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Abstract

Deep open-pit mines and large rock slopes expose many diverse rock lithologies and geological structures (e.g., faults, bed-
ding planes) that may reduce the integrity of slopes. Numerical modeling is a powerful tool for simulating these structures;
however, there are few guidelines and methods for calibrating/validating and implementing faults in a numerical model.
This paper presents a novel laboratory method to calibrate numerical models and highlights the challenges in simulating
faults. One of the main issues in reliable modeling of faulted rock structure is the scarcity of experimental analyses in the
laboratory under the controlled conditions. Moreover, a comprehensive evaluation of the effect of using the conventional
fault modeling methods on the stability of rock structures is required, as well as a benchmarking between theoretical and
experimental results. This research combines theory and experiment, to fill the existing gaps, using numerical simulation and
laboratory measurements. Using FLAC3D software, the sensitivity and comparative analyses are carried out for the numeri-
cal simulations to investigate the stability of rock slopes on large and small scales (overall open-pit slope and bench slope),
and the fault zones. The weak zone (WZ), ubiquitous-joint (UJ), and interface (IF) techniques are the widely used methods
in the modeling to capture fault slip mechanisms. The factor of safety (FOS) of the slope is monitored upon variation of
the design parameters, such as fault and rock mass mechanical properties, fault types, and modeling framework (e.g., mesh
density, convergence ratio). In addition, parameters such as shear displacement and shear stress are investigated to deduce
the failure mechanism of the studied models. Finally, laboratory tests were performed to calibrate the modeling results and
approximate the agreement between theoretical and experimental results. The results of sensitivity analysis showed that
choosing an adequately low convergence ratio is critical for estimating FOS. However, beyond a certain convergence ratio,
below 1077, this change is negligible (less than 5%). The results of mesh density sensitivity analysis indicate that the FOS
values are insensitive to the mesh density in the WZ method (less than 5% change in FOS), the IF method shows the median
sensitivity (5—12% change in FOS), and the UJ method is the most sensitive (FOS values improves by ~31%). Comparison
between laboratory test and numerical modeling (FOS,; =1.71, FOSy,;=1.51, FOS;z=1.62, and FOS;;=1.76) indicates a
good agreement between the UJ and IF methods and the laboratory model (~3-5% discrepancy). It needs to be mentioned
that these analyses/tests are not to favor one method over the other, but rather to emphasize the pros and cons of each within
the assumptions of this study.

Keywords Slope stability - Factor of safety - Sensitivity analysis - Fault modeling methods - Numerical modeling - Fault
structure laboratory test
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u, Absolute normal penetration of the interface node
into the target face (m)

p Angle of discontinuity (°)

@] Joint friction angle (°)

G Joint cohesion (Pa)

o, Normal stress (Pa)

T Shear stress (Pa)

o, Maximum principal stress (Pa)

03 Minimum principal stress (Pa)

Cy Initial cohesion (Pa)

@0 Initial internal friction angle (°)

C. Updated cohesion (Pa)

. Updated internal friction angle (°)

|Fy|, Magnitude of shear force (N)

Oni Incremental normal stress added due to interface
stress initialization (Pa)

T Tensile strength (Pa)

1 Introduction

Slope stability analysis is a critical part of the mining and
civil engineering designs, especially in open-pit mine and
large slopes (e.g., dam). Slope failure may result in pro-
longed production interruption, fatality, and equipment
loss (Duncan 1996; Stacey et al. 2003). With the growth
of global demand for minerals, the depth of open-pit mines
has increased significantly. This has imposed several design
challenges in slope engineering and potentially increased the
risk of large slope failures (Sjoberg et al. 2000; Stacey et al.
2003; Franz 2009; Tutluoglu et al. 2011).

In deep open-pit mines, complex rock lithologies are
exposed, which interact with geological structures (e.g.,
faults, bedding planes) and impact the rock slope stability
and impose significant design challenges for geotechnical
engineers. The structural characteristics of the slope, such as
geometry, geological features, and rock mass properties are
some of the key factors affecting the slope stability (Stead
and Wolter 2015). For instance, geological discontinuities
such as faults, and their properties [shear strength proper-
ties, dip (D), and dip-direction (D-D)] determine the failure
mechanism (Raghuvanshi 2019).

Several techniques are used in determining slope stability.
Calculating the factor of safety (FOS), defined as the ratio of
actual shear strength to the minimum shear stress required
to maintain equilibrium (Eq. (1)), is a common approach to
evaluate the slope stability in numerical modeling (Bishop
1955; Matsui and San 1992; Fleurisson 2012; Taleb Hosni
and Berga 2016). In this definition, the FOS value of unity
represents imminent failure.

FOS = Shear strength of rock mass or soil

ey

Shear stress required to prevent failure’
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In numerical modeling, solve ratio is a unitless measure-
ment to estimate the system stability. This ratio is defined as
the sum of all out-of-balance force components at each node
divided by the sum of all total forces applied at the similar
node (Itasca 2017). As one of the commonly-used tech-
niques, the shear strength reduction (SSR) method reduces
the shear strength properties of the rock mass until a failure
happens (Zienkiewicz et al. 1975; Duncan 1996; Dawson
et al. 1999; Hammah et al. 2007; Yang et al. 2012; Gupta
et al. 2016; You et al. 2017).

Dilation is another important factor in the failure analy-
sis of soil rock and granular materials; dilation is defined
as the volume change upon shear deformation (Vermeer
1998). Dilation becomes essential in the after-failure and
plasticity analyses of the rock material. It has been demon-
strated that dilation is interconnected with the cohesion and
internal friction angle of the material (Alejano and Alonso
2005). Since the fault zone consists of weak material, such
as gravel and soil, dilation is expected to affect the FOS of
the slope. However, current methods consider dilation only
after failure, and in this sense, they may overestimate the
slope stability.

Numerical modeling is often used for simulating complex
slope stability and fault effects, when analytical methods
barely exist (Cala et al. 2006; Hammah et al. 2007; Tutluoglu
etal. 2011; Zhang et al. 2011; Wiles 2014; Sun et al. 2016;
Tang et al. 2017; Park and Michalowski 2017). However,
there are few guidelines for fault simulation in numerical
modeling due to difficulties in characterizing the fault slip
mechanism (Mostyn et al. 1997; Zheng et al. 2013; Alzo’ubi
2016; Tang et al. 2017). Three widely-used numerical meth-
ods for fault modeling are weak zone (WZ), ubiquitous-joint
(UJ), and interface (IF), each of which introduces the fault
in a different manner (Azarfar 2019). In the WZ method,
the fault material is treated as a weak zone (Fig. 1a) with no
preferred weakness direction. The UJ method models the
fault as a zone with a preferred weakness direction oriented
in the direction of the fault plane (Fig. 1b). In this method,
the dip angle and direction of the fault surface can be accu-
rately implemented in the model (Fig. 2). In the IF method,
the fault has zero thickness and fault elements contact at an
interface (discontinuous face) which defines the fault direc-
tion (Fig. lc).

The overall approach of slope stability analysis and fault
materials simulation is shown in Fig. 3. The slope stability
analysis has a different response with respect to the geom-
etry, shear band, fault material properties and method used
to model the faulted zone (WZ, UJ or IF). Model calibration/
validation is an important step in any numerical modeling
to obtain a representation within the acceptable margin of
uncertainties. Currently, slope back analysis is the only
method to calibrate the slope numerical models and evalu-
ate fault shear strength (Azarfar 2019). This technique relies



Stability Analysis of Rock Structure in Large Slopes and Open-Pit Mine: Numerical and... 4891
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Fig.2 Contours of dip angle along the fault plane captured by the UJ
method (Azarfar 2019)

on a mobilized or failed slope (assuming FOS =1.0) to cali-
brate the accuracy of the computational model. In the lack
of such a condition (failed slope or accurate displacement

Fig.3 Schematic modeling of
faulted structure and parameters
that influence accuracy of the
FOS value

Influence parameters
Geological

Discontinuities

Slope Geometry

Rock mass
Properties

Lithology

Hydrology
Tectonic
Activity

Fault zone Fault zone

(b) Ubiquitous-Joint (c) Interface

measurements), to the best of the authors’ knowledge, there
appears to be no available laboratory technique for evalu-
ating the capability of fault models in rock structures. In
this paper, a novel laboratory method is proposed to cal-
culate slope FOS and simulate the mechanics of failure in
a controlled manner. This experiment is used to calibrate
and quantify the error magnitude associated with different
numerical modeling approaches. Considering the possible
sources of error, choosing an appropriate numerical method
in modeling a fault is crucial to avoid under or overestima-
tion of the stability. As much as over-estimation (reporting
higher FOS value) risks the stability of the system, under
estimation (reporting lower FOS value) may reduce the
mineable reserve and profit.

This research studies the influence of fault geometry,
mesh density, equilibrium ratio, fault thickness, rock mass
dilation, and shear strength properties on the slope stabil-
ity, obtained from the WZ, UJ and IF methods. In addi-
tion to the slope stability, the failure mechanism for each
method is estimated in small and large scales. In addition,

Investigation tools

Not available
— for faulted
rock structure
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a laboratory-scale model is used to evaluate the capability
of the numerical method in modeling the stability behavior
of the structure.

2 Methodology

In this paper, the WZ, UJ, and IF methods were used to
simulate the fault behavior, and the SSR method was used to
calculate the FOS values. To reduce the run time, a sensitiv-
ity analysis was carried out in the small scale and eventually
extended to large-scale modeling. For the small scale, one
typical bench of an open-pit mine was simulated, and for the
large-scale, the whole open-pit mine was modeled. Labora-
tory-scale and empirical equations were used to provide a

Slope face»

—V, =0

45 m

A5 W™

Fig.4 Small-scale model geometry and boundary conditions

Fault location
; 0 G A . A
Dip 35°, Dlp-Dlrectlxon 270 ,

benchmark for modeling results. All simulations were per-
formed in the FLAC3D software, in which a finite difference
method (FDM) was used.

2.1 Model Configuration

To model the open-pit mine benches, homogeneous isotropic
modeling was used. All models were constrained at the bot-
tom (x, y, z direction) and in the normal direction (perpen-
dicular to the side plane) on the sides (N-S and E-W faces).
The geometry of the bench was modeled in the Rhino 3D
software and then imported to the FLAC3D (Fig. 4). The
same approach was used for the large-scale model, with the
overall pit slope of 44° and bench height of 10 m (Fig. 5).

2.2 Mesh Size Evaluation

For the small- and large-scale modeling, brick elements were
used as the dominant mesh geometry, and around the fault
plane due to the complexity of the fault shape tetrahedral
elements were used (hybrid meshing, Fig. 12). The nodal
mixed discretization (NMD) technique that proposed by
Marti and Cundall (1982) and described by Abbasi for large-
scale simulation was implemented to capture more volu-
metric flexibility and improve the plasticity of the structure
(Abbasi 2016). For all models, the number of tetrahedral per
volume of interest (NTV) was set to 60 to create a balance
between accuracy and modeling cost (Abbasi et al. 2013).

2.3 Material Properties

The rock mass was modeled as an elastic—plastic material
using Mohr—Coulomb failure criterion. Typical properties of
a competent rock mass were used in the modeling to ensure
the failure happens through the faulted zone (Table 1). The

A

Fig.5 Large-scale model geometry and boundary conditions
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Table 1 Material properties used in numerical modeling

Material properties Rock mass Fault Units
Density 2500 2100 kg m™
Bulk modulus 3%10° 4.7%107 Pa
Shear modulus 1.5x10° 3.3x107 Pa
Cohesion 1x10° 2x10* Pa
Internal friction angle 36 20 Degree
Tension strength 1x10° 0 Pa
Normal-stiffness N/A 1x108 Pam™!
Shear-stiffness N/A 0.5x10% Pam™

fault material properties were set similar to those of clayey
soil.

2.4 Sensitivity Analysis

The sensitivity analysis was performed by monitoring the
stability behavior with respect to changes of different vari-
ables in the small-scale faulted structure (single bench)
modeled by WZ, IF, and UJ methods. In some sensitivity
analyses, parameters such as mesh density and solve ratio
are used to find the thresholds above which the stability is
independent of parametric changes. Therefore, these thresh-
olds were applied for other sensitivity analyses.

2.4.1 Analysis 1 (Fault Geometry)
A fault trace usually is not straight and usually contains

undulations, this may cause interlocking and rock bridges.
These features change the fault shear strength and failure

(a) Nonplanar fault

(b) Planar fault

Slope face Slope face

(e) Undulated nonplanar fault (f) Undulated planar fault

Slope face
— Slope face

(c) Nonplanar Interface
(fault representative)

Slope face’

mechanics. The effect of fault geometry on the slope stabil-
ity was analyzed for different geometries: smooth nonplanar,
undulated planar, and undulated nonplanar faults (Fig. 6).
The goal of this sensitivity study is to evaluate the perfor-
mance of each numerical method (WZ, UJ and IF) in simu-
lating fault-interlocking behavior.

2.4.2 Analysis 2 (Convergence Ratio — Numerical Stability)

FLAC3D uses an implicit numerical technique for obtaining
numerical approximations to the solutions of time-dependent
partial differential equations (PDE). Strong convergence cri-
teria are necessary in any numerical scheme for stability of
PDE in the initial value problems. Assuming that the PDE
is stable, the convergence rate and step size are critical to
reach a strong numerical solution (near exact solution). For
simplicity in FLAC3D the convergence ratio is called solve
ratio and the sensitivity of FOS value with variation of the
solve ratio was studied. The solve ratio was allowed to incre-
mentally decrease from 10> to 1078 to highlight its impact
on the FOS value. More details on threshold criteria are
discussed in (Azarfar et al. 2018). It should be mentioned
that in some cases the number of numerical iterations can
also be important in estimating the FOS value.

2.4.3 Analysis 3 (Mesh Density)

In this sensitivity analysis, the FOS of a nonplanar fault was
obtained for different mesh densities. It has been shown
that higher mesh density in numerical modeling results in
higher accuracy, especially in finite element methods (Ghav-
idel et al. 2018). However, this analysis was performed to

(d) Planar Interface
(fault representative)

Slope face Slope face

(g) Undulated nonplanar interface
(fault representative)

h) Undulated planar Interface
P
(fault representative)

Slope face

Fig. 6 Different fault geometries: a nonplanar fault, b planar fault, ¢ nonplanar fault (IF), d planar fault (IF), e undulated nonplanar fault, f undu-
lated planar fault, g undulated nonplanar fault (IF), h undulated planar fault (IF)
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approximate a threshold after which the FOS value improve-
ments would not justify the computational burden. Moreo-
ver, reaching the small-scale mesh density threshold is not
affordable in large-scale modeling and it is essential to
approximate the resultant errors.

2.4.4 Analysis 4 (Rock Mass Dilation)

This analysis was carried out to investigate the stability sen-
sitivity to the dilational behavior of the fault zone. This was
captured by changing the dilation angle of the fault material
using either the corresponding associated or non-associated
flow rules. The associated flow rule was used when the dila-
tion angle was equal to the internal friction angle, otherwise,
the non-associated flow rule was used.

2.4.5 Analysis 5 (Fault Thickness)

Fault zone thickness is an important parameter for many
geotechnical designs. A typical fault thickness can be varied
from 1 mm to 10 m and this controls the fault shear displace-
ment. In the fault thickness analysis, the FOS was calculated
for different thicknesses of the nonplanar fault. This was
performed for the WZ and UJ methods, as the IF, by defini-
tion, is in contact with and lacks a separation between the
elements of the fault zone. Often, the real thickness of the
fault zone cannot be implemented in large-scale modeling
due to the mesh density limitation and computational cost.

2.4.6 Analysis 6 (Fault Shear Strength)

Obtaining an intact sample of fault gouge or filling material
is very difficult, limited, and requires considerable experi-
ence. Using limited and disturbed field samples (or remolded
samples) decreases the accuracy of the laboratory tests and
design inputs. Sensitivity on the shear strength of the fault
material will be a guideline to consider the error associated
with the lack of laboratory results. Cohesion and internal
friction angle parameters were changed to analyze the sen-
sitivity of each method to the shear strength properties (ten-
sion strength=0) of the fault material. The FOS value was
calculated for different inputs of the previously mentioned
properties. These parameters will be changed through the
SSR process; however, there is always uncertainty in the
determination of initial values.

2.5 Theory and Background
2.5.1 Factor of Safety

The SSR method reduces the input cohesion, tensile strength
(T), and internal friction angle of the material by the same

@ Springer

factor (Eq. (2), Fig. 7), and the final strength reduction factor
(SRF) represents the FOS (Dawson et al. 1999).

C ot
FOS:SRF:FO—M

T

" tang, 2)

In an iterative manner, the SSR method reduces the strength
properties (Cy, Tgand @) by an incremental SRF until a fail-
ure happens and repeats this procedure until reaching the
smallest intervals within the range of acceptable error. The
FOS value for a large open-pit mine is reported usually to no
more than two decimals.

2.5.2 Fault Modeling Technique

The following methods were used in the fault modeling of
small- and large-scale slopes:

2.5.2.1 Interface (IF) Method In the IF method, the fault mate-
rial is introduced into the model as planes on which sliding
or separation can occur (Fig. 1c). The characteristics of this
interface are defined by normal and shear stiffness as well as
sliding properties (Itasca 2017). Friction, cohesion, dilation,
and tensile and shear bond strength are the properties used
in the IF method. The normal and shear stiffness (k, and k)
parameters control the elastic deformation normal and along
the face of the interface elements. In this study, these param-
eters were assumed constant. Interface elements introduce a
mechanical contact between the two zone surfaces, each of
which is defined by three nodes (triangular element). In con-
tinuous numerical modeling, the interface elements allow that
the two adjacent zones to be separated and behave individu-
ally. Equations (3) and (4) show the normal and shear forces at
each modeling time step (1+ Af),

FUMAD =k u A+ 6,A, 3)

n

Al SA
FUA0 = FO 4 g AulT %04 + 64A. @)

Mohr—Coulomb [failure criterion

T Initial Mohr-Coulomb failure envelope =< -~ “reduced Mohr—Coulomb
=0, ; failure envelope
____ failure
- »
IS o
Co Cr, FOS = Co _ tan(go)
l G, tan(or)
v
)
failure

Fig. 7 Shear strength reduction method (Azarfar et al. 2018)
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In addition, the maximum shear force is limited by the Cou-
lomb shear-strength criterion and can be calculated by Eq. (5).
If the actual shear force is more than the allowable shear force,
sliding occurs. The effective normal stress on the discontinui-
ties varies with respect to shear displacement during sliding

(Eq. 6).

Fomax = CA + tan @(F,, — pA), 5)
F| —F
Oy = gn| S|0Ak T tan yk,. (6)

N

2.5.2.2 WeakZone (WZ) Method In the WZ method (Fig. 1a),
the fault material and properties are treated as an isotropic
medium (with no preference plane of weakness). In other
words, the fault mechanical properties were assigned to the
zone without defining the dip and dip-direction of the fault
plane. In this study, the WZ failure envelope follows the Mohr—
Coulomb criterion (shear yield function) with a tension cutoff
(tension yield function). On this envelope, the non-associated
and associated flow rules, respectively, control the position of
a stress point for shear and tension failures (Itasca 2017).

2.5.2.3 Ubiquitous-Joint (UJ) Method The UJ method intro-
duces a specific dip and dip-direction as a virtual weak plane
for the fault material (Fig. 1b). It is important to realize
this method does not introduce a single plane of weakness,
whereas the zone/material has weaker properties in a specific
direction (anisotropic behavior). The failure criterion for the
plane consists of a composite Mohr—Coulomb envelope with
a tension cutoff. The non-associated and associated flow rules
control the respective positions of a stress point for shear and
tension failures (Jiang 2009; Itasca 2017). The UJ method
only represents the simple shear, which differs from the direct
shear. In the UJ method, the relevant plastic corrections are
made after general failure is detected. Slip will occur on the
discontinuity if the following condition is satisfied (Sainsbury
and Sainsbury 2017):

1 —tang; tanp > 0, (7

2(cj + o3 tan goj)

> .
o120+ (1 —tan ¢; tan f) sin 28 ®)

Based on Egs. (7) and (8), if 1 —tang; tan g <0, slip
occurs in the rock mass rather than discontinuity. In other
words, failure cannot happen along the discontinuities if < ¢
or f=90. Also, the normal and shear stress on the joint can
be calculated from,

1 1
o, = 5(0'1 +03) + 5(51 — 03) cos 24, ®)

T =¢to,ang;, 10)

T = %(o-1 — 03)sin2f, 1)

2(cj + o3 tan (pj)

°17 093 = (1 — cos ftan (pj)sinZﬂ' (12)

2.6 Laboratory Tests

Two bench samples were built in the laboratory (non-cohe-
sive planar and nonplanar faults) using concrete to evaluate
the fault modeling techniques (IF, WZ and UJ) (Fig. 8). For
a non-cohesive material, friction angle is the most important
factor governing the failure mechanism. The friction angle of
the planar model was measured according to the US Bureau
of Reclamation (USBR 6258-09) standards, using a manual
tilt desk and a digital clinometer. This measurement was
repeated (90 measurements, standard deviation-SD =0.549)
to ensure a reasonable precision for the results. The median
value of the friction angle and the measured dip angle were
used to calculate the FOS based on an analytical formula-
tion (Eq. 13). To make a comparison between simulation
and experiment, two samples with the same properties were
modeled in FLAC3D software, based on the laboratory-
made models (Fig. 8). To adjust the size and geometrical
compatibility between the simulation and laboratory models,
the latter was 3D-scanned (Artec Spider 3D scanner, accu-
racy =0.05 mm, resolution=0.1 mm) and then transferred
to the modeling software. Figure 9 shows the test procedure
of 3D scanning for the nonplanar sample. A pull test was
performed to obtain the force required for failure in the labo-
ratory (Fig. 10). This force was also calculated from Eq. (14)
and compared with the pull force of the planar model to find
the correction factor. The correction factor was used to cali-
brate the failure pull force of the nonplanar model, for which
the formula (Eq. 14) is not directly applicable.

A
FOS=C +Wc?sﬂtan¢ FOS=tan(p’ (13)
Wsin g =0 tan f
W cos f§ — F'sin ) tan
rog = Weos - Fsinp)tang "

Wsin f + F cos

3 Results and Discussion

3.1 Analysis 1 (Fault Geometry)

The sensitivity results of FOS values for planar, nonpla-
nar, and undulated faults simulations are shown in Fig. 11.

The results demonstrate high sensitivity of FOS for the UJ
method for nonplanar geometry (about 35% higher that IF

@ Springer
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Nonplanar Fault

Fig.8 Laboratory-scale model geometry and boundary conditions

3D result

Nonplanar Sample

3P Scanniﬁg
Fig.9 3D scanning of the lab-scale nonplanar fault model

method). This is due to changes in the angle of disconti-
nuity (f) from 10° to 90° in the undulating faults. Recall
that considering Eqgs. (7) and (8) for f less than the friction
angle and f equal to 90°, failure cannot happen along the

Movable part

(a) Planar fault

Fig. 10 Laboratory pull test procedure and parameters
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Nonplanar Fault
Movable
part

Planar Fault

Fault location

plane of weakness (nor through the rock mass since the
shear strength is high, Table 1), and, as a result, the UJ
method shows artificially higher value of FOS. In addi-
tion, the results for undulating nonplanar and planar faults
indicate the limitation of the UJ method in capturing the
FOS because of the rapid change of . The same trend was
observed in the laboratory testing (discussed in Sect. 3.9).
The WZ method shows increase of the FOS value by
introducing undulation due to possible interlockings. The
FOS was increased by 3% and 5% for undulating nonpla-
nar and planar fault geometries, respectively. The analysis
does not show high sensitivity in the WZ method. In con-
trast, the IF method shows increase of the FOS values by
13% and 18% for undulating nonplanar and planar fault
geometries, respectively; which indicates advantage of
using the IF method for undulated fault plane (Fig. 12).

Vi Movable part

(b) Nonplanar fault
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FOS/Shape of the fault

2.8
26 =UJ =IF "WZ

2.4
22

223

Undulated
Planar

Undulated
Nonplanar

Planar

Nonplanar

Fig. 11 Fault roughness effect on the FOS for weak zone (WZ), inter-
face (IF), and ubiquitous-joint (UJ) methods

3.2 Analysis 2 (Convergence Ratio — Numerical
Stability)

Figure 13 shows the effect of changes in the convergence
ratio (107 to 107%) on the FOS values for the nonplanar
and planar fault. The results indicate that in both planar and
nonplanar faults, the FOS values reduce synchronously with
decreasing the solve ratio (stronger convergence criteria).
However, beyond a certain convergence ratio, below 1077,
this change is negligible (less than 5%) in all three methods.
The sensitivity of the IF and WZ methods regarding the con-
vergence ratio is negligible; however, the UJ method shows
more sensitivity to the input solve ratios as it cannot cap-
ture the correct behavior of continuous features. The results

(a) Undulated fault
modeled with WZ

* Yellow line represents undulated fault trace

Fig. 12 Undulated fault modeling, a WZ method: the red mesh ele-
ments show the faulted zone. This method cannot consider the dip
angle and direction of undulation; b JU method: the red and purple
mesh elements show the fault trace. The purple zones represent undu-
lation’s dip angle and direction. This method can capture the effect of

(b) Undulated fault
modeled with UJ

for the nonplanar fault (Fig. 13a) indicate that the optimum
threshold for the convergence ratio is different for each
method and by knowing this value it is possible to reduce
computational cost and time without decreasing the accu-
racy of the results. In the case of planar faults (Fig. 13b),
none of the studied methods exhibit a high sensitivity to the
convergence ratio. It is concluded that the optimum thresh-
old for the convergence ratio not only depends on the method
of fault material simulation but it also depends on the fault
geometry.

3.3 Analysis 3 (Mesh Density)

The computational cost of increasing the mesh density scales
as ~N°, where N is the number of nodal points. In modeling
of a large scale open-pit mine with several faults and geolog-
ical features, increasing the number of nodal points (decreas-
ing mesh size) to eliminate mesh dependency is practically
impossible. For example, modeling half of an open-pit mine
with dimensions of 1000 X 500 x 400 m and mesh size of
4 m requires 3,125,000 elements, decreasing the mesh size
to 2 m, which it is still not ideal, increases the number of
elements to 25,000,000. Currently, no supercomputer can
handle this calculation in a reasonable time.

The results of mesh density sensitivity analysis (Fig. 14)
indicate that the FOS values are insensitive to the mesh
density in the WZ method (the accuracy of FOS values
improves by less than 5% with a ~ 10 times increase in the
mesh density). However, this method is the most conserva-
tive technique (lowest FOS value) and low sensitivity to

(¢) Undulated fault
modeled with IF

undulation in FOS value; and ¢ IF method: yellow and red lines show
the trace of fault. The red section represents fault undulation. This
method can also capture the effect of undulation in FOS value (the
elements around the fault show the hybrid mesh) (color figure online)
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Fig. 13 Dependency of FOS on the convergence ratio, a nonplanar
fault, b planar fault

mesh size does not indicate the quality of the method.
The IF method shows median sensitivity in comparison
to the two other methods, regarding the mesh size (mesh
density). The accuracy of FOS values improves by less
than 5% with a ~ 10 times increase in the mesh density
(Fig. 14). This is because the IF method relies on con-
tact mechanics and it is mostly independent for the mesh
density. The UJ method is the most sensitive, to the mesh
density; the accuracy of its FOS values improves by ~31%
with a ~ 10 times increase in the mesh density. In Fig. 14,
the number of zones is an indicator of mesh density, as the
dimension of the model is fixed (small scale). The error
of FOS with respect to the number of elements was esti-
mated based on the reliable threshold for all three methods
(number of elements =9000). In addition, Fig. 14 shows
that the optimum mesh density threshold for each method
could be different.
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Fig. 14 Mesh density sensitivity analysis for the nonplanar fault

3.4 Analysis 4 (Rock Mass Dilation)

The sensitivity of FOS values to variation of dilation angles
(0°-20°) for the nonplanar fault is represented in Fig. 15.
The results demonstrate that the FOS values are fairly inde-
pendent of dilation angle in all methods. This is due to the
fact that the Mohr—Coulomb method applies the dilation
properties only after failure (local or global). However, it
can be argued that in a complex geotechnical model where
a structure partially fails, i.e. weak materials fail but do
not result in instability, the dilation would change the FOS
value. The effect of dilation in such a scenario is beyond the
scope of this paper and requires future research.

3.5 Analysis 5 (Fault Thickness)

The thickness of a fault plate is an important parameter for
understanding the strength and fault behavior (displace-
ment). The fault thickness can be varied from a few mil-
limeters (clean face) to several meters with gouge and fill
materials. Due to mesh size limitation which was explained
in the mesh density analysis, it is difficult to capture the cor-
rect fault thickness in the modeling. In WZ and UJ method
the minimum fault thickness can be one element and in the
IF method, the fault thickness cannot be represented.

The FOS results for different fault thicknesses are
shown in Fig. 16 for all methods other than IF; thickness
does not apply to the IF method. As expected, the results
show that increasing the fault thickness reduces the FOS
obtained for all the methods, although this reduction is
less pronounced for the WZ method. Doubling the fault
thickness from 1.5 to 3 meters decreases the FOS by
approximately 13% in the UJ method. In this analysis, the
initial conditions are set in cautious proximity of immi-
nent failure to compare the bare effect of each method. A
more important result is that to capture a current behav-
ior of the fault in the WZ and UJ models, a minimum of
three elements is necessary along the thickness of the fault
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Fig. 15 FOS versus dilation angle for the nonplanar fault
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Fig. 16 FOS versus fault thickness for the nonplanar fault

(Fig. 17). One or two elements along the fault show a stiff
structure that prevents the movement along the fault plane
and unrealistically increases the strength. This is because
in the continuum modeling the border fault elements are
attached to the adjacent rock mass and the behavior of the
elements is a product of the two systems (Fig. 17).

Strength increment
due to attached face

Strength increment
f due to attached face

3.6 Analysis 6 (Fault Shear Strength)

A large source of uncertainty can be imposed on the design
due to unreliable laboratory tests and lack of representative
samples of the potential failure surface. Understanding the
sensitivity of FOS value with the shear properties of a fault is
important in the better understanding of the modeling result.
The sensitivity of the FOS value in response to the changes
in cohesion (¢ =0-45 MPa) and friction angle (¢ = 0-24)
is illustrated in Figs. 18 and 19, respectively. As in other
analyses, the UJ method indicates the highest sensitivity.
As expected, the FOS increases in tune with the increase of
shear strength properties. However, this increment is more
sensitive to cohesive properties (exponential dependency,
dotted lines in Fig. 18) of the fault material rather than its
friction angle (linear dependency, dotted lines in Fig. 19).
This should be considered in the reduction methods, such as
SSR, where cohesion and friction angle are reduced by the
same coefficient, whereas a lower coefficient should be given
to the more sensitive property, i.e., cohesion. The high cohe-
sion sensitivity can be explained using Eq. 10, for shallow
faults the confinement stress is low, and the effect of friction
angle (0, tan ;) is negligible, however, the reverse is true for
a deep fault with high confinement stress.

3.7 Failure Mechanism

In addition to the FOS, the failure mechanism encompasses
important information about slope stability. Structural fea-
tures, such as faults, and discontinuities form the plane of
failure. Such surfaces usually are parallel or nearly parallel
to the slope face. The sliding plane must daylight in the slope
face or the plane would shear into the rock mass. The plane
should also intersect the upper surface of the slope or form a
tension crack to create a release backplane. Release surfaces
that have negligible strength to sliding must be present in the

No strength increment, displacement can
be captured correctly

Rock mass »
172} w
- ) 3
= = <= .1
Fault zone 2 el I
£ £ [ H
_ s =
= -
k 2
45

(a) One element

Fig. 17 Effect of the number of elements along the fault thickness
(green zone): a fault zone modeled with one zone, in this case the
upper and lower nodes of the elements are connected to the rock mass
and result in the fault having an unrealistic higher strength, b fault
zone modeled with two zones, in this case the upper and lower nodes

(b) Two elements

(c¢) Three elements

of the fault boundary are connected to the rock mass and only the
middle nodes are free to move along the fault, and ¢ fault zone mod-
eled with three zones, in this case the middle zone and nodes have
enough degrees of freedom to move along the fault zone
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Fig. 18 FOS versus cohesion for the nonplanar fault. The dotted lines
show the interpolated trending line for each method. The trend lines
show the exponential dependency of FOS to the cohesion change

FOS/Internal friction angle

0 4 8 12 16 20 24
Internal friction angle

Fig. 19 FOS versus internal friction angle for the nonplanar fault.
The dotted lines show the interpolated trending line for each method.
The trend lines show the linear dependency of FOS to the internal
friction angle change

rock mass to define the lateral boundaries of the slide. Cap-
turing the correct failure mechanism requires a complex and
accurate geotechnical and numerical model. The WZ, UJ,
and IF introduce faults to the numerical model with different
techniques and this may result in capturing different failure
surfaces. The failure mechanism predicted by each method is
shown in Fig. 20 for all fault geometries. Independent of the
fault shape, tension and shear failures occur, respectively, at
the bench crest and toe in the WZ (Fig. 20a, b). This shows
toppling failure, which is not consistent with the theoretical
results. In the UJ (Fig. 20c, d) and IF methods (Fig. 20e, f),
however, shear failure is the dominant mechanism through-
out the fault. These methods capture the failure mechanism
more accurately. Nonetheless, the experience and results
imply that the fault modeling methods are intrinsically dif-
ferent, and each suffers from a different set of limitations,
making the mechanistic investigations more challenging.

3.8 Large-Scale Results

The proper modeling of the fault by the IF is quite chal-
lenging in the large-scale; however, the faults in the whole
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open-pit mine are modeled using WZ and UJ methods
(Figs. 19, 21). The large-scale model is built based on the
findings and considerations obtained from the small-scale
modeling. Similar to the small-scale case, applying the UJ
method results in higher values for the FOS (2.18) compared
to the WZ method (1.38). The difference between the FOS
value for WZ and UJ is 36% and 15%, respectively, for large
scale and small scale. The variation of the FOS value for
the bench scale model (small model) is negligible, but it is
not within the acceptable range of error for the large scale
model. This shows that selecting an appropriate modeling
technique is critical for large open-pit mine modeling. Fig-
ures 21 and 22 show the displacements in the fault zone
modeled, respectively, by WZ and UJ methods. It can be
deduced from the FOS values that the UJ model has higher
displacements, but both the WZ and UJ models have their
maximum displacements at the toe of the fault. This implies
that the failure initiates at the bottom of the fault, and both
shear and tension participate in the failure mechanism. This
failure mechanism is better captured in Fig. 23 (WZ) and
Fig. 24 (UJ); in both figures, shear is dominant in the fault
zone (i.e. slipping along fault plane). Massive tension failure
is shown in the WZ model within the mobilized rock mass.
Similar to the small scale model, this can be an indicator of
toppling failure, which is not realistic.

3.9 Laboratory Results

The median value of the friction angle of the laboratory
models with a planar fault (STDEV =0.549 for 90 meas-
urements) is 37.15°. With this friction angle and dip angle
of 23.8°, and using Eq. (13), the FOS is 1.718. Identical
geometry and material properties were used to simulate
the laboratory test model in FLAC3D software. A com-
parison between this FOS value and those of the scanned
model (FOS,,,=1.71, FOSy,=1.51, FOS;z=1.62, and
FOSy;=1.76) indicates a good agreement between the UJ
and IF methods and the laboratory model (~3-5% discrep-
ancy, Table 2). This agreement is not surprising, as all the
properties of the laboratory model are exactly transferred
to the software, including zero cohesion for the fault zone.
Calibration between the median force obtained from the pull
test of the planar laboratory model and the force required for
imminent failure from Eq. (14) results in a 0.925 correction
factor (STDEV =0.864 for 134 measurements). In addition,
a comparison between the median force obtained from the
pull test of the nonplanar laboratory model (normalized by
correction factor) and the loading forces of scanned models
indicates that the IF and UJ methods are more successful
in modeling the failure for non-cohesive faults. These val-
ues are 11.90, 10.75, 11.5, and 12.12 N for the normalized
median pull force, and the loading forces from the WZ, IF,
and UJ models. The summary of the results is shown in
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Fig. 20 Failure mechanism of a
WZ nonplanar, b WZ planar, ¢

UJ nonplanar, d UJ planar, e IF
nonplanar, and f IF planar faults

(c) UJ Nonplanar fault

(a) WZ Nonplanar fault

(b) WZ Planar fault

(d) UJ Planar fault

@ None
(e) IF Nonplanar fault

7

'\[J
Table 3. More laboratory tests are needed for the cohesive
material and large-scale model.

4 Conclusions

In this study, the slope stability of a single bench in the
small and laboratory scales and of a whole open-pit mine
in the large-scale are investigated in the presence of fault
zones. Comparative and sensitive analyses are performed
using three fault modeling methods and different initial
conditions, and the effects are studied on the FOS of dif-
ferent models. Among the fault modeling methods, the
ubiquitous-joint (UJ) exhibited the highest sensitivity to
the initial condition, and the weak zone (WZ) exhibited the

B Matrix Shear [J Matrix Tension

Zone State By Average

M joint-Shear
(f) IF Planar fault

/L

Interface Shear Slip
E Noslp W Slip

[ Joint-Tension

lowest. This trend was almost the same for the magnitude
of the resulting FOS obtained by the latter two methods.
Although the UJ method requires more information in the
fault modeling, its high sensitivity suggests this method’s
better capability only when initial conditions are reliably
collected. Moreover, the UJ method is incapable of rep-
resenting direct shear and, thus, the correct behavior of
continuous features. Especially in undulating nonplanar
models, the UJ method cannot capture the failure in the
fault zone and consequently overestimates the FOS. The
mesh density analysis indicates that after a certain thresh-
old, the higher resulting accuracy is negligible compared
to the increase of the computational cost. A comprehensive
comparison of the three numerical methods for the fault
material simulation is summarized in Table 4. This study
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Fig. 21 Displacement contours, using WZ method. The black dashed line demarcates the fault location
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Fig. 22 Displacement contours, using UJ method. The black dashed line demarcates the fault location

infers that cohesion and friction angle should not have the
same reduction factor in the SSR method, as their efficacy
on the FOS suggests. The large-scale modeling implies the
initiation of failure from the bottom of the fault, propa-
gation of shear stress along the fault, and tension stress
towards the rock mass. A comparison between numerical

@ Springer

and laboratory experiments indicates a better agreement
between the two when the UJ and IF methods are used.
However, more laboratory tests are under investigation
to increase the level of sophistication and comparability
between the theoretical and experimental stability tests on
rock material.
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Fig. 23 Failure mechanism obtained by WZ method. The black dashed line demarcates the fault location
A
. None . Matrix Shear . Joint Shear
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Fig. 24 Failure mechanism obtained by UJ method. The black dashed line demarcates the fault location
Table 2 Summary of the calculated FOS for planar sample Table 3 Summary of the pull test results for the nonplanar sample
Numerical modeling Laboratory Numerical modeling Laboratory
wzZ IF uJ Analytical wz IF uJ Direct measurement
FOS 1.51 1.62 1.76 1.71 Force required for 10.75 115 1212 119
Error (%) 117 -527 2.93 N/A imminent failure
MN)
Error (%) -9.67 -337 1.8 N/A
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Table 4 Comprehensive comparison of three numerical methods for fault material simulation

Method Advantage Disadvantage Comments

Weak zone Easy to build complex geometry Possibility of the underestimate of FOS, The lowest sensitivity with respect to the
Conservative method for estimating especially in large scale and complex input parameters, and fault geometry

FOS value modeling This technique does not require high
Suitable method when working with low Cannot capture the orientation of dis- experience to build the model

accurate data continuities

Low sensitivity to mesh size
Low sensitivity to solve ratio

Cannot capture correct mechanism
of failure (tend to show toppling
behavior)

Requires at least three elements along
fault thickness to capture displacement

Shows lowest consistency with the
laboratory results

Ubiquitous-joint Considers the orientation of the planes
of weakness (dip and dip-direction)
Relatively easy to build complex
geometry
Captures correct mechanics of failure
Good correlation with laboratory results

value

Possibility of the overestimate of FOS

Highest sensitivity with respect to the
input parameters, and fault geometry

Sensitive to solve ratio, it requires low
convergence value

Cannot consider the joint spacing,
length and stiffness

Cannot capture the correct behavior of
continues feature

High sensitive to mesh size

Requires at least three elements along
fault thickness to capture displacement

Can model the actual mechanical
separation

Considers the orientation of the planes
of weakness (dip and dip-direction)

Captures correct mechanics of failure

Good correlation with laboratory results

Low sensitivity to mesh size

Low sensitivity to solve ratio

Interface

Cannot consider the fault zone thickness Medium sensitivity with respect to the
Very difficult to build complex geologi-
cal structures

input parameters, and fault geometry
This method requires high level of exper-
tise to build the complex geometry
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