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Abstract

Accurate representation of faults, particularly complex fault zones, is a critical component of large-scale
numerical modelling in open pit mining, where faults exert a significant influence on observed failure
mechanisms and overall slope stability. This study explores the complexities associated with modelling major,
heterogeneous faults and fault zones in numerical analyses for open pit mine slopes.

Major faults are often characterised by a complex internal structure that extends beyond a simple planar
discontinuity. They can be composed of a central core of fault gouge surrounded by zones of sheared or
damaged rock of varying quality, including fault splays and lenses of weaker material distributed throughout
the fault’s influence zone. Representing such faults as a single discrete plane with an assigned gouge strength
may lead to oversimplified failure mechanisms as potential failure surfaces may exploit the surrounding,
comparatively more competent but fractured rock or weaker pathways, such as fault splays or localised gouge
accumulations within the broader fault zone. Alternatively, applying fault gouge strength across the entire
damage zone of a fault would provide for conservative and economically unfavourable slope designs. To avoid
such pitfalls, engineers must acknowledge and account for the heterogeneous nature of the fault zone when
selecting fault geometry and material properties for numerical modelling, which requires careful
consideration of the geological characteristics and potential failure pathways within the fault structure.

Through a series of comparative simulations, this work evaluates the impact of fault representation in
numerical models and their impact on slope stability predictions. It examines common approaches for
representing faults, such as discrete interfaces, volumetric weak zones, or a fault core with associated damage
zone, highlighting their respective capabilities and limitations in capturing the intricate behaviour of these
geological discontinuities. The study explores the sensitivity of model results to variations in fault and damage
zone representation, assumed strength parameters, and the spatial distribution of weaker materials within
the fault structure. The findings, which indicate stability outcomes are critically dependent on the
representation and attributes of the zone surrounding the fault, highlight the importance of developing
improved structural models and using this information increases confidence in geotechnical stability analyses.

Keywords: open pit mining, slope stability, numerical modelling, fault zone representation, damage zone
modelling

1 Introduction

Highwall instability remains a critical geotechnical risk in large surface mines. Slope failures can endanger
personnel and equipment, disrupt ore supply, and lead to costly redesigns. As pits deepen, the rock mass is
subjected to higher in situ stresses, larger excavation-induced stress gradients, and more frequent
intersection with regional fault systems (Hoek & Bray 1981; Stead & Wolter 2015). Consequently, the
mechanical behaviour of such faults increasingly governs the ultimate economic limit of many open pit
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operations. However, uncertainty in their location, geometry, and characteristics pose significant challenges
in understanding their impact on slope stability analyses.

Faults are often represented as discrete planes in numerical models. However, the reality of geological faults
is far more complex and varied than their common representation suggests. Their characteristics can range
from discrete slip surfaces with minimal impact on the surrounding rock, to intricate fault zones involving
complex arrangements of gouge and sheared rock mass. These differences are not always captured using
conventional modelling techniques. This inherent complexity presents a significant challenge when
translating geological understanding into numerical models for slope stability analysis. Furthermore, the
decisions made in the characterisation and model development processes can significantly impact the results
of a stability assessment.

This paper presents a discussion of current methodologies for representing faults in numerical models,
highlighting their limitations and challenges, with a particular focus on how fault characterisation is reflected
in geotechnical stability analyses. Numerical examples are used to demonstrate how the details from the
structural interpretation (type and nature of the faults) are important, perhaps more important, than the
choice of numerical implementation, with significant implication on slope design. Drawing on practical
insights from extensive experience across numerous operating mines and varied geological settings, the
paper offers insight on selecting appropriate modelling approaches for different types of fault zones in open
pit mine stability assessments.

2 Fault representation

The following sections explore fault characterisation methodologies, highlight the complexities associated
with these features, and present a high-level review on how they are represented in numerical models.

2.1 Fault characterisation

Field observations reveal that faults are rarely simple, discrete planes as represented in models.
Their characteristics can range from healed historic faults, where past movement has cemented the
discontinuity, to discrete surfaces with minimal impact on the surrounding rock. Moreover, many
(geotechnically) significant structures manifest as intricate fault zones, characterised by complex
arrangements of gouge and sheared rock. These zones often include a gouge-rich core surrounded by a
region of damaged or sheared rock that gradually transitions into more competent rock (see example in
Figure 1a). More complex fault zones can exhibit a chaotic mix of damaged and sheared rock, lenses of gouge
and undisturbed rock, and numerous fault splays (see example in Figure 1b). This heterogeneity within fault
zones plays a significant role in their observed weakness and diverse slip behaviours in situ.
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Figure1 Fault core examples showing (a) fault core of gouge and breccia grading out to healed breccia
and competent rock and (b) thick, heterogeneous fault zone with intermixed gouge, breccia, and
poor rock mass

Translating this geological reality into 3D structural models presents a significant challenge. While structural
models typically depict faults as 3D surfaces, they often lack an explicitly defined thickness. Some models are
accompanied by crucial documentation on fault core and damage zone thickness, descriptions of infill
materials (e.g. gouge, breccia, cataclasite), and confidence in the fault interpretation (Palmstrém 1995).
However, in the experience of the authors, and as suggested by Murphy et al. (2024), fault characteristics
can be highly variable even over short distances, making detailed and standardised data collection from
drillholes and exposures an imperative first step. Structural models should also be improved by including
confidence ratings, fault core (gouge) thickness, and damage zone thickness in 3D, or by developing 3D
volumes with variable thickness to more accurately capture spatial variability and inform the interpretation
of results.

Once geological data is collected, assigning appropriate material properties to the numerical representation
of a fault zone remains a subjective task. For the fault core, where gouge is predominant, material properties
(strength, stiffness) are typically derived from triaxial testing of gouge samples (ideally ‘undisturbed’ samples,
or remoulded if necessary), complemented by Atterberg limits and clay mineral analysis to assess potential
for swelling or softening. However, obtaining representative samples from extremely weak or more
heterogeneous fault cores for traditional laboratory testing is inherently difficult (Riedmdller et al. 2001),
often requiring reliance on approximations or assumptions and careful interpretation of strength.

The fault damage zone — a region of increased fracturing, shearing, and alteration surrounding the core —
is often characterised by assigning a downgraded geological strength index (GSI) compared to the
surrounding rock mass. This accounts for factors like lower rock quality designation, higher fracture
frequency, worsening joint conditions, and reduced rock hardness. However, when this zone is composed of
a highly mixed material (gouge, rubble, rock, splays) that falls outside the reasonable application range for
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GSI/Hoek—Brown parameters, characterisation becomes increasingly difficult. Due to the heterogeneity of
these zones, the rock mass is rarely amenable to traditional laboratory testing. However, depending on the
degree of intermixing, the continuity of the rock mass and weak gouge might be sufficiently disrupted,
causing the entire zone to behave as a weak rock mass, so that defining ‘equivalent’ or ‘blended’ properties
may be appropriate (Hoek & Marinos 2000; Severin 2017; Sjéberg 1999). This concept aims to represent the
composite behaviour of the various components and aligns with the work of Hoek & Marinos (2000) on
heterogeneous weak rock masses, suggesting a ‘weighted average’ of rock mass strength properties from
strong (e.g. damaged rock mass) and weak (e.g. gouge) components.

Even with significant data collection and testing efforts, the heterogeneity of fault zones leads to
considerable uncertainty in defining their strength, stiffness, thickness, and spatial variability. Therefore, it is
crucial to establish and consider reasonable and probable ranges for these parameters. Such ranges can then
be used to test upper and lower bound scenarios in stability analyses, quantify the potential impact of this
uncertainty, and/or define the limits for parameter adjustments during numerical model calibration.
This entire process underscores that effective communication between the structural geologists (who
develop the fault models), engineering teams (who characterise the fault strength), and numerical modellers
(who implement the faults with associated characterisation into 2D/3D numerical models) is paramount.
Crucial information will be lost if communication breaks down or if teams are segregated, including the true
thickness and character of the fault core, the extent and quality of the surrounding damage zone, and even
the confidence in interpretation and the precise location/spatial representation (e.g. centreline, top, or base)
of the faults. Such omissions can significantly impact the accuracy and reliability of subsequent numerical
predictions for slope stability, though this risk may not be properly exposed due to the segregated nature of
the disciplines.

2.2 Fault representation in numerical models

The industry is increasingly adopting large-scale 3D numerical models that incorporate detailed structural
models. However, there are trade-offs between characterisation detail and computational efficiency.
The choice of fault representation method (and selected numerical approach, continuum versus
discontinuum numerical models) often depends on the quality and resolution of available data and the
purpose of the model (i.e. feasibility studies versus operational support). Each approach has inherent
strengths and limitations, and selecting an appropriate representation requires a careful balance between
geological realism and modelling practicality. Models that are overly complex or computationally demanding
may become outdated quickly or prove impractical for timely, site-specific decision-making. In practice, mine
sites with sufficient data and mature structural models tend to adopt one or more of the following fault
representation strategies (in continuum models).

2.2.1 Densified zone approach

The densified (weak) zone approach represents faults as volumetric zones with reduced strength and
stiffness, simulating fault gouge or damaged rock, without assigning a specific orientation of weakness
(illustrated in Figure 2a). This method is straightforward to implement in continuum models and can capture
distributed deformation across the faulted volume. Model construction processes can be streamlined as the
faults are not directly meshed; they are used to assign zones of weak/fault properties in areas of increased
mesh resolution. When applied appropriately and calibrated using back-analysis or experimental data, this
method provides a computationally efficient and reliable way to evaluate the impact of faults on
slope stability.

2.2.2 Interface, discrete surface approach

The discrete interface approach models faults as zero-thickness planar (or triangulated) geometries along
which sliding or separation can occur, governed by contact properties such as cohesion, friction, dilation, and
normal and shear (spring) stiffnesses (illustrated in Figure 2b). This representation is appropriate for faults
that behave as distinct surfaces, particularly where the surrounding rock mass is relatively undisturbed.
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It captures slip localisation well and can simulate fault reactivation or movement along predefined surfaces.
However, it may not account for the mechanical influence of adjacent fractured or sheared rock unless an
additional damage zone is considered. Constructing geometries using interface elements can be challenging,
particularly when many 3D surfaces are closely spaced or intersect (though possible with current meshing
tools). Additionally, updating numerical models with revisions to 3D fault wireframes remains a largely
manual task requiring remeshing the model entirely and often simplifying the fault surfaces.

2.2.3 Fault, with damage zone approach

A hybrid approach is often adopted to better reflect the complexity of fault zones. In this method, the core
of the fault is modelled using one of the primary techniques — such as a weak zone or interface — while an
adjacent damage zone is included around the core to represent the broader influence of sheared or fractured
rock (illustrated in Figure 2c). The extent and properties of this damage zone are typically informed by
geological characterisation, including estimates of fault thickness and rock mass quality. This approach allows
for a more realistic distribution of strength and stiffness within the fault zone, capturing both localised slip
behaviour and the mechanical response of the surrounding disturbed material. When calibrated
appropriately, such composite models can improve the reliability of slope stability assessments, particularly
in structurally complex settings.

The damage zone can be prescribed using a single strength or a blended strength, and its thickness can be
spatially variable, if sufficient data is available to support the interpretation. In practice, however, a spatially
variable damage zone thickness is not common as there are often limited data or intercepts to inform the
variability across the entire fault, often leading to the adoption of conservative or average thickness
assumptions.

(a) (b) (c)

Figure2 Common fault representation approaches in continuum numerical models. (a) Densified zone;
(b) Interface, discrete fault; (c) Hybrid (discrete fault with damage zone)

The following section illustrates how different fault representation methods can influence slope stability
assessments using conceptual inter-ramp scale models. The aim with these examples is not to endorse a
particular modelling technique, but to provide practical insights into how decisions made in representing
major faults can critically alter predicted stability results.

3 Numerical example

To demonstrate the influence of fault representation on the results of stability analyses, a series of simple
FLAC3D (ITASCA 2023) models involving an adversely oriented fault were developed.

The first set of analyses (Section 3.1) explores the stability of a pit wall where an adversely oriented fault
daylights (Figure 3a), simply to validate that either approach (interface or densified zone) can be used to
accurately capture the mechanics of slip or failure along a fault. The second set of analyses (Section 3.2)
explores the stability of a pit wall where the adversely oriented fault exists but does not daylight (Figures 3b
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and 3c), so the impact of including a damage zone (or not) in the numerical model is amplified. This case
assumes that a cross-cutting geological contact (Figure 3b) or a cross-cutting fault (Figure 3c) is terminating
the adversely oriented fault, preventing it from daylighting. A third set of analyses (Section 3.3) then
evaluates the impact of damage zone strength assumptions which, as noted earlier, are difficult to quantify
in practice, requiring significant engineering judgement to define appropriate strength parameters and
sensitivity ranges.

Geologic
contact

(a) (b)
Figure 3 Conceptual slope with (a) daylighting fault and (b and c) non-daylighting fault
Figure 4 displays the geometry of the simple slope and fault model, with Table 1 summarising the default

rock mass properties. A mesh resolution of 2 m is used within the 12 m damage zone. For the fully daylighting
scenario (Section 3.1), the step-out below the fault is removed.

20m

A
A4

150 m

A2

-

|:| Rock Mass D Damage Zone — Discrete Fault
Figure 4 Conceptual model geometry and features configuration

The rock mass properties represent a medium-strong rock (uniaxial compressive strength within the ISRM
hardness R3 range) with fair rock mass quality (GSI = 50). The damage zone around the fault is downgraded
to a poor-quality rock through GSI reduction (GSI = 25) due to movement along the fault. The fault (core)
properties represent a gouge filled fault with properties adjusted so that the daylighting fault (Section 3.1)
scenario achieves a strength reduction factor (SRF) of approximately 1.0. The SRF, analogous (but not
equivalent) to Factor of Safety (FoS), is estimated for each model using the shear strength reduction (SSR)
method.
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Table1 Default material properties

Parameter GSlI ucs mi D Intact Young v Density Cohesion Friction
(MPa) (GPa) (kg/m3) (kPa) (°)

Rock mass 50 40 10 0.7 37 0.3 2700 = —

Damage zone 25 40 10 0.7 37 0.3 2700 = =

Fault - - - - 37w - - 20 23

W To simplify the comparison, the fault modulus is not reduced. Deformation magnitudes are sensitive to this, but not stability margins. When the
fault core is modelled as an interface, the normal and shear stiffness is Kn = Ks = 37 GPa/m — sensitivity analysis indicated no impact of variable
interface stiffness.

3.1 Daylighting fault

As noted earlier, a stability margin of SRF = 1.00 aligns with the analytical solution for planar sliding of this
mechanism. In cases where the fault daylights, shearing occurs along the fault surface, and the surrounding
rock mass properties (including damage zone) have no impact on the failure mechanism. In these initial
analyses, the fault was represented using both the interface method and densified zone approaches.
These cases were evaluated primarily to validate and benchmark the modelling approaches under simplified
conditions before proceeding to the more complex non-daylighting fault scenarios. In all scenarios, the
expected results of SRF = 1.00 was achieved.

e C(Case 1A: interface (gouge strength).
e Case 1B: interface (gouge strength) with damage zone.
e Case 1C: densified (gouge strength) with damage zone.

This highlights that either approach can be used to accurately predict the mechanics of slip on a fault, as is
widely accepted in the industry based on countless studies. In cases which follow, the core of the fault can
be modelled as an interface or with densified zones. The results will not be dependent on this numerical
choice but will be dependent on the choice of damage zone representation and attributes.

3.2 Non-daylighting fault

The inclusion of the damage zone has a significant impact on the stability margins for the non-daylighting
fault geometry, as illustrated with the following scenarios:

e Case 2A (discrete fault, no damage zone): the fault core is represented as an interface, without a
damage zone. Since the fault core does not daylight, the mechanism must break through the rock
mass below the fault. The estimated stability margin increases significantly to SRF = 1.25-1.30.

e Case 2B (discrete fault, with damage zone): the fault core is represented as an interface, with a
damage zone. The estimated stability margin is SRF = 1.10-1.15, a reduction of 0.15 in comparison
to Case 2A (without damage zone). Similar results are achieved using densified zones to represent
the fault core (replacing the interface), highlighting that the numerical approach for representing
faults does impact results.

The choice to include or not include a damage zone in this simple example illustrates the importance of
proper characterisation and understanding of the structural model, and what the potential downstream
impacts could be. Based upon industry guidelines by Read & Stacey (2009), the design acceptance
criteria (DAC) for geotechnical stability assessments at a pre-feasibility and feasibility study level is in the
range of 1.20-1.30. If the practitioner just represents the wireframes provided in the structural model in the
form of a fault core (without damage zone, Case 2A), the DAC is likely achieved. If a damage zone is
considered (Case 2B), the stability margins are below the DAC. This simple difference in how faults are
represented has significant downstream impacts, either leading to overconfidence if a damage zone should
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have been included, or perhaps unnecessary redesign if structural conditions indicated that faults are
discrete, surrounded by more competent rock mass.

Figure 5 displays the unstable mass/mechanism and maximum shear strain contours for Case 2A at SRF = 1.30
and Case 2B at SRF = 1.15 (i.e. unstable SRF values) to highlight the difference in stability margin. In the
absence of a damage zone (Figure 5a), the failure surface follows the orientation of the discrete interface,
except at the toe of the mechanism where it has to break through the more competent rock mass; high shear
strain is observed in the rock mass at the toe. However, when a damage zone is included (Figure 5b), the
mechanism daylights above the fault termination, following a path through the damage zone above the
step-out, rather than having to break through the rock mass in the toe.

LEGEND Max Shear Strain

2.00E-03

. Unstable mass I 1.80E-03
1.60E-03

- |nterface 1.40E-03
1.20E-03

Damage zone B o003

(a) (b)

Figure 5 Model results for (a) Case 2A — no damage zone, SRF = 1.30 and (b) Case 2B — with damage zone,
SRF = 1.15 displaying the unstable mass and maximum shear strain contours

3.3 Damage zone characteristics

Incorporating spatial and strength variability of a damage zone in a numerical model is a relatively simple
task if data is available to support the interpretation. However, informing the complexity and variability of a
fault damage zone remains a significant challenge due to limited field data and the noted challenges in
quantifying a representative strength for the damage zone. As a result, simplified approaches are commonly
adopted in numerical analyses when damage zones are considered. This section evaluates the impact of two
common approaches for assigning damage zone strengths to demonstrate their influence on slope stability.

3.3.1 Blended strength

The blended strength method assigns a composite strength to the damage zone, reflecting a mixture of the
fault core gouge and undisturbed or damaged rock. In the assessment, the fault core (interface) strength
remains unchanged (Table 1) but the strength of the damage zone is varied incrementally. The damage zone
strength is computed, assuming a strength blended from fault gouge and 0% undisturbed rock mass (i.e. the
damage zone is assigned fault core strength) to 100% undisturbed rock mass (i.e. the damage zone is assigned
undisturbed rock mass strength — there is no damage zone). Figure 6 presents the overall response of SRF
versus percentage of rock mass contribution to the damage zone strength. At fault core strength, the SRF is
approximately 1.0 as the weak fault is fully daylighting. At the undisturbed rock mass strength, the unstable
SRF is 1.30 as documented earlier for the case when no damage zone exists. Between these extremes, the
response is nonlinear, with the 30% blended strength case still falling below the DAC of 1.20 (similar to the
reduced GSI of 25 results) and the 50% blended strength case just achieving the DAC of 1.20. The results are
somewhat surprising as 30—-50% rock mass is considered relatively high, but the impact of rock mass percent
is muted in this simple case due to the small portion of rock mass at the toe of the mechanism (in comparison
to the length of the fault acting as the primary release of the mechanism).
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Figure 6 Unstable strength reduction factor (SRF) for blended strength scenarios with best fit line

3.32 Graded strength

A graded strength approach is also considered where the damage zone properties vary based on distance
from the fault core (interface). In this scenario, the fault core strength remains unchanged (gouge properties)
and the surrounding damage zone, extending 6 m on either side, is linearly graded out to undisturbed rock
mass strength. The grading adds approximately 15% of additional rock mass strength per metre, displayed in
Figure 7. This graded model reflects a geological observation that shearing intensity and rock degradation
are highest near the fault core and diminish with distance from the core.

The stability margin when the damage zone is graded is approximately SRF = 1.20, comparable to the 50%
rock mass percent scenario in Figure 7, which may partly be a result of the linear gradation selected (i.e. the
average strength of rock mass in the damage zone is 50% or 50" percentile). This method provides an
alternative way to represent the damaged zone around a fault, while more detailed information regarding
the spatial variability of damage zone strength is required to properly inform the distance and gradient from
the core.

Rock Mass %
0% . |

100%

Figure7 Blended damage zone strength assigned based upon distance to fault core

4 Conclusion

Understanding the inherent complexity of geological faults is fundamental to reliable slope stability analysis
in open pit mines. Major faults, such as those found in thrust fault systems, frequently manifest as intricate
fault zones with complex arrangements of gouge and sheared rock, often difficult to characterise using
traditional laboratory methods. Furthermore, structural models are commonly provided as a series of
wireframes, lacking details on thickness, character, and confidence in faults, or the spatial variability of these
parameters.
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This paper used a series of simple scenarios to illustrate the importance of accurately capturing the nature
of faults and their associated damage zones in slope stability models. The numerical examples presented
demonstrate that while both interface and densified zone approaches can accurately model slip along a
fault’s core, stability outcomes are critically dependent on the representation and attributes of the zone
surrounding the fault. For instance, in non-daylighting wedge scenarios, including a damage zone around the
fault reduced the FoS by 0.15 to 0.30 across the strength ranges considered, which could dictate if a design
meets or fails to meet DAC. This highlights that fault assumptions, representation, and strength parameters
have significant implications for inter-ramp and overall slope design, potentially leading to overconfidence
or unnecessary, economically unfavourable redesigns.

To mitigate these risks, improve stability modelling capabilities, and reduce knowledge loss during the
transition from the structural to numerical model, structural models should incorporate confidence ratings,
fault core (gouge) thickness, and damage zone thickness directly into 3D models, or by developing 3D
volumes with variable thickness. Additionally, careful consideration of the strength properties of the fault
core and surrounding zone, as well as how these properties may vary in 3D is crucial for the reliability of
subsequent numerical predictions of slope stability. Furthermore, establishing reasonable and probable
parameter ranges is crucial for conducting robust sensitivity analyses, bounding model calibration, and
quantifying uncertainty in stability predictions.

This study ultimately underscores the critical importance of effective communication and collaboration
among geological, characterisation, and modelling disciplines. An interdisciplinary approach is vital for
ensuring accurate fault representation, a transparent understanding of both structural and numerical model
limitations, and finally, robust and reliable slope stability predictions. A breakdown in this communication
can lead to the loss of vital information and obscuring of associated risks.
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