Proceedings of Heap Leach Solutions 2025
October 19—21,2025, Sparks, USA

Consideration of Shear Strains in Design and
Construction of Heap Leach Facilities

Peter H. Yuan, SRK Consulting (U.S.) Inc., USA
Omar De Santiago, SRK Consulting (U.S.) Inc., USA
Joshua Sames, SRK Consulting (U.S.) Inc., USA
Tarik Hadj-Hamou, SRK Consulting (U.S.) Inc., USA

Abstract

The development of heap leach facilities in some project settings can be very challenging. Currently, the
standard of practice for heap leach facility slope designs is the use of the limit equilibrium analysis method,
which does not consider strain development in geomaterials, specifically the heap leach material and the
interface between the geomembrane liner system and the heap leach material. Using finite-element-method
modeling, this paper considers multiple engineering applications in the design and construction of heap
leach facilities where consideration of shear strains within the geomaterials is crucial for the overall
performance of the facilities during operations and into closure. The engineering issues considered in the
paper include 1) downdrag stress and strain development over liner slopes with varying subgrade gradients,
2) impacts on a liner system due to different overliner placement and ore stacking practices, and 3) risks of
strain softening and slope instability when stacking fresh (unleached) heap leach material over saturated
previouslyleached lifts under significant vertical stresses. The results of the analyses presented in this paper
demonstrate that stress and strain development in geomaterials should be considered. The recent failures of

leach pads around the world reinforce this assertion.

Introduction

Heap leach facilities (HLFs) are used in the mining industry to extract precious metals, copper, uranium,
and other compounds from ore using a series of chemical reactions. HLFs generally require a containment
area with a solution collection system that recovers leach solution and routes it to a process plant for metal
extraction. Challenges in developing these facilities vary from site to site. Geotechnical issues in the design
and construction of HLFs must be carefully addressed to ensure successful project development in a safe

and environmentally responsible way.
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The authors have worked on multiple HLF projects across various environments and jurisdictions.
While each projectis unique, this paper highlights several commonapplications in HLF development where
considering shear strains becomes especially important. These applications are categorized into three

groups as follows:

e HLF Application 1: Liner interface strength
e HLF Application 2: Loading overliner systems
e HLF Application 3: Stacking over a saturated lift surface

For each of the above application categories, a finite-element method (FEM) program has been used
to model the development of stress and strain. Considering shear strain development in geomaterials (ore
and ore-liner interfaces) allows for a more accurate assessment of their behaviors to address geotechnical
risks, as geomaterials display nonlinear relationships between stress and strain. It is noted that the limit
equilibrium method (LEM), which is currently used for HLF stability evaluations as the standard practice,

cannot model strain.

Shear Strain and Modeling Tool

Stress-Strain Relationship

Soils and some other geomaterials demonstrate nonlinear relationships between strain and stress. One
behavior, specifically strain softening, has received much attention recently due to several failures in
tailings dams and heap leach facilities around the world. Under strain softening (Fig. 1), the increase in
strain (i.e., deformation) results in a reduction in strength. When the strain exceeds the magnitude
corresponding to the peak strength, it may result in a flow failure or a catastrophic failure that can happen
without significant early warning. This makes understanding strain in design models extremely important
for some engineering applications.
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Figure 1: Strain softening versus strain hardening

Shear strain (y) is defined by the deformation of an object where parallel internal surfaces slide past

each other dueto shear stress (1), as illustrated in Figure 2 and calculated by Equation 1. The shear strain
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is a unitless value and commonly presented in percentage or decimal values. The shear stress-strain

relationship is expressed in Equation 2, where G is the shear modulus.

Al 1
] -

———

Figure 2: Definite of shear strain

Y= (1)
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Numerical analyses also use bulk modulus (K) and Young’s (elastic) modulus (%), in addition to G

and Poisson’s ratio (v). K and E are calculated through Equations 3 and 4:

_2G(1+v)
T 3(1-2v)

()

E=2G(1+v) (4)

Modeling Tool

The stability of the HLF slope is commonly evaluated using the limit equilibrium method and using
commercially available software. Advances in computing technology have enabled the use of complex
numerical modeling methods in recent years as a powerful and viable alternative to traditional limit
equilibrium methods. Finite element software is now comparable in ease of use to limit equilibrium
software for many applications. Still, it does not relieve the user of the responsibility for selecting input
parameters intelligently. One significant advantage of numerical modeling methods is their capability to
model relationships between stress, strain, and time, enabling simulation of more complex conditions,
including staged construction, deformation calculation, soil-fluid interaction, and time-dependent strength
response (Major et al., 2009). Modeling tools include fine element programs such as RS2™ (by Rocscience

Inc) and Plaxis™ (by Bentley Systems), finite difference programs such as FLAC™ (by ITASCA
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Software), and discrete block models such as UDEC™ (by ITASCA Software). Numerical modeling
methods generally calculate a Strength Reduction Factor (SRF), as described by Dawson and Roth (1999),
by which the soil shear strength is divided to bringthe slope to the verge of failure, instead ofthe traditional
Factor of Safety (FOS) calculated from the limitequilibriummethod. Majoretal. (2009) provide additional
discussions regarding the SRF and FOS.

The two-dimensional (2D) geotechnical finite-element-method (FEM) software RS2 by Rocscience
Inc. (2025) for civil and mining applications was used to perform the analyses presented in this paper.
Applicable for both rock and soil, RS2 is a general-purpose finite element analysis program that enables
modeling stress and strain development under miscellaneous project applications, including heap leach
development.

It is noted that both FEM and finite difference programs model materials as a continuum. The liner
interface evaluated in this paper was modeled as a 0.3-meter-thick assembly that includes a geomembrane
liner and a low hydraulic conductivity layer (LHCL), as shown in Figure 3. Although shearing along the
interface usually behaves as discrete units against each other along a thin and distinct layer, shear strain and
displacement are modeled as the performance ofthe 0.3 m assembly in this paper. The LHCL can be a soil

material or geosynthetic clay liner (GCL), as both are used in HLF projects worldwide.

- .

Figure 3: Liner interface assembly modeled

HLF Application 1: Liner Interface Strength

The first group of applications presented in this section addresses the strain development along the Liner
Interface due to additions of stacking loads, and strain variation due to changing liner subgrade slopes.
Deformations of the fill will be essentially vertical (i.e., settlement) with some outward sliding generating

shear strain in the liner system, which may result in a reduction in the strength of the Liner Interface.

Model Inputs

In addition to the Liner Interface discussed in Section 2.2, other units modeled included a Foundation unit
below the Liner Interface, an Overliner layer above the liner for liner protection and solution collection,
and Heap Ore for leaching. Unless otherwise noted in the paper, all of the FEM models presented herein

follow the configuration listed below and shown in Figure 4.

e Liner Interface assembly: 0.3 m
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e Overliner thickness: 0.9 m

e Height of each stacking lift: 10 m (maximum)

e Overall stacking slope: 2.5H (horizontal): 1V (vertical)

e Angle-of-repose slope (lift slope): 1.33H:1V or about 37 degrees

e Subgrade (foundation) slope varies

Lift2
Lift 1 /mm/

J—

2.5

Lift 3 17—

Heap Ore

Foundation

d
L

Overliner (0.9m)

Liner Interface (0.3m)

Figure 4: Model geometry used for modeling

The material properties assigned are summarized in Table 1. These are typical values for materials of

a similar type and are consistent with the experience of the authors from relevant projects. All materials are

modeled as elasto-plastic materials.

Table 1: Material Properties Used in RS2 Models

Material Foundation Liner Interface Overliner Heap Ore
Strength Parameters (Mohr-coulomb Criterion)
Cohesion (kPa) 0 0 0 0
Friction Angle (°) 38 15 36 36
Deformation Parameters (Elasto-plastic Model)
Young’s Modulus (MPa) 200 14 50 50
Poisson’s Ratio 0.3 0.3 0.3 0.3
Density (kN/m3) 19.6 15.7 19.6 19.6

Figure 5 shows the RS2 model setup for HLF Application 1. Under this group of applications, the

HLF foundation (denoted as the Liner Subgrade Gradient) is assumed to be flat (inclination of 0%), and at

inclinations of 2%, 5%, 10%, and 20%, and additions of ore lifts are modeled as staged loadings. The

following two scenarios were evaluated and discussed as follows:

e Strain developmentunder stacking loads ofthe firstthree lifts overa flat HLF foundation, i.e., HLF

liner subgrades of 0%.
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e Comparison of maximum shear strains under the first lift (Lift 1) stacking over varying HLF liner
subgrades of 0%, 2%, 5%, 10%, and 20%.

Staged Loading (varying)

‘-_ Lift 3
Heap Ore Lift 2
S Lift 1
Liner Subgrade Gradient
(varying: 0, 2, 5, 10, 20%) Foundation

Figure 5: Model setup—HLP Application 1

Strain Development under Stacking

Figure 6 shows the development of maximum shear strain under stacking loadings. The HLF foundation in
this case is assumed to be flat, and the initial threelifts (referred to as Lifts 1-3) are added as staged loadings
to the model. After each staged loading, maximum shear strain along the Liner Interface is observed and
tracked for changes. Figure 6 summarizes the development of maximum shear strain and changes versus

loading.

Estimated Maximum Shear

Strain Incurred Per Lift

0.0%
1.0%
2.0%
3.0%
4.0%
0

Figure 6: Shear strain development under stacking loads of lifts 1 to 3

Review of Figure 6 indicates the following:
e Under stacking loads, zones of high shear strain develop along the Liner Interface, as shown in the
models (denoted in Figure 6 in warm colors as “hot” zones). As stacking progresses, the zone of
high shear strain extends across the majority of the lined area.

e Development of shear strain continues throughout the placement of all three lifts modeled. A
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maximum shear strain of 4 to 5% is indicated in the model after placement of Lifts 1-3, which
corresponds to shear displacements up to 1.3 centimeters (cm), following Equation 1. It is noted
that interface shear displacements of this scale could be enough to mobilize the interface shear
strength past peak strength. The Liner Interface tends to involve strain softening material with
residual strengths lower than the peak strengths (Figure 1). This is the case when a Geosynthetic
Clay Liner or compacted clay layer is used as the LHCL. Seed et al. (1988) presented a case history
where a landfill failure was governed by the Liner Interfaces and stated: “...the minimum ultimate
or residual frictional resistance is fully mobilized at very small deformation levels which are likely
to be exceeded by deformations occurring during construction and fill placement operations...”.
Seo et al. (2007) also reported that millimeter-scale shear displacements led to strengths past the
peak values in multiple interface strength tests involving GCLs and geomembranes.

It is critical to use residual strengths for Liner Interface in stability models instead of peak strengths.

It is noted that strength softening is irreversible in many cases. That said, a mobilized interface may

lead to a reduced strength, which could be present for a facility’s life of service and beyond. Any good

practice that could be brought to the design and operation of a project to reduce the development of shear

strain along the interfaces will significantly benefit the project moving forward.

Strain Variation with Liner Subgrades

Figure 7 shows the variation of maximum strain along the liner interface for different liner subgrade slopes.

The FEM model developed in Section 3.2 was modified to incorporate varying liner subgrade slope

gradients ranging from 0% (a flat lined subgrade as discussed in Section 3.2) to a sloped liner subgrade at

inclinations of 2%, 5%, 10%, and 20%. The maximum shear strain under Lift 1 stacking is computed for

each liner subgrade inclination and reported in Figure 7. From the figure, the following is observed:

Maximum shear strain (SS) developed after Lift 1 stacking varies with liner subgrade (LS) slopes.
While the maximum SS is generally around 2% after Lift 1 placement when the overall liner
subgrade slope is flatter than 5%, the calculated SS significantly increases for LS slopes exceeding
5%. The upward non-linear trend shown in Figure 7 appears to be strong.

The calculated SS after Lift 1 placement with the LS slope at 20% is even higher than the other
four cases (as high as 50%). This model predicts slope instability with a plastic slip surface, as
shown in Figure 7.

It is important to consider instability potential governed by liner interface strengths and design a
grading plan for each project that addresses risks associated with project settings and geotechnical

constraints.
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Shear Strain Development after Lift 1 vs Liner Subgrade Slope
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Figure 7: Shear strain development under Lift 1 stacking with varying liner subgrade

HLF Application 2: Loading Overliner System

Section 3 addresses strain development under stacking loads, which concludes that shear strain
development under ore stacking is inevitable. Reduction in shear strain development under construction
and stacking can be achieved by design optimization and will benefit a project as it progresses. In this
section, two case scenarios are evaluated, which demonstrate that there are more ways during the
construction and operation ofa heapleach pad to reduce straindevelopment and protectthe Liner Interface.
The use of residual strengths in the design process may not be sufficiently conservative for slope design, as
further development of shear strain may reduce material strengths lower than measured residual strengths
due to the limitations of laboratory test methods and the nature of geomaterials. Therefore, it is crucial to
implement good practices and minimize strain development throughout the construction and operation of

the HLFs to protect material strengths and ensure long-term stability.

Stacking Direction
In many cases, aftera leach pad is constructed and delivered to the owner, it is up to the owner to use the
facility and load the leach ore onto the pad. While the engineer provides general stacking guidance as part

of the design process, it is important to keep the engineer involved during pad stacking and operations for
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compliance with the design and to implement good practices to guide critical stages of facility development
and mitigate geotechnical risks.

Experienced HLF engineers and mining operators understand the importance of constructing and
stacking from downhill to uphill to protect the geomembrane liner and mitigate geotechnical risks. The
application modeled herein addresses the reasons for doing so. To provide an illustration and comparison
of the effects of uphill vs. downhill stacking, Figure 8 was prepared to summarize the predicted shear strain
for modeled scenarios where ore stacking occurs uphill (Scenario 1) and downhill (Scenario 2).

The same physical model shown in Figure 5 was used for the evaluation of this application, with the
Liner Subgrade slope modeled at 5%. In this particular application, the ore stacking is modeled as a newly
placed wedgeofore being extended froma 10m-high stacking fronton Lift 1 under bothuphill and downbhill
scenarios. The results are summarized in Figure 8 and show significant differences in shear strain
development. Scenario 1 (stacking uphill) incurs a maximum shearstrain of about 1.6%, which is about

60% less than the 4.1% shear strain predicted for Scenario 2 (stacking downhill).

\ SS=1.6%
/ High Ground Maximum

Shear Strain

0.00e+00

5.00e-03

Stacking Uphill (Scenario 1)

1.00e-02

1.50e-02

2.00e-02

2.50e-02

3.00e-02

3.50e-02

4.00e-02

- 4.50e-02
5.00e-02

Stacking Downhill (Scenario 2)

\ Low Ground

Figure 8: Shear strain development with ore stacking downhill versus uphill

Overliner Placement
The same conclusion is also applicable for overliner placement directions, i.e., placing overliner uphill
results in lower shear strain development and thereby less geotechnical risk compared with downbhill

placement. There have been multiple cases of liner tears that occurred during overliner placement when
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overliner materials were pushed in the downhill direction. While this is not elaborated on in this paper, the
application is generally similar to that presented in Section 4.1.

On many projects, contractors must transport overliner materials onto the geomembrane-lined pad
areausinghaultrucks. Typically, an extra-thick layer of overliner material is placed alonghauling corridors
to distribute the tire pressure load over a larger area, ensuring the load on the geomembrane remains within
allowable limits based on protrusion size and geomembrane thickness. Moreover, this approach results in
reduced shear strain along the Liner Interface.

To support this contention, another FEM model was developed assuming a loaded Caterpillar haul
truck over the HLF pad area. A loaded Caterpillar 740 GC applies a tire pressure of 60 psi or a weight of
about 70 metric tons. Figure 9 shows the results of two scenarios where Scenario 1 is Haul Truck Loading
over an Overliner layer plus an additional 0.9 m of material (with a total thickness of 1.8 m), and Scenario
2 is Haul Truck Loading over an Overliner layer without the additional 0.9 m of material (i.e., without
additional protection).

Figure 9 shows that in Scenario 2 (without the additional protective material), the shear strain in the
liner interface is 50% larger than the shear strain in Scenario 1 (with protective material). Consideration of
the effect of increased shear strain when no or insufficient protective material is placed over the liner
interface is important because, typically, the designer will focus on the risk of perforation from the applied

load on the geomembrane and not on other considerations.

[

Loading for Analysis

3.50e-03

Maximum Shear Strain

0.9m Protective Material

Scenario 1: with protective material Scenario 2: without protective material

Figure 9: Shear strain development with haul truck loading
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HLF Application 3: Stacking Over Saturated Lift Surface

This paper has discussed strain development along the Liner Interface under different scenarios. The last
application addressed in this paper involves stacking of new leach ore over previously deposited lifts of
spent ore saturated by the leaching process; this can be the case where ore exhibits a low hydraulic
conductivity. The model presented in Figure 5 wasused to support this evaluation, with the focus on strain
development within the ore instead of alongthe Liner Interface. In this example, it is assumed that the
subgrade is horizontal.

As shown in Figure 10a, on a flat-lying subsurface, ore stacking alone will not result in significant
shear strain development within the ore, compared with that along the Liner Interface discussed in the
previous cases. However, ore stacking may result in the development of volumetric strain (Figure 10b),
which can cause contraction of material and strength loss due to pore pressure development (another
example of strain softening). This may happen under loading of new ore over a saturated spent ore platform
if the ore behaves as a contractive and liquefiable material, similar to that of mill tailings, as reported by
Oldecop et al. (2015).

Figure 11 shows the development of shear strainunder undrained conditions, where the shear strength
of the saturated and compressed ore is changed from drained strength (with effective-stress strength, as
shown in Table 1 and Figure 10a) to a post-liquefaction strength represented by zero cohesionanda friction
angle of 10 degrees. Figure 11 also shows the calculated Strength Reduction Factor (SRF) under post-
liquefaction conditions, indicating a global slope instability. It is noted that stacking over contractive and
saturated heap ore may lead to progressive flow failures that happen rapidly and with little to no early

warning, similar to tailings static liquefaction failures.
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(a) Shear Strain (b) Volumetric Strain

Figure 10: Shear strain and volumetric strain development under ore stacking
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Figure 11: Shear strain development under undrained and liquefied conditions

Conclusion and Future Considerations

Discussion and evaluation of shear strain development are often ignored in the design of heap leach
facilities. Through several case applications of HLF design and construction, this paper demonstrates the
importance of considering shear strain development to guide engineering design and decision-making. With
advancing computer technology and software development, FEM and other advanced analytical tools
should be considered for design supportin additionto the current standard-of-practice methods, particularly
under challenging project development environments where strain considerations become even more

important. The following conclusions are drawn from the analyses presented in this paper:

e [t is important to use residual strengths instead of peak strengths for Liner Interfaces in leach pad
designs on slopes.

e There are many ways to reduce shear strain and protect the strengths of the Liner Interface, such as
developing appropriate grading plans and guiding contractors and operators to place materials on
the leach pad in appropriate ways.

o Instability risks for HLFs are also possible if heap ore becomes contractive and liquefies. This may
happen under certain conditions when ore stacking occurs over saturated spent ore platforms from
previous lifts.

e Minimizing and mitigating geotechnical risks in HLF design and operation is a collaborative effort
among engineers, contractors, and mine operators. It is vital to seek an engineer’s input throughout
the development and closure of HLF facilities, and an engineer’s role in HLF projects should

extend beyond just the initial preparation of design reports and drawings.
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Simplifications and assumptions are made for the FEM models and HLF applications discussed here.
While the limitations of numerical modelingare recognized, the results in this paper can serve as references
when designing and operating HLFs. It is important to note that each project is unique, and inputs for
advancedanalytical models should be specific to the project, supported by appropriate characterization data

and sound geotechnical engineering judgment.
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