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Abstract. Recent failures of upstream-raised Tailings Storage Facilities (TSF) have raised concerns on
the stability of these dams, which relies on the strength of tailings, which are loose and normally con-
solidated rock flour that may exhibit a collapsible structure inducing strong strain-softening in undrained
loading. Standard practice to evaluate global stability of TSFs entails the use of limit equilibrium analy-
ses, which consider either peak or residual undrained shear strength. These procedures do not consider
the work input required to drive the softening process that leads to progressive failure, and therefore there
is room for numerical deformation models to provide further insight of the liquefaction process. This
paper describes recent applications of such analyses employing the Hardening Soil Model with Small
Strain (HS-Small or HSS) to evaluate triggering of static liquefaction of upstream-raised TSFs. The cal-
ibration methodology captures the complete stress path of the softening behavior. The importance of the
stiffness parameters that control both the rate of elastic and plastic volumetric strains is disccused. Focus
is placed on the parameters of the non-linear solver and their numerical implications. As an example, a
TSF is modelled in PLAXIS 2D® to evaluate its vulnerability to static liquefaction due to an undrained
lateral spreading at the foundation. It is shown that this procedure is useful to verify the robustness of
the TSF design.
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1 INTRODUCTION

In mining processing, ore is crushed to rock flour and chemically processed. The waste,
tailings, are frequently deposited hydraulically in Tailings Storage Facility (TSF), and not com-
pacted. The combining effect of a loose and saturated state results in a potential for static
liquefaction, which implies a sudden loss of strength in undrained shear.

In recent years, the interest on the analysis of tailings static liquefaction has grown due to
recent upstream-raised TSFs massive failures -such as Merriespruit, Mount Polley, Samarco and
Brumadinho. As a conservative assumption, international guidelines (e.g. ANCOLD (2019))
recommend to assume that static liquefaction will occur on brittle/contractive saturated tailings
and to check stability employing residual undrained shear strength. This approach neglects the
strains required for the material to reach its residual strength. When such consideration is of
value, trigger analyses using deformation modelling is recommended. Trigger analyses assess
the stability of equilibrium and the robustness of the system by imposing growing external
perturbations until failure is triggered.

In these analyses it is of outmost importance to capture the softening behavior of tailings in
undrained shear. An example can be seen in Ledesma et al. (2022), where the authors analyzed
the liquefaction vulnerability of tailings dams using the Modified Pastor-Zienkiewicz consti-
tutive model. Although there are several advanced models in the academia that can correctly
model softening regime, in the industry these are not commonly used due to difficulties in their
implementation or calibration, and lack of industrial robustness of most of them. As an alter-
native, the Hardening Soil model with Small-strain stiffness (HS-Small or HSS) constitutive
model can be calibrated to capture this behaviour using the simplified procedure detailed by
Sottile et al. (2021). The methodology uses tools widely available in geotechnical engineering
practice for practical static liquefaction assessments.

In this paper the staged construction of a typical TSF and its stability are analyzed. The HSS
constitutive model implemented in PLAXIS 2D® is used, and the strategy proposed by Sottile
etal. (2021) is followed to overcome the model limitation of not being implemented in a critical
state framework. A calibration procedure to capture undrained strength is presented, and the
numerical features required are discussed. Special focus is given to the max load fraction per
step as small steps are needed to correctly calculate strains and pore pressure, which is essential
for trigger analysis. Results from a real TSF are presented and examined as an example.

2 HSS MODEL

HSS is an effective stress, nonlinear elastic, isotropic hardening plasticity model, able to rep-
resent the behaviour of materials undergoing plastic compression, consolidation and monotonic
shear. The model has two yield surfaces: a shear hardening yield surface, based in Mohr-
Coulomb failure criterion, that evolves with plastic shear strain, and a volumetric cap surface
that evolves with plastic volumetric and shear strains. The former is used to model plastic
strains due to primary deviatoric loading, while the latter is used to model plastic strains due to
primary compression in proportional loading, like oedometer or isotropic loading.

When the soil is subjected to drained shear, the relationship between total axial strain and
deviatoric stress is approximated by the hyperbolic model (Duncan and Chang, 1970) which
is transformed into a hardening rule in the HSS model. Three parameters control the stiffness
in shear: at small-strain GG, in a full unloading-reloading path £, and the secant stiffness in
primary loading at the 50% of the ultimate deviatoric stress Fsq. All three parameters employ
power-law expressions that depend on the minor principal effective stress 4. It should be
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Figure 1: Cap yield and Mohr-Coulomb surfaces of HSS in principal stress for cohesionless soil (PLAXIS®, 2022)

clarified that the stresses are positive for compression in geotechnical practice.

Deformation in proportional compression is controlled by a cap yield surface (Figure 1).
Plastic hardening of this yield surface produces both volumetric and shear plastic strain by
an associated flow rule. The state variable controlling the position of this yield surface is the
isotropic preconsolidation pressure p,, the parameter controlling its shape is the at-rest stress
ratio K¢ and hardening is controlled by the tangent stiffness F,.q4, dependent on o through a
power law.

2.1 Calibration procedure for undrained strength

HSS is a plasticity model that is not implemented in a critical state framework; i.e. the
void ratio is not a state variable, so stiffness and strength are independent of void ratio, and a
critical state cannot be achieved in drained conditions. This limitation is overcome by using a
calibration methodology that focuses on the stiffness parameters that control the rate of shear-
induced plastic volumetric strain, such that strain-softening during undrained shearing can be
captured (Sottile et al., 2021).

In undrained shear, total volumetric strain increment ¢, is always zero. Decomposition of
this strain increment into the elastic and plastic parts yields

o =6+ =0—¢,°°=—¢". (1)

In HSS parameters controlling both strain increments are

e[ v] = —e P[B! BT Ry )

ur oed?

where v is the Poisson’s ratio, R the failure ratio of the hyperbolic model and 1) the angle of
dilatancy. Adopting ) = 0 and ¢.,, a stationary condition is achieved

¢mob = ¢cv — wmob =0— 5Up =0 y (3)

where the final mobilized friction angle ¢,,., reaches ¢., and the final volume and mean effec-
tive stress are constant (¢, = —¢,” = 0). This condition is, by definition, the critical state of
the material. Calibration of all five parameters E/%/, v, ELS/, E'*). R, is then performed to
achieve a target peak undrained shear strength ratio s?°**/ 01, and a target residual undrained
shear strength ratio s7°° /07  at the same time, using a unique set of parameters, and able to

u

performing SHANSEP-type of stability analyses (Ladd and DeGroot, 2003).
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Figure 2: Example of calibration of HSS to reproduce target s2¢%* / 0’ o and s7°° /o] , ratios, using a unique set of
parameters.

Figure 2 shows an example of such calibration. Note that KO-Consolidated Undrained triax-
ial tests (CKOU) were simulated at three different confining pressures, and the three numerical
tests yielded the same peak and residual shear strength ratios. It is important to note the position
of the so-called Instability line, which is the line joining the peak values in the p-q diagram.

The typical calibration sequence is:

* calibrate material parameters for drained shear, imposing ¢ = ¢, and 1) = 0;

* reduce the ratio Eggf / E'¢l and/or increase v until a target s?°** /" , is obtained;

TeSs
u

* change Ry until a target s,°° /07 , is obtained.

Figure 3 shows the influence of these parameters on the stress-strain curves. Material param-
eters presented in Table 1 were considered as base parameters.
2.2 Material parameters calibration

As an example, the HSS material model was calibrated following the calibration sequence
previously described to represent typical peak and residual undrained shear stress ratios for
loose tailings (Been and Jefferies, 1985). Table 1 shows the parameters used, and Figure 4
shows simulations of Direct Simple Shear tests (DSS), which are commonly used to measure
the undrained shear stress ratio of soils.

3 NUMERICAL ASSESSMENT OF A TSF
3.1 Model description

An upstream-raised TSF was modelled in PLAXIS 2D® (2021) to evaluate its vulnerability
against static liquefaction. The model has 14048 15-node triangular elements and entails five
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Figure 4: Direct Simple Shear tests (DSS) simulations using parameters of Table 1.
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| Material parameter | Symbol | Unit | Value |
Secant stiffness in standard drained triaxial test ET | MPa| 34
Tangent stiffness for primary oedometer loading Egzg MPa | 9.0
Unloading/reloading stiffness from drained triaxial test E'l | MPa | 60
Power of stress-level dependency of stiffness m - 0.80
Poisson’s ratio for unloading/reloading Vur - 0.30
K-value for normal consolidation K< - 0.60
Reference stress for stiffness Dref kPa 100
Reference shear modulus at very small strain (¢ < 1079) Ggef MPa | 50
Threshold shear strain at which G, = 0.722G, Yoz % 0.01
Effective cohesion Creof kPa 0
Effective angle of internal friction Ocv ° 36
Angle of dilatancy P © 0
Failure ratio Ry - 0.90

geotechnical units: tailings, embankment raises, buttress, starter wall and bedrock. The ge-
ometry and mesh are presented in Figure 5, and the quality check is shown in Figure 6. The
embankment raises, tailings, starter wall and buttress were modelled using HSS and the bedrock

Table 1: HSS Material parameters used, calibrated for a tailings material.

as linear elastic; parameters are shown in Table 2.
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Figure 5: Upper and left: Model geometry and mesh. Right: Average size elements histogram.
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Parameter \ Unit \ Tailings | Embankment \ Buttress \ Starter Wall \ Bedrock

yunsat | kN/m3 21 21 21 20 244
vsat | kKN/m3 | 22 22 22 21 245
ELT MPa 4 4 20 40 -
E MPa | 35 3.5 16 32 -
Eref MPa 50 50 60 120 -

m - 0.80 0.80 0.50 0.5 -
Var - 0.30 0.30 0.20 0.20 -
Kj© - 0.60 0.60 0.50 0.50 -
Pref kPa 100 100 100 100 -
el MPa 80 80 100 200 -
Yor % 0.01 0.01 0.01 0.01 -
Cres kPa 0 2 2 0 -
e o 36 36 37 33 -

Y 2 0 0 0 0 -
Ry - 0.90 0.90 0.90 0.90 -

E GPa - - - - 10.8

v - - - - - 0.20

989

Table 2: Material parameters used, calibrated for tailings, embankment, buttress, starter wall and bedrock.

3.2 Model strategy

The TSF was raised in several stages until its current configuration is reached, using an
average raise height of 3.0 m and an average rate of rise of 2 m/year. The aim is to reasonable
capture the staged construction process and its associated non-linearities that determine the in-
situ stress field and pore pressure distribution. A steady state groundwater flow is computed
at each raise, while excess pore pressures are generated due to the tailings raise itself; thus, a
decoupled flow-deformation scheme was adopted.

{3 Trigger A
vy v v ¥ ¥ 3

v Vv v ¥ TriggerC

Trigger B m

Trigger D <

Figure 7: Triggers applied to the model.

Once the current TSF condition was reached, flow liquefaction triggers were analyzed. Typ-
ical triggers are: instant loads at various places in the crest; deformations at the foundation or
starter embankment inducing shear in the tailings body; raise in the phreatic surface, or surface
water inflow; spontaneous liquefaction of a small cluster within the tailings body. In this paper,
four triggers were analysed (Figure 7): three loads at different locations (triggers A, B, and C)
and a deformation at the foundation (trigger D).

Triggers A and B apply a load at the current dam crest and the berm, respectively; this aims
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Figure 8: Incremental deviatoric strain contour maps.
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Figure 9: Excess pore pressure contour maps.

to represent heavy traffic loads or stockpiled material during regular mine operation. Trigger C
was applied along the full tailings surface to represent a rapid raise on the tailings level. Trigger
D applies a contraction -by means of a horizontal strain- at the toe of the upstream embankment
raises; this aims to represent eventual movements due to an accidental excavation during the
buttress construction or a sudden loss/collapse of material due to piping.

It must be mentioned that all the trigger analyses were done considering an undrained be-
havior of the tailings material in the saturated region (i.e. nil volumetric strains with subsequent
excess pore pressures generation during shearing).

3.3 Results: Failure surfaces

The failure surfaces are shown in Figure 8 where the incremental deviatoric strains are plot-
ted. All triggers generate a global failure due to the progressive buildup of pore pressure, see
Figure 9, demonstrating that the failure surface coincides with the highest pore pressure, as this
is what generates the drop in the effective stress which leads to static liquefaction. Finally, in
Figure 10 points where the stress state is above the instability line is shown. It can be seen that
what triggers failure is not the amount of tailings above the instability line but if the material
above the instability line forms a chain that generates a kinematically admissible failure surface.
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Figure 11: Influence of max load fraction per step on maximum load of trigger B.

3.4 Results: Step size

As previously discussed, when doing undrained analysis there is no total volumetric strain
but there are both plastic and elastic strains (¢, = 0 but ¢, = —¢,” # 0). Hence, in trigger
analysis, even if the total strain remains small, there may be (and frequently are) large plastic
and elastic strain increments. Plaxis solver controls total displacements, and thus total strain
increments. As the plastic and elastic strains of the trigger phase can be large, and these are
responsible for the excess pore pressure that leads to undrained softening, using default numer-
ical parameters can result in inaccurate pore pressure and trigger loads. This leads to a need to
force smaller steps in order to correctly calculate the strains by controlling the max load fraction
per step (mlfps). The problem is illustrated in Figure 11, where data points were computed in
the model provided above for trigger B. As it can be seen, as the mlfps was reduced so does
the trigger load, but it converges to a fixed value with small enough step size. Table 3 shows
the trigger values (maximum load or strain) using a mlfps of 0.5 and 0.01 for the four triggers
analyzed. In this example a difference of up to 30% can be found, but value up to 100% were
found in other cases.

’ Trigger \ Description \ Trigger for mifps 0.5 \ Trigger for mifps 0.01 \ Increment ‘

A Load at the crest 332 kPa 310 kPa 7.1 %
B Load at the berm 153 kPa 117 kPa 30,7 %
C Beach load 120 kPa 107 kPa 125 %
D Contraction 1.0% 1.0% -

Table 3: Trigger values for different max load fraction per step.
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4 CONCLUSIONS

In this paper the application of Hardening Soil Model with Small Strain to evaluate trig-
gering of static liquefaction of an upstream-raised TSF were discussed. The strategy proposed
by Sottile et al. (2021) was followed. A calibration procedure to capture undrained strength
was presented, and the numerical features required were discussed. Focus was given to the pa-
rameters of the non-linear solver and their numerical implications. As an example, a TSF was
modelled in PLAXIS 2D® to evaluate its vulnerability to static liquefaction due to an undrained
lateral spreading at the foundation. The importance of the role of pore pressure calculation was
discussed. It was shown that the procedure used is useful to verify the robustness of the TSF
design, but special attention must be given to the max load fraction per step used. A lower value
than the default must be used to ensure that strains and pore pressure increment are correctly
calculated.
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