86% 

Pond Material with no polymer 
addition (high solids in filtrate) 

26% NA 36% 79% 

 

Geotextile containers can be used to capture fines, silts, and clays from the tailings effluent pri-
or to discharge into the ponds or directly into streams.  The containers will separate and dewat-
er the fines and allow disposal without expensive dredging and transporting operations.   
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DEWATERING OF ACID MINE DRAINAGE 
 
A mining company was faced with a challenge to reopen a pit mine which had been converted 
into a tailings pond for nearly a decade.  The mining company desired to extract zinc from the 
former pit mine, now a tailings pond since the value of zinc had increased.  Restarting the oper-
ation also required refurbishment of the waste water treatment plant. Figure 5 shows the condi-
tion of the open pit mine at the start of the project. 
 

 

Figure 5.  Former pit mine converted into tailings pond. 

The challenge of the operation required the removal of 392,000 cubic yards of zinc-
contaminated water from the pit mine and dewatering 41,000 cubic yards of sludge.  Of the po-
tential options to either dewater the sludge with mechanical systems or build a storage pond on-
site; geotextile containers were chosen for dewatering and temporary containment. 
 The project began by adding lime to the tailings pond to raise the pH and precipitate metal 
ions.  The addition of the lime to precipitate zinc created a need to inject CO2 to balance the pH 
of the water during removal.  This process left the need to dewater 41,000 cubic yards of sludge 
comprised tailings and addition of lime with geotextile containers.  The limited area to con-
struct a dewatering cell required two layers of containers in a pyramid stack to maximize the 
area, see Figure 6. 
 

 

Figure 6.  Two layer pyramid to maximize available area. 

There was an additional benefit of the geotextile containers which allowed the mine to contain 
the sludge onsite for transport and disposal at a later time.  Filtrate results showed that the geo-
textile containers in conjunction with proper chemical conditioning produced zinc leachate 
concentrations below the discharge limit of 250 ppb. 
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TREATMENT OF THICKENED WASTEWATER SLUDGE: 

Typically, thickened wastewater sludge from underground mines is pumped back underground.  
West Virginia has discontinued issuing new permits for underground wastewater storage.  Geo-
textile containers can contain and dewater the thickened sludge and provide an efficient alterna-
tive to liquid hauling of the sludge to the refuse pile. 
 A particular coal mine produced approximately 2 million gallons of raw mine water per day 
which is pumped out of the underground mine.  The wastewater containing coal fines, iron, and 
manganese salts is pumped to a neutralization tank where it is treated with hydrated lime and 
oxygen.  The treated water in the neutralization tank overflows into the thickener.  Flocculants 
are added in the overflow trough and thickened solids settle to the bottom of the tank, allowing  
clear water to overflow from the top to the discharge.   
 Rakes direct the solids at the bottom of the tank to a center well pump.  From there, the sol-
ids at 15% by dry weight are pumped to geotextile containers.  A dewatering cell was con-
structed near the wastewater treatment plant and containers were placed on an aggregate base 
for good drainage.  Clean filtrate is collected in a pond and a submersible pump returns the fil-
trate to the thickener.   
After one week the dewatered solids typically reach 33% dry weight solids and continue to 
consolidate over additional weeks to 67% dry weight solids.   
 
 
CONCLUSIONS 
 
As in remediation projects, governmental regulations dictate what mines can and cannot do in 
terms of handling their waste streams.  In some areas, underground storage of process waste is 
allowed but in other states there is a moratorium on underground storage.  Sometimes in states 
that allow underground storage there may be temporary situations that require an alternative 
storage.   Likewise, the mines are accountable for contaminants in their waste streams.  Case in 
point is a metals mine where a pond had to be closed pond.  For several years wastewater had 
been stored in the pond due to nitrate contamination.   
 Acid mine drainage is heavily regulated in all mining areas and all these issues create op-
portunities for dewatering in geotextile containers.  These opportunities may not have existed if 
not driven by regulations.  Mining and mineral processing offer a variety of applications where 
geotextile containers offer a unique solution to dewatering of wastewater residuals. 
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