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Analysis and prediction of structural instabilities in open pit mines are an important design and oper-
ational consideration for ensuring safety and productivity of the operation. Unstable wedges and blocks
occurring at the surface of the pit walls may be identified through three-dimensional (3D) image analysis
combined with the discrete fracture network (DFN) approach. Kinematic analysis based on polyhedral
modelling can be used for first pass analysis but cannot capture composite failure mechanisms involving
both structurally controlled and rock mass progressive failures. A methodology is proposed in this paper
to overcome such limitations by coupling DFN models with geomechanical simulations based on the
discrete element method (DEM). Further, high resolution photogrammetric data are used to identify valid
model scenarios. An identified wedge failure that occurred in an Australian coal mine is used to validate
the methodology. In this particular case, the failure surface was induced as a result of the rock mass
progressive failure that developed from the toe of the structure inside the intact rock matrix. Analysis has
been undertaken to determine in what scenarios the measured and predicted failure surfaces can be used
to calibrate strength parameters in the model.

© 2017 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Assessment of unstable wedges and blocks occurring at pro-
posed and operational surface mine excavations is critical for risk
management in open pit mining. Discrete fracture networks (DFNs)
are being increasingly used in the mining and civil engineering
communities for analysis of in-situ rock mass fragmentation as
defined by the presence of individual rock blocks (e.g. Wang et al.,
2003; Rogers et al., 2007; Elmouttie and Poropat, 2012). The DFN
approach combined with polyhedral modelling and kinematic
analysis has been proven useful in providing a first pass and rapid
assessment of both the location and likelihood of these potential
hazards. This is due to the relatively low computational costs
associated with this method supporting probabilistic approaches
and multiple modelling scenarios (Elmouttie and Poropat, 2014).
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E-mail address: frederic.donze@3sr-grenoble.fr (F.-V. Donzé).
Peer review under responsibility of Institute of Rock and Soil Mechanics,
Chinese Academy of Sciences.
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However, the method does not account for composite failure
mechanisms involving both structurally controlled and rock mass
progressive failures.

A complementary approach which consists in coupling DFN
with geomechanical modelling, such as the discrete element
method (DEM), provides the capability to simulate composite
failure mechanisms. The pertinence of this approach has been
previously demonstrated by studying failures in natural rock slopes
involving progressive failure mechanisms (Bonilla-Sierra et al.,
2015a). In particular, the DEM-DFN approach enables to simulate
the spatiotemporal evolution of the micro-cracking occurring
within the intact rock as well as the creation of critical failure
surfaces through the coalescence of both induced and pre-existing
fractures (Harthong et al., 2012; Scholtés and Donzé, 2012; Bonilla-
Sierra et al., 2015b). The model output can be analysed to identify
the development of critical failure surfaces and to estimate the
kinematics of the failure.

The DEM has been used extensively in the analysis of rock slope
instabilities due to its high capability to simulate fracture initiation
and propagation (Stead et al., 2001). For instance, Eberhardt et al.
(2004) and Eberhardt (2008) were among the first to present
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discontinuum modelling of massive failures in natural rock slopes,
focussing more specifically on the significance of rock bridges
failure on the overall slope behaviour. The kinematic mechanisms
and fracture propagation in large open pit mines were also inves-
tigated (Elmo et al., 2009), assessing the reliability of standard slope
stability analysis methods in two (2D) and three dimensions (3D).
Later on, combined remote sensing techniques were coupled with
3D discrete element analysis to assess the instabilities of a quarry in
Italy (Francioni et al., 2014), presenting and discussing the advan-
tages and disadvantages of using realistic 3D surfaces coupled to a
3D geomechanical model.

In this paper, the main objective tries to use the DFN-DEM
approach as a tool to gain insights into validating candidate
structural models for a case study dealing with composite failure
processes (yielding along pre-existing structures and yielding of
the rock matrix). DFN-DEM modelling was applied to studying the
collapse of a wedge that occurred on an open pit wall in an
Australian coal mine. The highwall of the coal mine was surveyed
by the CSIRO using stereo photogrammetry although the process
described in this paper is compatible with the use of any high
resolution topographic data (e.g. laser). The wedge was first char-
acterised geometrically using digital mapping and imported into
the geomechanical model. The model was calibrated based upon
the available data characterising the joints and the intact rock
properties. Failure was then simulated and analysed from the
original collapse case, testing two different types of rocks, one very
weak and another one moderately strong, according to the classi-
fication by Hoek and Bray (1981). The simulated failure surfaces
were then compared to the one obtained by the digital mapping in
order to validate the predictions of these models.

For additional analysis, the original DFN was modified and even
totally removed to assess the dependence of the failure mechanism
on the structural model and on the mechanical properties of the
rock mass.

2. Case study

A 3D image of the failure surface was first built from photo-
grammetric data acquisition performed after the wedge collapse
(Elmouttie et al., 2012). Visible geological structures could be
identified directly on the 3D image and mapped as polygonal sur-
faces (Fig. 1). The analysis of the failure surface led to the identifi-
cation of two distinct joints as being responsible for the wedge
formation. The beds on the wall are made up of conglomerates,
breccias and pebbly sandstones to siltstones and the dominant
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Fig. 1. Wedge failure in a highwall.

material between the coal seams consists of coarse to fine sand-
stones (Elmouttie et al., 2012).

Close inspection of the 3D image revealed that this was not a
simple wedge failure. Indeed, intact rock failure had occurred to-
wards the bottom of the wedge as suggested by the difference in
the rock surface appearance at this location (Fig. 2). Using a poly-
hedral model analysis, the presence of the unstable block was
correctly identified but did not register as a hazard, since the wedge
is kinematically constrained by its intact rock base due to the
presence of a rock bridge. This example illustrates the limitations of
polyhedral models to assess stability when composite failure
mechanisms are involved (Elmouttie et al, 2012). In order to
overcome this deficiency, a DFN-DEM modelling approach was thus
carried out, focussing on this specific part of the wall.

The wall, mainly made up of sandstone, has been extensively
characterised through laboratory tests (Elmouttie et al., 2012). The
database provides the mechanical properties of a large quantity of
samples taken in different zones of the wall, presenting a high
variability in the mechanical properties between samples. Ideally,
this variability can be represented in the modelling either deter-
ministically (through the use of accurately defined domains) or,
more likely through stochastic representation for rock mass prop-
erties. Given the computational demands of the DEM, an alterna-
tive approach was carried out here to study a limited number of
scenarios.

In this work, the possibility of using the in-situ failure surface
measured by high resolution photogrammetry in order to validate
different failure scenarios was investigated. These scenarios involve
the consideration of either the weakest sandstone or the strongest
sandstone in the rock mass model. The laboratory-scale properties
of both sandstones are listed in Table 1.

3. Structural model

Some geometric simplifications were performed to facilitate the
modelling. In particular, the highwall and discontinuities were
represented as planar surfaces. The volume used for the numerical
model is constrained by the surface built using photogrammetric
techniques (Fig. 3a). The DEN used for the post-failure analysis in-
cludes two polygonal surfaces whose orientations were assigned
accordingly to the structural analysis (Fig. 1). Each surface repre-
sents a pre-existing discontinuity inside the rock mass. The one on
the left has a dip angle of 85° and is oriented N23°W, and the one
on the right has a dip angle of 45° and is oriented N113°E.

This DFN geometry assumes that the persistence of the two
discontinuities is sufficiently large to create the hazardous wedge
and to constrain its stability to the presence of the rock bridge at its

Bedding
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5

Bedding

Sandstoné '~
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7

Fig. 2. Rock failure at the toe of the wedge outlined with a white polygon at the lower
part of the figure.
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Table 1
Laboratory-scale properties of the rock matrix for weak and strong sandstones.
Material Density Young's Poisson’s Tensile Uniaxial
(kg/m®) modulus, ratio,»  strength, (MPa) compressive
E (GPa) strength
(UCS) (MPa)
Weak sandstone 1900 3 0.3 1 8
Strong sandstone 2300 10 0.2 5 50

Rock bridge

g

v 105 m

(b)

Fig. 3. 3D geometric model and associated DFN used for the numerical simulations. (a)
The surface of the wall built by photogrammetry and (b) the DFN and the volume used
for simulations, merged with the surface of the wall, showing the constrained wedge
(right). The idealised rock bridge is highlighted with the white triangle.

toe. This simplification neglects the presence of other geological
structures, such as bedding planes, to focus the analysis on the
failure of the rock bridge only. One consequence of this simplifi-
cation is that heterogeneity in rock strength, both within the wedge
and surrounding rock mass, is neglected and the observed frag-
mentation of the wedge (with part of the structure remaining in the
highwall) has not been captured in the modelling process (Fig. 3b).

4. Numerical model

DEM was chosen in this study for its capability to model the
progressive failure of the rock matrix (Donzé and Magnier, 1995;

Potyondy and Cundall, 2004). The simulations were carried out
using Yade Open DEM, an extendable open-source software for
discrete numerical modelling (Kozicki and Donzé, 2008, 2009). The
intact rock is represented by an assembly of bonded discrete ele-
ments (DEs, also referred as particles). Each inter-particle bond
obeys elastic-brittle behaviour in both normal and tangential di-
rections. Under external loading, the bonds can break either by
tension or shear failure mechanisms following a modified Mohr-
Coulomb criterion with a tensile cut off (see Scholtés and Donzé
(2013) for details).

The micro-cracks resulting from bond breakage can coalesce
one with another to form macro-fractures. The model was cali-
brated based upon the properties measured by point load index
tests and uniaxial compressive tests carried out on-site. Usually, the
rock mass strength is assumed to be considerably reduced as the
sample size increases. According to Hoek and Brown (1980), the
uniaxial compressive strength UCS; of a rock specimen with a
diameter of “d” in mm can be related to the uniaxial compressive
strength UCSsp of a 50 mm diameter sample by the following
relationship:

0.18
UCS; = UCSsg (%) (1)

Hence, this criterion was used to consider the reduction in
strength related to the increase of the sample, ie. from the
laboratory-scale to the metre-scale. A scaling factor of 0.6 was
consequently applied to the strength measured at the laboratory to
consider the scale effect at the metre-scale. Consequently, the
aforementioned UCS values of 8 MPa and 50 MPa were scaled to
obtain the UCS1ggg values of 5 MPa and 30 MPa for the weak and the
strong sandstones, respectively. The properties of both sandstones
are summarised in Table 2.

To reproduce the behaviour of these two sandstones, a calibra-
tion of the model was carried out to determine the related DEM
parameters. The elastic properties and the strength of the simu-
lated rock are determined by performing uniaxial tensile and
compressive tests, as well as triaxial tests simulations.

In the present DEM model, the non-linearity of the failure en-
velope and the ratio between the tensile strength and the
compressive strength of both types of sandstone are controlled by
the number of interaction forces per DE (which controls the degree
of interlocking, see Scholtes and Donzéfor (2013) for details), which
can be set by defining a given interaction range coefficient that
allows for near neighbour interaction. The larger this coefficient is,
the larger the number of interaction forces and the more brittle the
material are. On the contrary, if the coefficient is close to one, the
simulated material presents a granular fabric and behaves as a
weak rock.

The DEM parameters used to simulate the macroscopic re-
sponses of the weak and the strong sandstones are summarised in
Table 3. Therefore, the mechanical properties determined at the
laboratory-scale and at the macroscopic scale for the weak and
strong sandstones presented in Tables 1 and 2, respectively, are
consistent with the bond-scale values shown in Table 3. The stress—
strain curves obtained by uniaxial tensile and compressive tests
simulations are plotted in Fig. 4 for both types of sandstone. The
predicted failure envelopes for weak and strong sandstones and the
related stress—strain curves are presented in Fig. 5. A linear fit
between the axial stress and the confining stress allows for the
estimation of the corresponding friction angle of the rock material
(Hoek and Brown, 1997).

No experimental data were available for the joint properties.
The joint surfaces were described on-site as clay-coated and weak
with significant oxidation. A friction angle of 20° was then assumed
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Table 2
Macroscopic properties of the rock matrix for weak and strong sandstones.
Material Volumetric mass Young’s modulus, Poisson’s Tensile ucs Cohesion Friction
density (kg/m?) E (GPa) ratio, v strength (MPa) (MPa) (MPa) angle (°)
Weak sandstone 1900 3 0.3 0.6 5 14 31.1
Strong sandstone 2300 10 0.2 3 30 6.4 42.5
Table 3
Bond-scale properties of the rock matrix for weak and strong sandstones. D is the harmonic mean of the interacting particles diameters (Scholtés and Donzéfor, 2013). Here,
D =0.88 m.
Material DE density  Bond normal Bond shear/normal  Bond tensile Bond cohesion  Bond friction =~ Number of Interaction range
(kg/m>) stiffness (GPa m) = stiffness ratio strength (MPa)  (MPa) angle (°) contacts per DE  coefficient
Weak sandstone 3390 6D 0.45 1 8 13 8 1.02
Strong sandstone 4110 18D 0.35 3.8 38 15 10 1.13

in the model. Such an assumption was deemed acceptable given the
goals of this research were to demonstrate the use of high resolu-
tion failure surface data to validate model selection. However,
discontinuity surface properties can represent a significant source
of uncertainty in the geomechanical modelling process.
Discontinuities are explicitly included in the DEM model by using
the smooth joint model (SJM) which ensures a constitutive me-
chanical behaviour of the discontinuities (Cundall et al., 2008; Mas-
Ivars et al., 2011; Scholtés and Donzé, 2012). The SJM formulation
consists in reorienting each inter-particle interaction intersecting
the discontinuity plane, according to its surface orientation, in order
to avoid the dependence of the behaviour on the model discretisa-
tion and on the DE shape (see Scholtés and Donzé (2012) for details).
The joint behaviour was calibrated through direct shear tests sim-
ulations. The stress—strain curves obtained for constant normal
loads ¢y, ranging from 0.25 MPa to 1.5 MPa are shown in Fig. 6 along
with the associated failure envelope. The SJM formulation ensures a
direct equivalence between the macroscopic properties and the
bond-scale properties. Therefore, a calibrated inter-particle friction
angle equal to 20° leads to a macroscopic friction angle of 20°.

5. Strength reduction method

In the presence of rock bridges, the slope model can remain
stable after the application of initial stress conditions induced by
gravity loading. In this case, a strength reduction method, i.e. the
tensile and shear strength reduction (TSSR) method, was per-
formed to trigger failure (Bonilla-Sierra et al., 2015a,b). The TSSR
method involves the progressive and simultaneous decreases of
both the tensile strength and the cohesion of the inter-particle
bonds making up the rock matrix while the properties of the
joints remain unchanged. Acting at the particle scale, the TSSR
method contributes to decreasing progressively the macroscopic
tensile and compressive strengths of the simulated rock material.

TSSR is used here to simulate the progressive degradation pro-
cess. The method has been successfully applied in previous works
using DEM (Scholtes and Donzé, 2012, 2015). The interest of the
TSSR method is that it involves the progressive decrease of the
inter-particle bond strength by reducing simultaneously both their
tensile and shear components. The result of this local strength
reduction is the reduction of the global strength of the material and
the possibility for micro-cracks to develop in places where the
stresses concentrate. Although being an oversimplification of the
actual degradation process taking place in nature, the method
presents the advantage of keeping the same shape for the failure
envelope of the rock material during the degradation process,
ensuring therefore a realistic behaviour. In addition, keeping record
of the value of the reduction factor applied at the bond-scale, it is

possible to evaluate the strength properties of the material at
failure. The TSSR method is controlled through the introduction of a
TSSR factor, which is applied iteratively to the initial bond strength,
until failure occurs (Bonilla-Sierra et al., 2015a).

Eventually, as a result of this degradation process, failure occurs
at locations where the material is no longer able to sustain the
loading. The progressive failure of the rock mass can be tracked by
monitoring the spatiotemporal distribution of the micro-cracks
that appear as the material strength decreases. Finally, a failure
surface can be determined from the location of the micro-cracks
inside the model.

In this study, the slope model was first stabilised by applying
gravity in order to initialise the in-situ stress conditions. It is
necessary to adjust the volumetric mass density from the
macroscopic scale to the particle scale (see Tables 2 and 3), based
on the difference in porosity between the real rock and the DE
assembly, in order to ensure an equivalent stress field inside the
model. After stabilisation, the rock matrix strength was then
gradually reduced by iteratively applying the TSSR method every
1000 iterations until failure occurred. The strength reduction
is applied every 1000 iterations because through experience, it
had been observed that during this period, the model may
recover its stability in a conservative manner and a new strength
reduction can be applied. In any case, strength reduction is per-
formed only if the model is stabilised by checking the amount of
particles having a velocity higher than the predefined threshold
discussed below.

The strength reduction factor is defined as follows (Bonilla-
Sierra et al., 2015a):

Current strength

TSSR = Initial strength

(2)

The TSSR factor is decreased iteratively until an unstable DE
volume is detected in the model. This unstable volume is calculated
at each iteration step and is defined as the volume of particles
experiencing a velocity higher than 1 cm/s. This threshold was
chosen after applying the TSSR factor to several cases with similar
discretisation since the destabilisation was irreversible once the
velocity of the DE exceeds this value. Defining Vj, as the volume of a
particle, the quantity of 1000V, which is around 10% of the volume
of the wedge, was chosen as the threshold value for characterising
slope failure. This threshold choice is the result of previous simu-
lations run in a similar scale, i.e. similar DE size (Bonilla-Sierra et al.,
2015a,b), in which the value of 1 cm/s had shown to represent a
reliable stability indicator. When the volume of particles with ve-
locity higher than 1 cm/s is greater than this threshold, failure is
said to occur and the TSSR is no longer applied.
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Fig. 4. (a) Stress—strain curves obtained from uniaxial tensile and (b) compressive test
simulations performed on the rock matrix for the average and maximum values cali-
brated to the weak and the strong sandstones, respectively. (c) Evolution of the amount
of micro-cracks during the tensile tests.

6. Results
6.1. Stability analysis
In Fig. 7, the evolutions of the unstable volume and of the

strength reduction factor are plotted as a function of the simulation
time, for both types of sandstone. Before the TSSR factor was
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Fig. 5. (a) Stress—strain curves obtained from triaxial tests with the corresponding
confining stress given on the top left corner, and (b) the predicted failure envelopes for
the strong and weak sandstones.

applied, the system went through a stabilisation phase under the
application of the gravity force. Once the entire volume was sta-
bilised, i.e. the unstable volume was nil, the TSSR was then itera-
tively applied until failure occurred (black curve in Fig. 7). Before
failure, indicated by a vertical black dashed line in Fig. 7, the slope
destabilised basically each time the TSSR was applied. However, the
model reached a new equilibrium state before the next strength
degradation was applied.

In parallel, the amount of micro-cracks occurring during the
simulation was recorded. As soon as the rock strength was reduced
to 3.2% and 23.7% of their initial values for the strong and weak
sandstones, respectively, the number of micro-cracks located at the
toe of the wedge started to increase dramatically and kept
increasing as failure occurred (Figs. 8 and 9). For both types of
sandstone, notwithstanding the differences in their strengths, the
location of the initial fracturing pattern was in a good qualitative
agreement with the observation made in field.

As shown in Figs. 10 and 11, failure developed as a result of the
coalescence of micro-cracks propagating upward from the toe of
the wedge in both cases, with a larger process zone for the strong
sandstone because of the greater interlocking effect. The number of
micro-cracks was also higher in the strong sandstone model than
that in the weak sandstone model, due to the higher density of
initial cohesive bonds. As a consequence, micro-cracks started to
appear at the front part of the wall surrounding the wedge. The
initiation and further propagation of the micro-cracks at the toe of
the wedge triggered the destabilisation of the whole block.

As expected, the total unstable volume corresponds to the entire
wedge volume, which is around 3200 m?, as observed in the lower
right of Figs. 10 and 11.
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corresponding predicted failure envelope for the rock joint.

The failure mechanisms driving the destabilisation of the wedge
seem to be comparable for both weak and strong sandstones. To
highlight the similarity in the failure pattern for both, a side view of
the velocity field is plotted after failure in Fig. 12, showing the
wedge sliding towards its base.

6.2. Failure surface identification

In the DFN-DEM model, macro-fractures result from the coa-
lescence of micro-cracks (Scholtés and Donzé, 2015). The micro-
cracks located at the toe of the wedge were thus isolated in order
to identify the failure surface (Fig. 13). As mentioned in the previous
section, the number of micro-cracks is lower in the weak sandstone
model. The consequence is a difference in the density of the micro-
cracks at the toe of the slope for each case. Nevertheless, the
localisation of the failure surface was very similar for both cases
(Fig. 13).

The micro-cracks form a point cloud whose convex hull can be
computed using any mesh-processing software. The convex hull is
defined as the boundary of the minimal convex shape that contains
the given set of points. In 3D, the convex hull is a convex poly-
hedron (de Berg et al., 2008). The polyhedron can then be meshed
using triangulation techniques over its constitutive points.

From the resulting volume, the failure surfaces for both weak
and strong sandstones could thus be extracted as the lower
boundary of the polyhedron. Since the numerical model was
created within the same geo-referencing system used to generate
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Fig. 7. The TSSR factor (black dashed curve) and the evolution of the unstable volume
(blue continuous curve) as a function of the iteration numbers for the weak sandstone
(a) and strong sandstone (b). The threshold volume is shown with the horizontal blue
dashed line. The vertical black dashed line delimits the iteration at which failure
occurred.

the 3D image, the failure surfaces extracted from the numerical
simulations could be directly superimposed on the original failure
surface measured using photogrammetry. As observed in Fig. 14, a
good qualitative agreement is found between the numerical pre-
dictions and the actual failure surface.

For further analysis, a quantitative comparison between the
simulated and observed failure surfaces was performed by calcu-
lating the minimum distances between the simulated micro-crack
locations and the best-fit plane to the failure surface (Table 4).
Despite a quantitative agreement, a discrepancy arises in the dip
direction of the simulated data. This discrepancy can be observed in
Fig. 15, where the generated micro-cracks (in red) are superposed
over the location of the actual failure surface, represented by its
contour (in blue). We attribute this to the relatively sparse point
cloud used to fit the failure surface in the model. This difference
might be reduced by increasing the density of the DE assembly used
in the simulations. Both modelled scenarios were found to be
consistent to the high resolution photogrammetric data of the
failure surface. The final unstable volume was similar for both
sandstones, and was equal to the total volume of the wedge con-
strained by the discontinuities. Qualitatively, it was observed that
the failure mechanism was controlled by the geological structures
considered in the model rather than by the mechanical properties
of the rock. Note that the local strength (i.e. at the bond-scale) at
failure was different in each case. The local strength of the strong
sandstone had to be reduced up to 3.2% of its initial value in order to
trigger failure, which is around eight times lower than the TSSR
factor needed to destabilise the wedge in the case of the weak
sandstone model. For instance, at the bond-scale, the final local
tensile strength for the weak sandstone was 0.24 MPa and the final
local cohesion was 1.92 MPa, which correspond to a reduction of
23.7% of their initial values. For the strong sandstone, the final local
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Fig. 8. For the weak sandstone, the evolution of the unstable volume (blue continuous
curve) and the cumulative amount of micro-cracks (red dashed curve) as a function of
the iteration numbers. The threshold volume is shown with the horizontal blue dashed
line. The vertical black dashed line delimits the iteration at which failure occurred.
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Fig. 9. For the strong sandstone, the evolution of the unstable volume (blue contin-
uous curve) and the cumulative amount of micro-cracks (red dashed curve) as a
function of the iteration numbers. The threshold volume is shown with the horizontal
blue dashed line. The vertical black dashed line delimits the iteration at which failure
occurred.

tensile strength was 0.12 MPa and the final local cohesion was
1.2 MPa. These differences at the bond-scale can be explained by
the difference in the degree of interlocking between the two types
of rock; more contacts per DE lead to higher decrease in their
strength in order to reach the critical state.

We can therefore confirm that, given the model assumptions
and simplifications used in this study, the weak sandstone model
seems to provide consistent results with the weathered rock
strength properties identified in the field.

7. Influence of the rock bridge size

The detachment of the wedge resulted from stress concentra-
tion at the toe of the wedge, where the rock bridge was located. In
this particular case, the failure mechanism and the associated un-
stable volume seem to be strongly controlled by the geometry of
the discontinuities that constrain the rock bridge to a reduced area
located at the toe of the wedge. To investigate the contribution of
the DFN to the failure surface geometry, different configurations
were simulated.

7.1. The modified structural model

In the original case study, the area at the toe is estimated to be
only 2.5% of the total surface area of the wedge, highlighted in red
in Fig. 16a. In this particular case, it has been observed that the
failure mechanism and the unstable volume were likely controlled
by the DFN configuration rather than by the rock properties. By
considering a different structural model, and therefore a larger area
for the rock bridge, a different mechanical response may be ex-
pected. To do so, the DFN was pushed back inside the slope so as to
increase the area of the rock bridge to 9% of the total surface area of
the wedge as observed in Fig. 16b. The dip and dip direction of the
discontinuities were kept unchanged.

Fig. 10. 3D view of the weak sandstone model. On the top, the micro-cracks (left) and the velocity field (right) at 12,000 iterations. On the bottom, the micro-cracks (left) and the

velocity field (right) at 13,000 iterations.
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Fig. 11. 3D view of the strong sandstone model. On the top, the micro-cracks (left) and the velocity field (right) at 15,000 iterations. On the bottom, the micro-cracks (left) and the

velocity field (right) at 16,000 iterations.

7.2. Failure mechanism

Simulations were run using the modified DFN for both strong
and weak sandstones and the results were compared with the
original configuration described in previous sections. The same
TSSR method was applied in order to trigger failure.

For both the weak and strong sandstones, the collapsing volume
can be identified and located through the velocity field at failure. To
visualise the failure mechanisms, a vertical cut of the velocity field
is plotted for both sandstones (Fig. 17). Contrary to the original case
study, the mechanical properties of the rock appeared to have here
an effect on the failure mechanisms of the wedge. For the weak
sandstone, a circular slip surface, typical of weak homogeneous
slopes, can be distinguished (Fig. 17, top). This behaviour results
from the mechanical properties of the simulated medium. Indeed, a
small degree of interlocking (DE interaction radius equal to 1.02 m)
and a friction angle equal to 31.1° correspond to weathered rock
masses or soil-like materials which are prone to circular failure
(Wyllie and Mah, 2004). On the other hand, the strong sandstone
has a larger degree of interlocking (DE interaction radius equal to
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1.13 m) and a friction angle equal to 42.5° and clearly, the failure
surface looks stepper and shallower than those in the case of the
weak sandstone, as shown in Fig. 17 (bottom).

The influence of the mechanical properties of the rock material
on the failure mechanisms was also investigated. It was shown that,
although the structural features constrained the resulting unstable
volume, they did not control the failure mechanism. The volume
mobilised depends here on the strength of the sandstone. For the
strong sandstone, the total volume of the wedge was partially
destabilised, and its failure surface was shallower and steeper than
those observed for the weak sandstone. For the latter, the entire
volume of the wedge failed along a circular failure surface.

8. Stability of homogeneous rock masses

The importance of pre-existing structures was studied and it has
been found that, depending on the size of the rock bridge, the
failure mechanism and the mobilised volume may vary if the me-
chanical properties of the rock are modified. To conclude the
analysis on the mechanical properties of the rock and their effect on
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2

0.16
|'O.]2

0.08
jo.o4 -
0.015

Fig. 12. Vertical cut of the velocity vector field plotted for the weak sandstone at 14,000 iterations (left) and for the strong sandstone at 17,000 iterations (right).
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Fig. 13. Point cloud representing the micro-cracks appearing at the toe of the wedge for the strong sandstone after 14,000 iterations (top) and for the weak sandstone after 11,000

iterations (bottom).

Fig. 14. Failure surface (in red) superposed to the highwall surface for the strong (left) and weak (right) sandstones.

rock slope stability, the DFN was removed in order to study the
behaviour of the intact slope as a function of the nature of the rock
material.

The TSSR method was applied in the same way as it was applied
for the two previous cases. The unstable volume calculated at 3000
iterations after failure for the weak sandstone was around 6400 m>
and tended to increase during the simulation. The velocity field at
that moment of the simulation is shown in Fig. 18a. A curved failure
surface can be identified from the vertical cut of the velocity field
presented in Fig. 18b.

Table 4
Summary data comparing the simulated and observed failure surfaces.

In comparison to the weak sandstone, the unstable volume
recorded at 3000 iterations after failure for the strong sandstone
was 3300 m?, which is two times lower. In Fig. 19, the velocity field
registered at that moment shows that the unstable volume for the
strong sandstone was distributed at an equivalent height on the
slope face as for the weak sandstone. Nevertheless, the depth of the
failure surface is less important when the material strength is
higher.

In the presence of pre-existing discontinuities, failure surface
can be controlled by the location and the orientation of the

Surface Number of cracks Best-fit-plane orientation Exposed area of failure Average distance from simulated
in analysis (dip/dip direction + 2°) surface (+5 m?) (m?) to observed surface (+1 m) (m)

Simulated surface (strong sandstone) 16 22°/011 46* 0.59

Simulated surface (weak sandstone) 9 24°/008 38* 0.36

Observed 3D surface NA 30°/005 50 NA

Note: “*” means the values are calculated by projecting simulated failure surface onto observed best-fit plane and computing area of convex hull.
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Fig. 15. Superposition between the simulated micro-cracks (in red) and the observed failure surface (point cloud in blue), for the strong (left) and weak (right) sandstones.

Fig. 16. Idealised rock bridge surfaces. (a) The original DFN with 2.5% of the total surface of the wedge as rock bridge and (b) the modified DFN with 9% of the total surface of the

wedge as rock bridge.

vel (m/s)

®)

Fig. 17. Vertical cut of the velocity field plotted (a) for the weak sandstone at 31,000
iterations and (b) for the strong sandstone at 38,000 iterations.

geological features. Without discontinuities, only the material
strength has an impact on the failure mechanism. For both types of
sandstone, the unstable volume was homogeneously mobilised
along a shallow circular surface, with differences in the depth and
height depending on the mechanical properties of the rock. The
failure observed for the weak sandstone presents a deep radius
surface, in contrast with the shallow surface observed for the strong
sandstone.

9. Discussion

In order to establish a qualitative understanding of the relative
importance of the DFN geometry and material properties, the
mechanical response of an open pit wall was studied under three
different geometric scenarios, using two types of materials
respectively calibrated to weak and strong sandstones. In the first
scenario, the original DFN configuration constrained the rock
bridge to a small area (2.5% of the total surface area of the wedge).
In the second scenario, the DFN configuration was modified to in-
crease the size of the rock bridge up to four times its original area.
In the third scenario, the DFN was removed and the analysis was
done focussing only on the influence of the mechanical properties
of the rock matrix.

The ratio of the unstable volume to the total volume of the
model (DE volume) is plotted in Fig. 20, as a function of the ratio
between the rock bridge area and the total surface area of the
wedge. When the rock bridge is small (original DFN), the entire
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Fig. 18. Velocity field at 20,000 iterations for the weak sandstone: (a) 3D view and (b)
centred vertical cut.
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Fig. 19. Velocity field at 24,000 iterations for the strong sandstone: (a) 3D view and (b)
centred vertical cut.
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Fig. 20. Relationship between the unstable volume and the size of the rock bridge at
the toe of the wedge.
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Fig. 21. Dependence of the TSSR factor at failure on the presence and size of the rock
bridge at the toe of the wedge.

wedge is mobilised. When the rock bridge is larger or when there
is no DFN, the mobilised volume is higher for the weak sandstone
than that for the strong sandstone. However, in the case of the
enlarged rock bridge, the mobilised volume is still constrained by
the DFN, as 100% of the wedge volume collapsed for the weak
sandstone, whereas 70% of the wedge collapsed for the strong
sandstone. Due to the drastic strength reduction needed to
trigger failure, areas surrounding the lower left part of the wedge
were also destabilised. To summarise, the unstable volume is
strongly controlled by the presence of the discontinuities that
constrain the size of the rock bridge. As their configuration is
modified, and the size of the rock bridge is increased, the ma-
terial properties remain the predominant factor controlling the
stability.

Regarding the TSSR factor, i.e. the strength reduction needed to
trigger failure, the strength of the strong sandstone was reduced
to lower values than the strength of the weak sandstone in all the
cases. At the bond-scale, this is explained by the difference in the
degree of interlocking between the two types of rock; more con-
tacts per DE lead to higher decrease in their strength in order to
reach the critical state. For both types of sandstone, the TSSR factor
at failure decreases as the size of the rock bridge increases and it is
similar to the factors obtained in the absence of DFN, as observed
in Fig. 21. This can be explained by the fact that when the size of
the rock bridge increases, the proportion of intact rock that as-
sures the stability increases, and thus the rock strength has to be
reduced to a lower value in order to destabilise the model. The
decrease rate is also higher for the weak sandstone, indicating that
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mechanically, this one is more affected by the presence of struc-
tural features.

10. Conclusions

The stability of an open pit highwall was assessed through nu-
merical modelling. The study focused on a particular area of the
wall where a wedge collapsed. A preliminary kinematic analysis
based on polyhedral modelling showed that the wedge would
remain stable due to the presence of a rock bridge at its base. DFN-
DEM modelling was thus used for its capability to model the pro-
gressive failure of this kinematically constrained wedge.

Two types of sandstone were considered in the analysis, labelled
respectively weak and strong, to include the high variability of the
on-site characterisation. The geomechanical models were thus
calibrated to either the weak or the strong sandstone in order to
evaluate the effect of the mechanical properties on the failure
process.

A strength reduction method, i.e. the TSSR method, was applied
to simulating the progressive failure of the wedge. The coalescence
of the micro-cracks propagating inside the model provided a
simulated failure surface that was compared to the failure surface
measured in the field through photogrammetric measurements.
The difference of strength between the weak and strong sandstones
showed no impact on the location or orientation of the simulated
failure surface and both configurations were consistent with field
measurements.

Furthermore, to investigate the effect of the mechanical prop-
erties of the rock on the failure mechanism and on the failure
surface prediction, the DFN was modified in order to increase the
size of the expected rock bridge. In this particular case, the coa-
lescence of the micro-cracks could not provide a specific failure
surface either for the weak sandstone or for the strong sandstone.
The failure mechanism could be observed by assessing the unstable
volume and the velocity field that showed differences in the way
the wedge was mobilised depending on the strength of the mate-
rial. In the case of the weak sandstone, a circular failure surface
could be observed. For the strong sandstone, a shallow surface
could be identified on the face of the wall. Moreover, it has been
seen that the mechanical response of the weak sandstone was more
affected than the strong one, in the presence of the structural
features.

The proposed method has potential to validate modelling pa-
rameters such as rock strength or rock mass structure through
comparisons between observed and predicted failure surfaces. A
limiting factor of such approach lies in the limitation of the model
resolution which can complicate comparison and interpretation of
the simulated failure surface with the use of high resolution
topographic data.
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