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A B S T R A C T

This study investigated the role of the geometrical parameters of a wedge block on its stability using physical and
numerical modeling. For the purpose of physical modeling, a new experimental setup was developed, and the
stability of rock slopes was modeled. Sensitivity analysis was performed on four geometrical parameters: tilt angle
of the wedge (β), included angle of the wedge (ξ), the apparent dip of the slope in the sliding direction (Ψfi), and
the difference in dip direction of the slope face and discontinuities intersection line (Δα). A total number of 89
rock slope models were tested, and the wedge factor (K) was calculated for each model. Subsequently, 3D nu-
merical models, corresponding to each physical model were conducted. Rock slope face inclination was applied by
defining gravity vectors in different directions, which led to the development of models with a much simpler
geometry. Ultimately, numerical modeling results almost align with the outcomes of physical modeling. Good
agreement was observed between physical and numerical models and the existing analysis. According to the
results, the behavior of the wedge-shaped block and its safety factor depends on the geometric conditions of the
wedge and its slope, regardless of the rock material properties, as models were tested with two different materials.
Additionally, sensitivity analysis demonstrates that by increasing Δα, the slope safety factor was increased, as
expected. Finally, practical graphs were developed by which the safety factor against the wedge failure can be
estimated using the geometrical parameters of the wedge and the rock slope.
1. Introduction

One of the main and classical problems in geotechnical engineering
is to evaluate and maintain the stability of natural and man-made rock
slopes. In plenty of civil projects such as highways, dams, building
constructions, and also for mining purposes, especially in open pit
mines, these excavated slopes may become unstable and lead to several
casualties and economic consequences (Kumsar et al., 2000; Yang et al.,
2024). Therefore, in many geotechnical and mining projects, slope
stability analysis is an essential requirement. A failure in a soil/rock
slope is caused by the predominance of driving forces over resistance
forces. The factor of safety is a common parameter in the design of
slopes and considering its uncertainties (Wu et al., 2023). Many pa-
rameters such as geological and lithological conditions of the slope, the
slope's specific geometry, the state of joint sets, dimensions of the rock
slope, ground and underground water conditions, and earthquakes are
leading to different types of soil/rock slope failures (Amini et al., 2023;
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Bowa, 2020; Jaiswal et al., 2024; Mahmoodzadeh et al., 2023). In
general, plane failure, wedge failure, toppling failure, circular failure,
and in some cases a combination of different failure types could happen
in rock slopes (Wyllie and Mah, 2004). There are various methods to
identify the probable modes of failure and analyze the stability of
slopes, such as kinematic analysis, analytical approaches, and numeri-
cal and physical modelings. Kinematic analysis is a simple and practical
way to identify the probable modes of failure, and deterministic kine-
matic analysis can be done with a classical method called stereographic
projection technique (Zheng et al., 2016). As a result, numerous re-
searchers such as Goodman (1976), Hoek and Bray (1981), and Yoon
et al. (2002) had utilized this technique. Limit analysis is another
method of kinematical analysis and Li et al. (2023) have utilized
upper-bound limit analysis for slope stability. The limit equilibrium
technique is classified as an analytical approach. Simplified Bishop and
modified Bishop, Fellenius, Janbu, Spencer, Morgenstern-Price, Swed-
ish circle, and Sarma are among the most common limit equilibrium
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Fig. 1. Wedge factor illustrated as a function of wedge geometrical properties (Wyllie and Mah, 2004).
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techniques (Ahmed et al., 2012; Alfat et al., 2019; Hazari et al., 2020;
Jiang and Yamagami, 2004; Kumar et al., 2024; Prabowo et al., 2024;
Sarfaraz et al., 2023b; Sheng et al., 2021). Numerical simulation of
slope stability analysis could be modeled in both continuum or dis-
continuum environment (Wang et al., 2012, 2014). Stability analysis of
slopes can be modeled physically using a tilting table or centrifuge
(Amini et al., 2015; Ling et al., 2009). It is worth to be mentioned that,
the above-mentioned methods can be coupled with each other (Singh
et al., 2024).

Wedge failure is a type of failure that occurs specifically in rock slopes
with two sets of intersecting joint sets (Hoek et al., 1973). Based on the
placement of the two joint sets and consequently formation of tetrahedral
wedges, three different modes of failure may occur: sliding along the
intersection line, sliding along joint one, sliding along joint two (Jiang
et al., 2013; Lucas, 1980; Zheng et al., 2016). In some cases, there is a
possibility that the joint sets will not form any wedges (Zheng et al.,
2016). The mechanism of this failure and the contributing factors in
estimating the factor of safety is one of the rock mechanics and
geotechnical engineers’ goals.

The wedge failure has been investigated by some researchers over the
years, and the modes of failure were differentiated by them (Chen, 2004;
Goodman, 1976; Hoek and Bray, 1981; Lucas, 1980). In addition, several
previous analytical studies on wedge failure mechanism have been done
mainly by Wittke (1965), John (1970), Hoek et al. (1973), Kov�ari and
Fritz (1975), and Hoek and Bray (1981); in this regard, physical exper-
iments also have been done by researchers such as Kumsar et al. (2000).
Other researchers such as Zheng et al., (2016, 2017) developed a prob-
abilistic kinematic analysis for analyzing the procedure of wedge failure
and its applicability in engineering projects like an open pit mine or a
hydropower site. Hoek et al. (1973) presented a preliminary graph for
calculating the wedge failure factor of safety for cohesionless planes.
According to this analysis, the safety factor of a wedge block depends on
2

three slope geometrical parameters: the tilt angle of the wedge (β), the
included angle of the wedge (ξ), and the apparent dip of the slope in the
sliding direction (Ψfi).

According toWyllie andMah (2004), the initial condition for sliding a
rock wedge, developed by cohesionless discontinuities, is as follows:

ϕ < ψ i < ψ fi (1)

where ψfi is the apparent dip of the slope in the sliding direction, ψ i is the
dip angle of the discontinuities' intersection lines, and ϕ is the friction
angle of the discontinuities. Based on this analysis, if the intersecting
discontinuities have the same friction, the safety factor of the wedge
(FSW) can be calculated as a ratio of the safety factor of a cohesionless
plane (FSP) under the same condition.

FSW ¼ K ⋅ FSP (2)

FSP ¼ tan ϕ

tan ψ i
(3)

K ¼ sin β

sin
�

ξ
2

� (4)

where K is the wedge factor, ϕ is the friction angle of the discontinuities,
ψ i is the dip angle of the discontinuities' intersection line, β is the tilt
angle of the wedge and ξ is the included angle of the wedge. The wedge
factor, as a function of the wedge geometrical properties, is illustrated in
Fig. 1.

As stated above, the Hoek et al. (1973) approach has some limitations
in use. For instance, the planes must be cohesionless and the friction
angle of the planes must be the same. Jiang et al. (2013) solve these curbs
by introducing a new method for obtaining the effective normal forces



Fig. 2. Experimental setup dimension plan; (a) Isometric view, (b) Top view, (c) Front view, (d) Side view.
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acting on the plane in analyzing the stability of rock wedges. Moreover,
previous methods mostly discuss the effect of the apparent dip of the
slope in the sliding direction. However, the effect of the angle difference
between the direction of the slope face and the orientation of the inter-
section line of the discontinuities, defined as Δα, can play a significant
role in accurately determining the wedge's failure mode and its safety
factor.

This paper aims to study the effect of the slope geometrical parame-
ters, the mentioned wedge factor, andΔα angle, on the slope stability and
behavior.

The investigation procedure in this study included three parts. The
first part was to find appropriate material for constructing physical
models, with the ability to provide the specific required properties. The
second part was to design and construct a testing setup, based on variable
parameters. The last part was conducting a series of physical and nu-
merical models with a variation of wedge and slope geometrical pa-
rameters. Each part of the investigation is presented in the following
sections.

2. Physical modeling

2.1. Material properties

Using the appropriate materials in physical modeling is an essential
asset for having a reliable result. In this study, friction powder and Fir-
uzkuh silica sand were used to model wedges in different geometric
conditions.

The friction powder is a white laboratory material that is commonly
used to build and model blocks with specific geotechnical specifications.
This powder consists of BaSO4, ZnO, clay, fine sand, gypsum, and Vase-
line, which forms a uniform block with specific properties under a certain
amount of pressure (Amini et al., 2017, 2018).
3

In order to study the effect of the geometrical parameters on the
wedge stability, the strength properties of the discontinuities must be
unchanged throughout the tests. As this study was limited to cohesionless
discontinuities, according to Eqs. (2)–(4), the friction angle of the dis-
continuities is the only strength property that plays a role in the stability.
The friction angle is itself a function of the block density, so the density of
the wedge block must be constant in all the tests. In these experiments,
powder blocks were modeled with a bulk density of ρ¼ 2500 kg/m3. The
interface friction angle between the wedge block and modeling setup's
plates, simulating the discontinuities, was measured equal to 35� through
some slip tests.

Silica sand is known as a standard soil and its use in geotechnical
research is very common (Ahmadi et al., 2018; Khosravi et al., 2011;
Moussaei et al., 2019; Sabermahani et al., 2009). Therefore, as an
alternative modeling material, Firuzkuh silica sand with a bulk density of
ρ ¼ 1400 kg/m3, a water content of ω ¼ 10 %, and an interface friction
angle of ϕ ¼ 28o was used in this study. Note that the apparent interface
cohesion due to capillary force was ignorable and is not considered in this
study.
2.2. Experimental setup

According to the basic analysis of the wedge failure discussed previ-
ously, the modeling setup should have the ability to model various
geometrical wedge parameters such as β, ξ, ψfi, and Δα. In this regard, a
new movable experimental setup was designed and combined with an
existing tilting table in the Laboratory of Rock Mechanics of the Uni-
versity of Tehran. Using the tilting technique for laboratory-scale phys-
ical modeling of slopes is very common in geotechnical engineering
(Alejano et al., 2012; Amini et al., 2017; Khorasani et al., 2019; Kim et al.,
2016; Kumsar et al., 2000; Rabat et al., 2022; Sarfaraz et al., 2023a).

The modeling setupwas designed in SOLIDWORKS software (BIOVIA,



Fig. 3. A wedge with ξ ¼ 80� and β ¼ 60� resulted from intersecting two
discontinuity planes with dips of 20� and 80�.
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2023), as illustrated in Fig. 2. In order to install on the tilting table, the
setup consisted of a rectangular chassis. To provide a wide range of ξ and
β angles, two semicircular parts create a graded frame at 10-degree in-
tervals, which are assembled and secured with rods and bolts. The two
main discontinuity plates, which are completely the same, smooth and
polished wooden plates forming the wedge, are installed in the graded
frame in specific calculated and required degrees to create particular
geometrical conditions of the wedge in each test. In addition, to inves-
tigate the effect of Δα on the slope stability, the entire frame of the wedge
block model was installed on a rotating circle-shaped base, that can
create the Δα angle in the range of 360� with 10� intervals.

A wide variety of rock wedges resulting from the intersection of two
discontinuities can be modeled by the developed experimental setup. As
an example, Fig. 3 illustrates the intersection of two discontinuities with
Fig. 4. Physical modeling setup; (a) Setup installed on
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dips of 20� and 80�. As can be seen from the figure, it shapes a wedge
with the included angle of ξ ¼ 80� and tilt angle of β ¼ 60�.

The modeling setup was placed on the tilting table as shown in Fig. 4.
The used tilting table consists of a box-shaped structure of 100 cm � 50
cm � 70 cm, with the ability to rotate around a horizontal axis and
provide a maximum inclination of 40�, using an electrical motor. In order
to avoid unwanted dynamic effects in the model inside the box, the table
rotation rate was limited to one degree per minute.
2.3. Model preparation

The quality of the model preparation greatly affects the modeling
results (Vaneghi et al., 2021), therefore, the initial step for creating a
wedge model was to adjust the setup in the desired geometrical angles of
ξ, β, Ψfi, and Δα, for each test. In order to prepare a wedge block with a
uniform target density of ρ ¼ 1400 kg/m3, it was necessary to calculate
the volume of the target wedge in each model. Then by controlling the
required soil mass, the target density could be reached. By knowing the
included angle of the wedge (ξ), the width of the wedge on each
discontinuity plane (W), and the length of the wedge (L), the volume of
the wedge (Vw) was calculated by Eq. (5).

VW ¼ 1
2
W2L sin ξ (5)

A symmetric block prepared inside the setup is illustrated in Fig. 5.
2.4. Methodology

In general, each test is done in four main stages.
the tilting table, (b) Isometric view, (c) Side view.



Fig. 5. A symmetric wedge block with L ¼ W ¼ 20 cm, β ¼ 90�, ξ ¼ 60�; (a) Physical model, (b) Schematization.

Fig. 6. Physical models with Δα 6¼ 0�; (a) Models with positive Δα (β ¼ 60�, ξ ¼ 90�, Δα ¼ þ40�), (b) Models with negative Δα (β ¼ 60�, ξ ¼ 90�, Δα ¼ �40�).
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1. Adjust the modeling setup in the required geometric condition and
prepare the mold for making the wedge block sample,

2. Creating the wedge block with specified material (frictional powder
or moisture sand),

3. Generating the inclination or slope dip (Ψfi), using the tilting table
apparatus with a rate of one degree per minute until the moment that
sliding occurs,

4. At each test, the final inclination angle of the table and slope, which is
practically the dip of the intersection line between two discontinuity
planes (Ψ i), was measured by the apparatus's potentiometer and
recorded.

The dip of the discontinuities intersection line (Ψfi), increases by
tilting the table until the moment of the failure. This is also the moment
when the block is on the verge of sliding so the factor of safety is equal to
one. Eventually, the final value of the angle Ψfi is recorded. Since the
existing tilting table has the ability to create inclinations within 0�–40�,
for creating dips higher than 40� in models, an initial dip has been
applied to the wedge modeling setup.

In the first series of tests, wedges with different angles of β and ξwere
modeled and their corresponding Ψfi was recorded. In the other series of
tests, sensitivity analyses were performed to study the influence of the
difference between dip directions of the slope face and discontinuities
intersection (Δα) on the block stability. In the case of inclined wedges (β
6¼ 90�), the values of Δα have been modeled in two clockwise and
counter-clockwise rotations, as demonstrated in Fig. 6. The positive
5

values of Δα are considered for clockwise rotations; when the upper
discontinuity plane is set through the direction of the tilting table's dip
(Ψfi); and the negative values of Δα are considered for the counter-
clockwise rotations, which put the underside discontinuity plane
through the slope total apparent inclination. In total, 89 tests have been
experimented and analyzed in different geometric circumstances.

3. Numerical modeling

The Distinct Element Method (DEM) is a numerical solution intro-
duced by Cundall (1971) and developed to investigate the response of
discontinuous media in rock mechanics problems. The DEM is a widely
used discontinuum numerical technique to analyze various rock me-
chanical issues such as brittle failure in rock, fault activation influenced
zone and the behavior of rock slopes, generally because of its high
capability to model joints (Bonilla-Sierra et al., 2017; Chen et al., 2023;
Pradhan and Siddique, 2020; Zhao and Collins, 2024).

Based on a DEM code, a series of numerical models were created
corresponding to the physical models. To achieve this, an initial uniform
base block was created, then it was cut with the two specific major
discontinuity planes, or joint sets, forming the wedge-shaped block. The
starting point, orientation, and dip of these planes define the included
angle (ξ) and the tilt angle (β) of the wedge for each model, as shown in
Fig. 7. The Mohr-Coulomb constitutive model was used where the
strength properties of the model were defined similar to those measured
in physical modeling. Typical joint shear stiffness (Ks) and joint normal



Fig. 7. Numerical model set up before and after the failure; (a) Simple wedge (β ¼ 90�, ξ ¼ 90�, Δα ¼ 0�), (b) Wedge with overhanging wall (β ¼ 40�, ξ ¼ 20�,
Δα ¼ 0�), (c) Wedge with Δα 6¼ 0� (β ¼ 60�, ξ ¼ 60�, Δα ¼ þ30�).
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stiffness (Kn) of 10 MPa/m are assigned to both cohesionless joint sets.
In the numerical setup, the tilting of the model is simulated by rota-

tion of the gravity vector, as illustrated in Fig. 8. Then the components of
the gravity vector in three Cartesian directions can be calculated from Eq.
(6). Note that the value of g is assumed to be equal to 9.81 m/s2 in this
study.

g ¼ ð0; g sin ψ i;�g cos ψ iÞ (6)

The identical methodology was applied to numerical wedge models
as in physical models. Accordingly, the slope dip increases by applying
different values for the gravity vector until the moment of failure. This is
the moment when the block is on the verge of sliding, so the FS is equal to
one. In most cases, the stability of the slope is analyzed by observing the
6

behavior of specified points on the model (Bowa and Kasanda, 2020). In
this study, the slope crest, on the top of the wedge block formed by joint
sets, was monitored, and the program provided the unbalanced force
information for this point on the numerical model. Consequently, it
demonstrates the moment when the failure occurs, enabling us to record
the corresponding slope angle as the result for each distinct geometric
condition. Fig. 9 represents the unbalanced force diagram of the slope
crest for a model with Δα ¼ 0�, β ¼ 90�, and ξ ¼ 90� when the wedge
block is on the verge of sliding.

4. Results and discussion

This research was conducted to study the influence of the geometrical



Fig. 8. Simulation of model tilting by rotation of gravity vector in numerical models; (a) Front view, (b) Side view.

Fig. 9. An example of the maximum unbalanced force of a model on the verge of failure (Δα ¼ 0�, β ¼ 90�, and ξ ¼ 90�).
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parameters of wedge blocks on their stability using physical and nu-
merical modeling. To this end, two series of models were conducted. In
the first series, wedges with Δα ¼ 0o, β angles of 90�, 60�, 40� and 20�,
and ξ angles of 180�, 160�, 140�, 120�, 100�, 90�, 80�, 70�, 60�, 50�, 40�,
and 30� were modeled. In the second series, sensitivity analysis was done
with the Δα angle of 100 to 70� for wedges with two β angles of 90� and
60�, and ξ angles of 180�, 150�, 120�, 90�, and 60�. The dip angle of the
slope (Ψ i), was recorded for each model on the verge of failure (FS ¼ 1).

4.1. Models with Δα ¼ 0�

According to Eqs. (2) and (3), at the instant of wedge slippage the
safety factor of the wedge is equal to one. Therefore, the wedge factor can
be calculated from Eq. (7). This equation was applied to calculate the
values of wedge factor in each model.
7

K ¼ tan ψ i

tan ϕ
(7)
The results of physical and numerical models are plotted and
compared with the analytical graphs of Hoek et al. (1973) in Fig. 10.

A very good alignment can be seen between the results of physical
and numerical models and the analytical predictions of Hoek et al.
(1973). Although two different materials were used in the physical
models, the results are consistent and follow the same trend. Therefore, it
can be concluded that the stability of the wedge does not even depend on
its constituent materials and only depends on its geometrical parameters
and resistance properties of the discontinuities. According to these re-
sults, the wedge factor fluctuates between the values of 1 and about 3,
which is consistent with Hoek et al. (1973).

The slight visible difference between the results of physical and



Fig. 10. Comparing physical and numerical results with the analytical graphs of
Hoek et al. (1973).

Fig. 11. Comparing physical and numerical results—Models with Δα 6¼ 0� and
β ¼ 60�.
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numerical models in Fig. 10, especially at the tilt angle of β ¼ 20�, is
probably due to the adhesion caused by moisture between the block and
the discontinuity plates. It should be noted that discontinuity planes were
defined as cohesionless in numerical models.

4.2. Models with Δα 6¼ 00

The previous section was limited to slope models where the wedge
angle, intersection line, and the apparent slope face have the same dip
direction. To address this missing parameter; this difference in dip di-
rections is defined as Δα, and sensitivity analysis on its different values
was done, and the slope face apparent dip (Ψ fi) has been recorded at the
point of failure (FS ¼ 1).

To demonstrate, discuss, and analyze the results of these models, the
inverse equation of the safety factor in plane failure, which is equivalent
to K, and can be defined as a parameter of the FS in wedge failure, was
used. Therefore, the inclination of discontinuity planes intersection line
(Ψ i) is independent of the plane faces friction angle (ϕ); which makes it
possible to discuss the results regardless of the material used in each test.

To discuss and analyze the results, the value of the aforementioned
wedge factor is illustrated in Figs. 11 and 12 as a function of Δα.



Fig. 12. Comparing physical and numerical results—Models with Δα 6¼ 0� and
β ¼ 90�.

Fig. 13. Comparing physical modeling results with Kumsar et al. (2000)
physical models—Δα ¼ 0� and β ¼ 90�.
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According to modeling results, the wedge factor increases by increasing
Δα, resulting in a higher safety factor of the block. This trend continues
till the point when there is no possibility of failure, or sliding occurs on
the lower discontinuity plane. This failure mode happens when one of the
discontinuity planes has a dip direction very close to the slope's apparent
dip direction. In physical models with β ¼ 60�, ξ ¼ 120, Δα ¼ �40 and
β ¼ 60�, ξ ¼ 60, Δα ¼ �50�, the sliding is in this failure mode criteria.

Although both physical and numerical analyses suggest almost the
same behavior in rock slopes, physical models exhibited greater resis-
tance to failure, especially in models with negative values of Δα. This
effect was particularly pronounced in wedges with smaller opening an-
gles, such as models with ξ ¼ 60�. This greater resistance appears to
result from the unavoidable cohesion introduced by moisture between
the plates and the sliding block.

4.3. Comparison with the results of Kumsar et al. (2000)

Kumsar et al. (2000) modeled wedge failure in rock slopes in a
comparable manner, although at a smaller scale. Therefore, concrete
wedge blocks were used in six different geometrical conditions with
included wedge angles (ξ) of 46�, 60�, 72�, 90�, 102�, and 112�, a tilt
angle of β ¼ 90�, Δα ¼ 0�, and a friction angle of ϕ ¼ 35�. Each wedge
was modeled several times, and the dip angle of the discontinuities’
intersection line (ψ i) during the failure of each wedge model was
measured. To compare the results of Kumsar et al. (2000) with the
physical modeling results of this study, based on the values of ψ i and ϕ,
wedge factors (K) were calculated. The results are plotted and compared
in Fig. 13. A very good agreement is seen between the results of Kumsar
et al. (2000), this study and the theory of Hoek et al. (1973).

5. Conclusions

This research was conducted to discuss the effect of geometrical pa-
rameters on wedge failure and evaluate and develop the previous studies
by using physical and numerical modeling. An experimental setup was
designed and built on a tilting table to model wedge failure in different
geometrical states. All the physical and numerical results were demon-
strated and compared in graphs based on the defined wedge factor (K)
and slope safety factor (FS).

(1) Both physical and numerical results clearly show the accuracy of
the analytical graph presented by Hoek et al. (1973). Also, an
unequivocal correlation between the safety factor and geometrical



M. Mahdizadeh et al. Rock Mechanics Bulletin 4 (2025) 100193
parameters was evident, regardless of the rock slope material
properties.

(2) In addition to the parameters studied by Hoek et al. (1973), the
influence of the difference angle between the dip directions of the
slope face and the discontinuity planes intersection line, shown by
Δα, was studied. Results clearly show that increasing Δα resulted
in a higher slope safety factor.

(3) The study of the Δα angle shows that blocks with specific geom-
etries have the possibility of sliding along only one discontinuity,
much like a plane failure. This failure mode occurs if the dip di-
rection of one discontinuity plane is in the same direction as the
slope's apparent dip; if the overall slope dip is higher than the
friction angle between the faces, the block slides along one
discontinuity. According to the results, the safety factor of this
planar failure is less than its equivalent wedge failure, which
means that the block is more likely to slide under the circum-
stances of a planar failure mode. This was visibly seen during both
physical and numerical models.

(4) Eventually, the graphs in Figs. 11 and 12 developed based on
geometrical angles of ξ, β, Δα, and Ψfi, and the discontinuities
friction angle (ϕ). These graphs can be used in the approximate
calculation of wedge failure safety factor, based on the geomet-
rical condition. Notably, since cohesion is inevitable in practical
applications, the results of physical modeling provide a more ac-
curate and realistic representation.
10
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List of Notations

The following symbols are used in this paper:
ξ Included angle of the wedge

В
 The tilt angle of the wedge

Δα
 The difference in dip direction of the slope face and discontinuities intersection line

K
 Wedge factor

Ψfi
 Apparent dip of the slope in the sliding direction

ψ i
 Dip angle of the discontinuities' intersection line

Φ
 Friction angle

FS
 Factor of safety

FSW
 Factor of safety of the wedge block

FSP
 Factor of safety of a cohesionless plane

Р
 Bulk density

Ω
 Water content

W
 Width of the wedge on each discontinuity plane

L
 Length of the wedge

Vw
 Volume of the wedge

Kn
 Joint normal stiffness

Ks
 Joint shear stiffness

G
 Gravity vector
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