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ABSTRACT: Dry stacks are filtered tailings facilities increasingly used in the mining industry due to their advantages over
conventional tailings facilities. One of the main benefits dry stacks offer is an improvement in the facility’s physical stability
given its unsaturated condition, contrary to conventional tailings, which are primarily slurry-deposited and need large dams to
be contained. After the milling process, tailings particle size ranges from fine sands to clays, exhibiting a wide range of unsatu-
rated soil properties. This work studies a dry stack behaviour through a parametric finite element analysis, where the performance
of three copper-derived tailings is compared. The analysed tailings correspond to a silty sand (SM), a low plasticity clayey silt
(ML-CL) and a low plasticity clay (CL) and are characterised by different soil water retention curves (SWRC). The study shows
that capillarity plays a key role in water table elevations for low permeability soils, and that the effect of suction contributes to

compressibility reductions and apparent cohesion increases after consolidation of such facilities.

Keywords: Filtered tailings; dry stack; unsaturated soils; finite element analysis.

1 INTRODUCTION

The mining industry has a key role in providing miner-
als and metals vital for most aspects of modern life. The
production of tailings is inherent to the mining activity
and it has increased at a fast pace over the years. The
traditional slurry deposition scenario of tailings has
brought an increasing number of dam failures around
the globe, which imposes the need for investigating and
adopting new tailings management strategies.

Filtered tailings are a relatively new management
strategy, where tailings are dewatered to a solid content
greater than 85%, achieving the consistency of a com-
pactable material (Cooke, 2010). This type of tailings is
piled forming a “dry stack” with no need for a large dam
to contain it. The benefits of filtered tailings are many,
including a reduction of the facility footprint, improve-
ment in the facility's physical stability and enabling pro-
gressive closure and reclamation (Engels, 2021).

From a soil mechanics perspective, filtered tailings
are unsaturated materials, which makes their behaviour
complex to predict during construction and ongoing
management. This study aims to assess the dry stack be-
haviour with a parametric finite element (FE) study, em-
ploying the finite element code ICFEP (Potts and
Zdravkovic, 1999). Three copper-derived tailings are
analysed - a silty sand (SM), a low plasticity clayey silt
(ML-CL) and a low plasticity clay (CL), differing prin-
cipally in their water retention characteristics (SWRC).

2 STUDY CASE

The study case for this work is a filtered tailings dry
stack. The dry stack foundation is composed of a top 6.5
m thick clay layer overlaying a 10 m thick sandy clay
layer on a bedrock of a sedimentary clayey rock, to be
consistent with the geological scenario required for this
tailings technology. A starter dam (Figure 5) is placed
downstream to provide initial lateral containment to the
dry stack. It is built from a rockfill material with a lateral
extent of 54 m at the base and a height of 8 m, with a
2:1 and 3:1 (horizontal to vertical) downstream and up-
stream slope, respectively.

The dry stack geometry was based on the description
of Erickson et al. (2017) for a dry stack project. It
reaches a 40 m height with a 3:1 downstream slope and
a maximum base width of 380 m in the transversal
cross-section (Figure 5). The tailings are assumed to be
spread and compacted in layers of 1m, with eight stages
of 5 m each, until reaching 40 m height. The time for
construction is assumed to be 25 years and a consolida-
tion period after each constructed layer is allowed.

The SM material was based on a study on mine tail-
ing’s properties by Qiu and Sego (2001) and the ML-
CL and CL materials were based on a study on water
retention curves for mine tailings by Musso and Suazo
(2019). Table 1 summarizes the tailings basic properties
and Figure 1 presents the SWRCs obtained with the axis
translation technique using a pressure plate apparatus.
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Table ITailings properties for SM, CL, ML-CL

USCS Classification SM ML- CL
CL
Tailings type Copper  Copper Copper
Liquid Limit LL (%) - 19.6 25.2
Plasticity Index PI (%) - 6.9 10.56
Shrinkage Limit SL (%) 24.4 - -

Water content w; (%) 30.1 25.1 37.9
Fines content (%) 18.5 69.3 96.8
Coef. uniformity C,, 9.43 0.250 0.038
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Figure 1. Tailings soil water retention curves (SWRCs)

Degree of saturation, Sr (%)

3 METHODOLOGY

3.1 Mechanical model

The tailings mechanical behaviour is modelled using the
Imperial College Single Structure Model (ICSSM,
Georgiadis et al., 2005), which combines the extended
Lagioia et al. (1996) yield surface on the wet side of the
critical state and the nonlinear Hvorslev surface (Tsi-
ampousi et al., 2013) on the dry side, see Figure 2.

The model is defined in terms of an equivalent metric
suction, Sgq = S — Sg;r, Where Sq;;,- is an air-entry value
of suction. The increase in shear strength due to suction,
defined as f (seq) = S, * Seq. 1s linked to the nonlinear
change in the degree of saturation, S,

3.2 SWR model

The soil water retention model used in this study is a
Van Genuchten (1980) type model, extended to account
for the retention curve dependency on the specific vol-
ume. Model parameters in Figure 3 represent the suction
at shrinkage limit, sg;, the suction in the long-term, s,,,
and the degree of saturation in the long-term, S,.,.

3.3 Permeability model

The coefficient of permeability, k, of an unsaturated soil
can be orders of magnitude smaller than that at full sat-
uration. It depends on the volumetric water content and
hence on the current value of suction (Fredlund et al.,

1994). A reduction in water content implies lower con-
nectivity of water flow in the pores (Emerman, 2022).
In this study, a suction-dependent permeability
model of Nyambayo and Potts (2010), see Figure 4, was
adopted. The logarithm of saturated permeability coef-
ficient, kg,;, reduces between the prescribed values of
equivalent suction, s; and s,, until reaching a prescribed
minimum value of permeability coefficient, k-
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Figure 2. Yield and Plastic Potential functions of the ICSSM
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Figure 3. Soil water retention model
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Figure 4. Permeability model

3.4 Material parameters

The calibrated ICSSM parameters are summarised in
Table 1, assuming an associated flow rule. The SWR
model parameters for the three analysed materials are
summarised in Table 2.

The variable permeability is based on a tailings satu-
rated permeability, koo = 1077 m/s, for suctions
smaller than s; = s,;;- values for each material, and is
allowed to decrease to Ky, = 1072 m/s at the limit of
s, = 1000 kPa.
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The remaining soils in the analysed domain are rep-
resented with a linear elastic Mohr-Coulomb model,
with properties summarised in Table 4. The bedrock and
the rockfill of the starter dam are treated as drained,
while the coefficients, k, of saturated permeabilities of
the top clay and sandy clay layers are assumed constant
and equal to 1078 m/s and 10~7 m/s, respectively. The
thin drainage layer (0.5 m) across the tailings and starter
dam bases is assumed highly permeable, with k = 1073
m/s, to represent a functional drainage.

Table 1. ICSSM parameters

Table 4. Mohr-Coulomb parameters

Material E c ¢’ Y
(kPa) (kPa) (deg) (deg)

Bedrock 3.8E6 8800 20 0

Sandy clay 1.0ES 1 24 12

Clay 0.5E5 144 22 11

Rockfill 0.5E5 0 40 20

Parame-

ter Value Description
Plastic potential and Yield surface
Ay, Af 0.4
parameters
K g 0.9
Slope of the critical state line in
Mg, Mg 1.37 the g—p space in triaxial compres-
sion
pcora, 1 Characteristic pressure
Coefficient of compressibility for
A(0) 0.065 saturated condition
K 0.008125 Elastic compressibility coefficient
T 0.06 Maximum soil stiffness parameter
B 0.001 Soil stiffness increase parameter
K 0.001 Elastic compressﬂ)'lhty cgefflclent
for changes in suction
0 Factor for the coefficient i
0 Ks = (Ksat)x-(sr)m
12 1.6 Specific volume at unit pressure
OCR 1.1 Overconsolidation ratio
u 0.3 Poisson ratio
Sair 1 Air-entry value of suction (kPa)
Minimum elastic bulk modulus
Komin 1000 (kPa)
Initial hardening parameter for
Soi 1000000  secondary yield surface (suction
increase yield curve) (kPa)
A, 0.006 Compressibility coefficient for

changes in suction

Table 2. SWR model parameters for SM; CL and ML-CL

Para SM ML-CL CL Description
meter
Sair 1 1 1 Suction at air-entry
value (kPa)
So 1200 100000 98000  Suction in the long
term (kPa)
Sro 0.053 0.064 0.095 Degree of saturation
in long term

a 0055 002 0028
n 085 065 057
m 099 099 09

Sq 325 4000 4000

Fitting parameter
Fitting parameter
Fitting parameter

Suction at shrinkage
limit (kPa)

E — Young’s modulus; ¢’ - cohesion; ¢’ - angle of shering
resistance; 1 — angle of dilation

3.5 Dry stack FE mesh

The dry stack in this study is simulated under plane
strain conditions, utilising the assumed symmetry of the
problem (Figure 5). The FE mesh comprises 8-noded
quadrilateral elements with two displacement degrees
of freedom at each node and a pore pressure degree of
freedom at corner nodes (only for elements representing
consolidating materials).

The initial stresses in the foundation soil are defined
by the ground water table at 0.5 m below the ground
surface and a hydrostatic pore water pressure profile.
The vertical total stresses are defined by the saturated
bulk unit weight of 18.9, 20.0 and 20.4 kN/m?3 for the
clay, sandy clay, and bedrock, respectively. An earth
pressure coefficient at rest, K, = 1, is assumed.

The tailings part of the FE mesh is 40 m in height and
is refined to 1m thick element layers to capture the con-
struction sequence and to increase numerical precision.
At the beginning of the analysis, when the stresses in
the foundation soil are initialised, the starter dam and
tailings elements are deactivated from the mesh.

4 RESULTS AND DISCUSSION

4.1 Phreatic surface in tailings

The simulated deposition of the filtered tailings in-
volves construction, from the ground surface, of consec-
utive layers of elements, each over a 3.5-month period,
by applying their self-weight and compaction proper-
ties. The latter assume the suction in a compacted tail-
ings of 30 kPa, void ratio of 0.6 (Erickson et al., 2017)
and K, = 1. The value of suction upon compaction re-
sults in S, = 55% from the SM retention curve, derived
as a minimum average S, in a dry stack (Klassen and
Quinn, 2021). Each constructed layer is followed by a
3.5-month consolidation period. At the end of tailings
construction, a 30 kPa suction boundary condition is ap-
plied over the slope and crest of the tailings dam into
the long-term.

The coupled nature of the analysis causes gradual re-
distribution and equilibration of pore pressures within
the tailings. The capillary effects lead to the rise of the
phreatic surface into the tailings body, shown as an
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example for the SM analysis in Figure 6 (a close-up of
the tailings only). The interface between the blue and
the green shading indicates the position of the phreatic
surface (a zero pore water pressure contour), which is
the highest at the axis of symmetry, gradually reducing
towards the starter dam in which the pore water pressure
is set to zero.

The maximum elevation of the phreatic surface for
the three tailings types, measured from the base of the
stack at the end of their construction, is between 12.2 m

A B (o

(SM tailings) and 14.5 m (CL tailings), depending on
the respective SWR curves. The highest suction of 42.5
kPa is mobilised in the SM tailings and marginally
lower in CL and ML-CL tailings (38.5 kPa).

If the permeability of the thin drainage layer is re-
duced to 10™* m/s, simulating an obstruction in its op-
eration, the phreatic surface rises dramatically to a max-
imum of 33.3 m, from the tailings base, at the axis of
symmetry.

.~ Tailings

-~ Starter dam Drainage

e - Foundation

s

4 4 4

Figure 5. Dry stack finite element mesh, vertical sections for interpretation of analyses results

Figure 6. Pore pressure contours at the end of SM
tailings construction

4.2 Vertical displacements comparison

4.2.1 Dry stack settlements

The coefficient of uniformity, C,,, and the fines content
summarised in Table 1 indicate that the SM tailings
should be less compressible than ML-CL and CL vari-
ants. However, for the parametric analyses performed
here, the mechanical properties in the ICSSM model
were maintained the same for all three materials, the ob-
jective being to examine the effect of different water re-
tention characteristics, shown in Figure 1 and Table 3.

The tailings settlements are assessed at the three ver-
tical cross-sections indicated in Figure 5, with example
profiles shown in Figure 7 for Section C and with max-
imum settlements summarised in Table 5.

Table 5. Maximum settlements in section A, B and C

Tailings SM ML-CL CL
Section A 1619 mm 1621 mm 1621 mm
Section B 1579 mm 1596 mm 1594 mm
Section C 1121 mm 1137 mm 1136 mm

As would be expected, the settlements of each tail-
ings are the largest in the central Section A, reducing
gradually towards the toe of the dry stack. The effect of
the water retention characteristics is marginal but still
noticeable in each section, with the SM tailings settling
slightly less compared to the two variants which mobi-
lise practically identical magnitudes.

20.0

-
n
o

—Analysis 1, SM

Analysis 2, ML-CL
—Analysis 3, CL

._.
I
o

Dry stack height (m)

5.0

: ; 0.0
-1200 -1000 -800 -600 -400 -200 0
Vertical displacement (mm)

Figure 7. Example settlement profile, Section C

4.2.2  Ground settlements

The maximum settlements in the foundation soil, in the
range of 183 mm to 188 mm, are predicted in the
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centreline of the dry stack, as expected. These values are
marginal given the size of the structure above and are a
consequence of the ground properties summarised in
Table 4 and derived from a dry stack characterisation by
Erickson et al. (2017). The slightly different ground set-
tlements caused by each tailings are a consequence of
the slightly different elevations of the phreatic surface
in each tailings’ dry stack, as commented in Section 4.1,
given that the density of each of the three tailings mate-
rials was maintained the same, at 2.45 g/ cm3.

4.3 Horizontal displacements comparison

The maximum horizontal displacements at sections A to
C in each dry stack are summarised in Table 6. The val-
ues are extremely marginal in the central Section A due
to the predominantly vertical load transfer in this sec-
tion. As shear stresses gradually increase towards the
dry stack slope, higher lateral movements are mobilised,
the largest predicted in Section C.

Table 6. Maximum horizontal displacements

Tailings SM ML-CL CL

Section A 1.7 mm 1.6 mm 1.4 mm
Section B 65 mm 74 mm 73 mm
Section C 172 mm 298 mm 314 mm

In contrast to the tailings settlements discussed
above, the differences in the predicted horizontal move-
ments with respect to the tailings type become signifi-
cantly more pronounced. The finer tailings (ML-CL and
CL) are predicted to mobilised on average 70% larger
horizontal movements in Section C compared to SM
tailings, indicating in Figure 8 an onset of a slip surface
at around 2 m depth from the slope surface in this cross-
section.

25.0

2m

20.0

15.0
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£
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5.0 —Analysis 1, SM
Analysis 2, ML-CL
—Analysis 3, CL
0.0
0 100 200 300 400

Horizontal displacement (mm)

Figure 8. Example lateral movements profile, Section C

4.4 Factors of safety comparison

The stability of the three dry stacks was assessed by
evaluating a global factor of safety in the tailings slope
at the end of construction, before any significant dissi-
pation of pore water pressures may evolve in the long-
term. The methodology of the strength reduction in the
soil developed in ICFEP is generalised for any soil con-
stitutive model (Potts and Zdravkovic, 2012), including
unsaturated models (Zdravkovic et al., 2014). In this ap-
proach, the factor of safety on soil strength, known also
as a material factor, £, is introduced as an additional
state parameter in a constitutive model. Starting from
F,, = 1, the numerical process involves an incremental
increase in F,, until failure is observed in the FE anal-
ysis. The material factor increase imposes an incremen-
tal stress reduction from the stress state when F, = 1,
hence reducing the soil strength according to the follow-
ing expressions:

1 tan (»bé‘h
4 = atan| ——
Fm

In the above ¢, represents the best estimate value of
the angle of shearing resistance from ground investiga-
tion, while ¢; is the reduced design value. Additionally,
this methodology also affects the right-hand side of the
governing FE equations.

This strength reduction process is applied here to the
tailings material only and Table 7.7 shows a summary
of the predicted factors of safety for the three types of
tailings, observing their similarity at F,, = 1.3 on aver-
age.

Table 7. Factors of safety

Tailings SM ML-CL CL

Overall mate- 1.33 1.28 1.28
rial factor F,

It is noted that the analysis increment at which failure
of a dry stack is established in this study, is determined
from a combination of two conditions: the failure of an
analysis increment to properly converge and a substan-
tial increase in the magnitude of the horizontal displace-
ments at the crest and mid-side of the tailings slope.

5 CONCLUSIONS

The effect of the water retention behaviour in copper-
derived tailings materials, on the response of a 40 m
high filtered tailings dry stack during its construction,
was studied through numerical analyses incorporating
advanced modelling capabilities of the finite element
software ICFEP. A parametric study was carried out
considering three water retention curves, corresponding
to a silty sand (SM), a low plasticity clayey silt (ML-
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CL) and a low plasticity clay (CL) tailings. The numer-
ical model and material parameters are based on a case
study of a dry stack project and on a number of mine
tailings studies found in literature. It should be noted
that available experimental studies offered very mar-
ginal characterisation of these materials in their unsatu-
rated state.

The differences in the water retention behaviour of
the examined tailings did not indicate significantly dif-
ferent predicted responses of the dry stack in terms of
the mobilised suction magnitudes and phreatic surface
locations, settlements, and factors of safety for the dry
stack slope. The principal difference was observed in
the predicted horizontal movements, where dry stacks
with high fines content indicated an onset of a failure
surface at 2 m depth in the mid-slope section.
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