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ABSTRACT 

This study investigates the mechanism of rock wedge failure by considering the tensile-shear composite failure of rock bridges 
through three-dimensional discrete element model (3D-DEM) simulations. The DEM model was verified using uniaxial 
compression, Brazilian indirect tension, and central crack Brazilian disk tests. Subsequently, the tensile strength and failure patterns 
of the DEM rock models with multiple existing fractures under different distributions were examined. Finally, an actual case of 
rock wedge failure was studied, and possible wedge failure areas were identified. According to the results, the following conclusions 
can be drawn: (1) The DEM model can accurately simulate laboratory tests in terms of compressive and tensile strength and their 
failure modes. (2) The tensile strength of the rock bridge at various rock bridge angles exhibited a U-shaped curve that was 
significantly affected by the rock bridge angle, spacing, and continuity. (3) The actual slope analysis shows that the tensile strength 
required to resist wedge failure at different rock bridge angles exhibits an inverted U-shaped curve. The upper part of the inverted 
U-curve was defined as a safety zone, whereas the lower part was defined as a failure zone. For low rock bridge angles ranging 
from −20° to 20°, rock wedge failure is prone to occur. (4) Possible wedge failure areas along an expressway were identified. 
Ultimately, the field investigation results agreed with the slope analysis. 
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1.  INTRODUCTION 
Rock wedge failure, which represents rock blocks sliding 

down along the intersection line formed by discontinuities, is a 
common slope hazard of mountain roads. Rock wedge failure is a 
threat to the lives of road users and infrastructure safety (Varnes 
1978; Hungr et al. 2014; Weng et al. 2022). For instance, numer-
ous wedge failure events occurred along Expressway 2, a primary 
road along the northeastern coast of Taiwan (Fig. 1). Owing to the 
well-developed joints penetrating the sandstone layers, rock 
wedges formed easily and slid down. Sliding rock wedges usually 
damage expressways and disrupt transportation. 

Therefore, identifying the mechanism of rock wedge failure 
is essential for mitigating slope disasters. Kinematic analysis is 
typically performed to analyze the sliding potential of a rock 
wedge. This method is simple, but it does not consider the failure 
criteria in the investigation. Considering the mechanical properties 
of rock masses, previous studies have evaluated the safety factor 
of a rock wedge system based on the limit equilibrium analysis and 
finite element method (FEM) (Wittke 1967; Hoek and Bray 1981; 
Kumsar et al. 2000; Xie et al. 2014; Moawwez et al. 2021; Sriyati 
et al. 2021). The aforementioned wedge failure analysis mainly 

focused on assessing the shear resistance of the sliding planes and 
driving force. However, before the rock block slides, the fracture 
propagation at the top of the block is a major factor in the for-
mation of an independent block, which is highly related to the frac-
ture toughness of rock bridges between existing fractures. The  

 
Fig. 1  Rock wedge failure sites alongside 82k to 83k, Express-

way 2, Taiwan 

(a) Wedge failure site (b) Potential failure site 

(c) Wedge failure site (d) Wedge failure site 
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landslide of rock mass containing multiple joints and rock bridges 
commonly indicated three types of failure modes: plane failure, 
stepped failure, and multi-stepped failure (Eberhardt et al. 2004; 
Li et al. 2022). When rock bridges was broken under high tensile 
stresses, adjacent joint surfaces were then connected, which could 
form a stepped failure or multi-stepped failure. Therefore, the fail-
ure modes of bedding rock slopes, which depended on the internal 
and external loads, could be divided into tensile failure and tensile-
shear composite failure. 

Griffith (1921) developed a theoretical concept for calculat-
ing the stress value at the fracture tip of brittle materials. Irwin 
(1957) introduced a new term called the stress intensity factor (K) 
to represent the stress field at the fracture tip, which is related to 
the applied load, geometry of the material, and fracture. The K 
value increased with the applied load. The K value at the time of 
fracture extension and material failure is called the fracture tough-
ness (Kc). Consequently, the fracture can be divided into three fail-
ure modes: opening, sliding, and tearing, corresponding to the 
fracture toughness KI, KII, and KIII, respectively. The fracture 
toughness was estimated by performing Brazilian disc tests on 
rock-like specimens (Lajtai 1971; Awaji and Sato 1978; Atkinson 
1982; Reyes 1991; Bobet and Einstein 1998; Duan et al. 2015; Hu 
et al. 2017; Tiennot et al. 2017; Mousavi Neshad et al. 2018). FEM 
has been widely used to estimate the stress distribution around ex-
isting fractures (Johnson and Stryk 1987; Sukumar et al. 2000; 
Bouchard et al. 2003; Ambati et al. 2015; Areias et al. 2016). 
However, FEM simulation cannot reflect fracture propagation ow-
ing to the limitations of continuum theory. Compared to FEM, 
DEM provides more advantages in simulating the fracture me-
chanical behavior, even in shear or tensile modes (Lambert and 
Coll 2014; Weng et al. 2017; Borykov et al. 2019; Chiu and Weng 
2019a; Chiu and Weng 2019b). Besides, the DEM model was 
wildly used to estimate the stability of rock slopes (Weng et al. 
2020; Wu et al. 2021; An et al. 2022) 

This study aims to clarify the mechanism of rock wedge fail-
ure by considering the tensile-shear composite failure of rock 
bridges through DEM simulations. The use of 2D simulation is 
faster and more simple than 3D simulation. However, we per-
formed the 3D simulation for the investigation because the stress 
and geological conditions of 3D models were close to the actual 
model in the field. In other words, the 3D analysis could fully re-
flect the laboratory and prototype tests. When rock wedge failure 
occured, the fractures or cracks could propagate in complex direc-
tions (three-dimensional) compared to two directions in a 2D 
model. The 3D-DEM model was first verified by performing uni-
axial compression, Brazilian indirect tension, and central crack 
Brazilian disk (CCBD) tests. Subsequently, the tensile strength 
and failure patterns of the 3D-DEM rock models with multiple ex-
isting fractures under different distributions were investigated. Fi-
nally, an actual case of rock wedge failure located at 82.5k on Ex-
pressway 2 was studied, and the possible wedge failure areas in 
the adjacent slopes were identified. 

2.  DEM ANALYSIS ON FRACTURE  
PROPAGATION 

2.1  Laboratory Tests  

In this study, a series of mechanical tests were conducted on 
rock-like specimens to validate the DEM analysis of fracture 

propagation. The rock-like specimen was a mixture of gypsum and 
water at a weight ratio of 1:0.7. The unconfined compressive test 
(UCT) and Brazilian indirect tensile (BIT) test were performed to 
obtain the mechanical properties, including compressive strength, 
elastic modulus, Poisson’s ratio, and tensile strength, of the rock-
like specimens (Fig. 2). The height (H) and diameter (D) of the cy-
lindrical UCT specimen were 130 and 54 mm, respectively, (Fig. 
2(a)) with an H/D ratio of 2.41:1. The BIT test specimen was 55 mm 
in diameter and 27.5 mm in thickness (Fig. 2(b)). Additionally, to 
investigate the effect of existing fractures, we conducted a central 
crack Brazilian disk (CCBD) test (Fig. 2(c)). The size of the CCBD 
test specimen was similar to that of the BIT test specimen. A single 
fracture 16.5 mm long and 1 mm wide existed at the center of the 
CCBD specimen. The fracture formed at an angle of 45° along the 
vertical axis of the CCBD specimen. After casting, all specimens 
were cured in a moisture-controlled box (moisture = 49% and tem-
perature = 27°C) for seven days before the test was conducted. 

For the testing procedures, UCT was performed using a dis-
placement-controlled MTS loading system with a maximum load-
ing capacity of 4,500 kN. The specimen was loaded at a rate of 0.2 
mm/min until failure. Four strain gauges (KYOWA) were used to 
measure the axial and radial strains. The stress, strain, and dis-
placement test results were recorded using a data acquisition sys-
tem (UCAM-60). For the BIT and CCBD tests, the loading rate 
was controlled at 2 mm/min using an MTS loading system with a 
Brazilian testing device. 

   
(a) UCS test            (b) BIT test           (c) CCBD test 

Fig. 2  Rock-like specimens for different laboratory tests 

2.2  DEM Model Setup 

In this study, the DEM software (PFC3D version 5.0 by Itasca 
Inc. 2014) was employed to explore the mechanical behavior of 
rock fractures under various loading and geometric conditions. The 
DEM model was first validated by simulating the UCT and BIT test 
(Fig. 3) to obtain the micro parameters as listed in Table 1. In the 
UCT simulation, 27,278 ball elements, whose radius ranged from 
1.5-2.0 mm, were generated in a given cylindrical space (54 mm in 
diameter and 130 mm in height), which was the same size as the 
actual UCT specimen in the laboratory (Fig. 3(a)). The parallel 
bond model was used as the contact model between elements (Po-
tyondy and Cundall 2004) to simulate intergranular cementation, 
whose properties include normal and shear bond stiffness, normal 
and shear bond strength, and bond width. When the DEM model is 
loaded, if the resultant force between the two elements exceeds the 
bond strength, the parallel bond breaks, and the elements begin to 
slide. The force-displacement interaction between the elements fol-
lows Newton’s second law of motion. The UCT and BIT test sim-
ulations were performed by moving the upper wall downward at a 
constant velocity of 0.2 mm/min, as performed in the test (Figs. 3(a) 
and 3(b)). The required model parameters for the DEM model were 
determined based on back analysis (Table 1).  
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Table 1  Microparameters used in numerical simulation 

Properties Symbol Value Unit 
Particle density ρ 1300 kg/m3 
Young’s modulus of particles Ec 3.75 GPa 
Normal/shear stiffness of particle kn/ks 5.5 
Friction coefficient of particle μ 0.5 
Parallel bond radius multiplier λ 1.0 
Young’s modulus of parallel bond Ep 3.75 GPa 
Normal/shear stiffness of parallel bond knp/ksp 5.5 
Normal strength of parallel bond σn 3.75 MPa 
Shear strength of parallel bond σs 20.0 MPa 

 
(a) UCS model       (b) BIT model           (c) CCBD model 

Fig. 3  DEM models for different laboratory tests 

Once the DEM models of UCT and BIT test were verified 
with laboratory test results, the mechanical characteristics of the 
specimen containing a fracture (CCBD) were further investigated. 
The size of the CCBD model was the same as that of the BIT test 
model. In the CCBD model, a single fracture with a length of 16.5 
mm and width of 1 mm was generated (red elements were removed 
in Fig. 3(c)). The contact surface among the elements inside the 
fracture is represented by the smooth joint model. The CCBD tests 
were performed at a loading rate of 2 mm/min. The failure patterns 
and fracture development of the DEM models during the simula-
tion were recorded and compared with the test results. 

2.3  Test Results and Model Verification  

Figure 4 shows a comparison between the UCT results and 
numerical simulations. The simulated stress-strain curves agree 
well with the test results in terms of the peak strength and axial 
and lateral strains (Fig. 4(c)). Table 2 summarizes the mechanical 
properties of the test and DEM simulations. The strength of the 
DEM model was 10.45 MPa, which is consistent with the experi-
mental result (10.5 MPa). The simulated elastic modulus (4.5 GPa) 
was also close to that of the test (4.4 GPa). A slight difference in 
Poisson’s ratio was observed, but it did not affect the subsequent 
analysis. With respect to UCT failure patterns, the test and simu-
lation results agreed well, as observed in Figs. 4(a) and 4(b). 

With respect to the BIT test, the tensile strengths achieved in 
the experiment and simulation were 2.25 MPa and 2.23 MPa, re-
spectively. Figure 5 shows the failure patterns of the BIT test and 
simulation. A centrally penetrated fracture developed in the spec-
imen (Fig. 5(a)), and the simulation exhibited a similar failure pat-
tern (Figs. 5(b) and 5(c)). Additionally, the simulation indicated 
that the BIT test specimen failed under tensile conditions. Accord-
ing to the abovementioned comparison, the DEM model simulated 
the mechanical behavior of rock-like materials reasonably and pro-
vided an accurate estimation of the strength under compressive 
and tensile conditions. 

   
(a) Failure pattern of UCT       (b) Failure pattern of simulation 

 
(c) Comparison on stress-strain curves between test and simulation 

Fig. 4  Comparison between the UCT result and DEM simulation 

Table 2  Comparison between lab test and DEM simulation 

Experiment 
type Properties Test results Simulation Percent  

difference (%)

UCS test

Compressive strength 
(MPa) 10.5 10.45 −0.48 

Elastic modulus (GPa) 4.4 4.5 2.27
Poisson’s ratio  0.27 0.25 −7.40 

BIT test Indirect tensile strength 
(MPa) 2.25 2.23 0.89 

 
(a) Failure pattern of BIT   (b) Failure pattern of  (c) Development of fractures 

simulation  in simulation 
Fig. 5  Failure patterns of BIT test and DEM simulation 

Figure 6 shows a comparison of the simulation and actual re-
sults of the CCBD test. In the simulation, two cracks develop from 
the fracture tips and propagate to the loading surface. This is con-
sistent with the test results. The stress intensity factor at failure 
(fracture toughness) was evaluated using the theory proposed by 
Atkinson (1982). 
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(a) Failure pattern of CCBD  (b) Failure pattern   (c) Development of fractures 

of simulation       in simulation 
Fig. 6 Comparison between the CCBD result and DEM  

simulation 

2
2 2 21 4sin 4sin (1 4cos )I
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  = − θ + θ − θ × π   π   
 (1) 

2
2sin 2 2 (8cos 5)II

l PK l
a a

  = θ + θ − × π   π   
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where KI and KII are the fracture toughness in the tension and slip 
failure modes, respectively. θ is the angle between the fracture and 
loading direction, whereas P is the uniaxial load. a and l are the 
radius of the CCBD specimen and half length of the fracture, re-
spectively. According to the fracture toughness results of the test 
and numerical simulation, KI and KII of the simulation are −9.092 
kPa m  and 14.716 kPa m , which are slightly lower than 
those of the laboratory test (−9.411 kPa m  and 15.233
kPa m ). The results of the CCBD simulation proved that the 
crack propagation and fracture toughness of rock-like materials 
can be accurately simulated using the DEM model. 

3.  ANALYSIS OF TENSILE-SHEAR  
COMPOSITE FAILURE OF ROCK BRIDGES 

3.1  Model Setup 

In this study, we further investigated the tensile-shear com-
posite failure of rock bridges by analyzing the coalescence of two 
fractures under uniaxial tensile conditions. The model geometry of 
the double fractures, modified from Bobet and Einstein (1998), is 
shown in Fig. 7(a). The geometric features of the fractures in-
cluded the fracture dip angle β, fracture length L, fracture spacing 
s, and fracture continuity c. The angle β was defined as the angle 
between the fracture and horizon. To explore the influence of the 
geometric configuration of the fractures on the tensile strength of 
the specimen, a series of DEM models were used. A typical cuboid 
DEM model with a size of 50 mm × 100 mm × 25 mm is shown in 
Fig. 8. The length of each fracture was 10 mm. To describe the 
distribution of the rock bridge between two parallel fractures, the 
angle of the rock bridge θ was defined as the angle between the 
line connecting the inner tips of the two fractures and horizon. The 
rock bridge angle θ measured in the clockwise direction was pos-
itive (Fig. 7(b)), whereas the angle θ in the counterclockwise di-
rection was negative. The influence of various rock bridge angles 
(−75°, −60°, −45°, −30°, −20°, −10°, 0°, 10°, 20°, 30°, 45°, 60°, 
and 75°) on the tensile strength of the rock model was investigated. 
Additionally, the mechanical behavior of the rock models under 
different fracture spacings and continuities was evaluated. A uni-
axial tensile test was simulated by stretching the two ends of the 
DEM model at a constant velocity of 0.02 mm/min until failure. 

 
(a) Two existing fractures 

 
(b) Definition of rock bridge angle 

Fig. 7 Schematic diagram of the rock bridge between two exist-
ing fractures 

 

Fig. 8  DEM model with two existing fractures 

3.2  Numerical Analysis Results 

Figure 9, which shows the tensile strength of the rock bridge 
(s = 0.50 L and c = 0.0 L) at various angles θ, exhibits a U-shaped 
curve. The results indicate that the tensile strength increased with 
an increase in the rock bridge angle θ for all positive angles and 
some negative angles (−20° to 0°). The lowest tensile strength was 
approximately 0.45 MPa between −10° and −30°. The models with 
angles of 75° and −75° showed the highest tensile strength of 0.86 
MPa. Figure 10 illustrates the propagation patterns of the two 
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fractures inside the specimens at different rock bridge angles. The 
fractures developed horizontally from the external tips outside the 
rock bridge and extended to the surface of the specimen. The coa-
lescence of two fractures, i.e., tensile-shear composite failure, oc-
curred only when θ ranged from −75° to 20°. 

 
Fig. 9 Variations of tensile strength of DEM model with two ex-

isting fractures at different rock bridge angles 

The effect of fracture spacing s on the tensile strength of the 
artificial rock models was also investigated. Considering that the 
fracture continuity c is fixed, the DEM models with fracture spac-
ing s of 0.25, 0.50, 0.75, and 1.0 L were explored. Figure 11 shows 
the variations in the tensile strength at different rock bridge angles  

 
Fig. 10 Propagation patterns of two fractures inside specimens 

at different rock bridge angles (fracture spacing s = 0.5 L 
and fracture continuity c = 0.0 L)

  
(a) Fracture continuity c = 0.25 L                                      (b) Fracture continuity c = 0.5 L 

  
(c) Fracture continuity c = 0.75 L                                      (d) Fracture continuity c = 1.0 L 

Fig. 11  Influence of fracture spacing on the tensile strength of the DEM model at different rock bridge angles
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and fracture spacings. All simulated results indicate the lowest 
strength at an angle interval between −10° and −30°. When the 
fracture continuity c = 0.25 L (Fig. 11(a)), the larger fracture spac-
ing induced a higher tensile strength at rock bridge angles ranging 
from −80° to 60°, implying that the rock model is strongly affected 
by fracture spacing in this range. As the fracture continuity in-
creased (Figs. 11(b) and 11(c)), the influence of the spacing de-
creased. Figure 11(d) shows that the four tensile strength curves 
were approximately the same. It can be concluded that the influ-
ence of the fracture spacing decreases when the fracture continuity 
reaches a certain distance. 

Similarly, Fig. 12 shows the effect of fracture continuity on 
the tensile strength of rocks with existing fractures. The results in-
dicate that the lowest tensile strength of all models occurred when 
the rock bridge angle ranged from 10° to −20°. For angles ranging 
from 20° to 75°, the tensile strength decreased with the increase in 
fracture continuities, whereas the opposite trend was observed 
from −20° to −75°. The tensile strengths of the specimens were 
similar at inclination angles ranging from 10° to 30°, indicating 
that the effect of fracture continuity was low. For negative rock 
bridge angles (−10° to −75°), the impact of fracture continuity was 
significantly reduced when the fracture spacing reached a certain 
value of 1.0 L. The aforementioned discussion indicates that the 
tensile strength and failure mechanism of the specimens were 
highly related to the fracture inclination angle, fracture spacing, 

and fracture continuity. DEM provides a useful tool for simulating 
crack propagation between multiple fractures. 

4. ANALYSIS ON AN ACTUAL ROCK WEDGE 
FAILURE 

4.1  Studied Case 

In this study, a discrete element analysis was conducted on an 
actual slope of a rock wedge failure. The studied rock slope was 
located at 83.6k on Expressway 2, Taiwan (Fig. 13). The geology 
of the studied area belongs to Miocene sedimentary rock, which 
mainly comprises interlayer sandstone and siltstone (Huang and 
Liu 1998). Rock blocks, sampled from the lower slope, were tested 
to determine their strength. The results of point load tests showed 
that the compressive strength of dry and wet sandstones were 
36.60 MPa and 19.29 MPa, respectively. For siltstone, the com-
pressive strengths under wet and dry conditions were 49.20 MPa 
and 14.67 MPa, respectively. 

Aerial photos captured by an unmanned aerial vehicle in   
January 2019 were analyzed to establish a point cloud model of 
the rock slope. The kinematic analysis of rock slopes based on 
point cloud model showed that the rock wedge might slide down 
along the intersecting steep joint planes after coalescence of the 
upper fractures. Based on kinematic analysis, two joint sets were 

 
(a) Fracture spacing s = 0.25 L                                         (b) Fracture spacing s = 0.5 L 

 
(c) Fracture spacing s = 0.75 L                                         (d) Fracture spacing s = 1.0 L 

Fig. 12  Influence of fracture continuity on the tensile strength of DEM model at different rock bridge angles 
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(a) Orientation of slope and                                (b) Wedge failure 

existing joints 

Fig. 13  Rock wedge failure at 83.6k on Expressway 2 in Taiwan 

recognized, and the orientations of Joints 1 and 2 were (64°, 131°) 
and (81°, 210°), respectively, in terms of the dip angle and dip di-
rection. The orientation of the slope surface was (82°, 191°) (Fig. 
13(a)). Figure 13(b) indicates that the tensile-shear composite fail-
ure of rock bridges might occur at the top of the failure surface. 
This causes the rock wedge to slide down. Therefore, in this study, 
3D-DEM simulations were performed to investigate the effect of 
fracture propagation on rock wedge stability. 

4.2  DEM Model of Actual Slope 

In the 3D-DEM simulation, the actual rock slope with a 
height of 30 m and a width of 20 m was constructed by generating 
117,846 elements with an average diameter of 0.4 m (Fig. 14). The 
thickness of the slope top was 15 m, whereas the thickness of the 
slope toe was extended to 19.22 m to build a surface slope of 82°. 
All the elements in the DEM model were cemented using a    
parallel-bond model. The normal/shear stiffness of particles and 
parallel bonds was obtained based on back analysis, which was 
listed in Table 3. We performed a series of trials and errors by 
comparing the result of the DEM simulation and laboratory tests. 
Finally, the normal/shear stiffness of 5.5 showed the best fit for  

 

Fig. 14  DEM model for the slope regarding rock wedge failure 

Table 3  Initial microparameters for PFC3D simulation on rock 
wedge failure 

Properties Symbol Value Unit 
Young's modulus of particles Ec 3.75 GPa 

Normal/shear stiffness of particle kn/ks 5.5 
Friction coefficient of particle μ 0.5 

Young's modulus of parallel bond Ep 3.75 GPa 
Normal/shear stiffness of parallel bond knp/ksp 5.5 

Normal strength of parallel bond σn 3.75 MPa 
Shear strength of parallel bond σs 20.0 MPa 

both laboratory tests and numerical simulations. For the simulation 
of an actual slope (Rock wedge failure at 83.6k on Expressway 2 
in Taiwan), we applied the same normal/shear stiffness ratio for 
easier comparison and verification. Two joint sets with orienta-
tions of (64°, 131°) and (81°, 210°) were applied using the smooth 
joint model (light cyan planes in Fig. 14). To investigate the ef-
fect of a rock bridge on the top of a possible sliding block, two 
existing fractures (yellow elements) having a length of 4 m were 
established based on the smooth joint model. Figure 14 shows a 
typical model with two existing fractures with a spacing of 2 m, 
continuity of 0 m, and rock bridge angle of 0°. A layer of the slope 
top with a height of 1 m (red elements in Fig. 14) was fixed to 
simulate the rock block slide owing to the coalescence of the ex-
isting fractures under gravitational conditions. During the simula-
tion, the bonding strength of the elements in the DEM model was 
slowly reduced until the rock wedge failure occurred. At the fail-
ure state, the fracture development and microparameters of the 
DEM model were recorded for analysis. Finally, BIT test with the 
collected microparameters was simulated to obtain the critical ten-
sile strength of the rock model. In the following simulation, a se-
ries of models with different rock bridge angles, spacing, and con-
tinuity were considered to determine their influence on the varia-
tion in critical tensile strength. 

4.3  Results and Discussion 

Figure 15 shows the failure patterns of the rock bridge at var-
ious angles ranging from −75° to 90° with a fracture spacing of 0.5 
L and continuity of 0.0 L. When the rock bridge angles ranged 
from −75° to 0°, the upper fracture developed horizontally from its  
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Fig. 15 Fracture development of slope model at various rock 

bridge angles 

tips and was easily connected to the lower fracture, which pene-
trated the entire rock block and induced the following sliding. As 
the rock bridge angle increased to 30°, primary failure developed 
along the upper fracture, and a branch of the crack grew from the 
lower fracture to the upper fracture. However, as the rock bridge 
angles ranged from 45° to 90°, the primary failure developed only 
from the upper fracture and did not propagate to the lower fracture. 
Furthermore, the tensile strengths of all DEM models can be cal-
culated from BIT tests. Figure 16 shows the variations in the ten-
sile strength required to resist wedge failure at different rock 
bridge angles. Inverted U-shaped curves ranging from −60° to 60° 
were observed. Rock wedge failure occurs when the tensile 
strength of the rock is lower than that of the curve. This indicates 
that the tensile stress is larger than the tensile strength of the rock. 
Therefore, in this study, the upper part of the inverted U-curve was 
defined as a safety zone, whereas the lower part was defined as a 
failure zone. The peak values of the required tensile strength are 
located at low angles ranging from −20° to 20°, indicating that 
rock wedge failure was prone to occur. As the fracture continuity 
increases from 0.0 L to 0.50 L, the peak values of the required ten-
sile strength shifted from the left (negative angles) to the right 
(positive angles), resulting in a larger safety zone. When the angle 
was lower than 20°, the safety zone increased with fracture conti-
nuity. However, the safety zone decreases with an increase in the 
fracture continuity if the angle is higher than 20°. All tensile 
strength curves were the same at angles higher than 60° and lower 
than −60°, indicating that the slope was relatively stable and was 
not affected by the change in fracture continuity. 

The results of Fig. 16 can be further applied to identify the 
possible wedge failure area in the adjacent slopes along Express-
way 2. Figures 17(a) and 17(b) shows that the study area is located 
at the limb of a syncline, and the dip angle of the rock layer varies 
with distance from the fold axis. The dip angles of the rock layers 
were measured using the point cloud model, and the results 
showed that the dip angles, ranging from 5.3° to 15.7°, increased 

from the east (left side) to the west (right side) (Figs. 17(c) and 
17(d)). According to Fig. 16, if the dip angle of the rock layer be-
comes gentler (less than 20°), wedge failure is likely to occur. The 
entire rock layer exhibited the potential for wedge failure. How-
ever, the rock layer with a lower dip angle (Fig. 17(c)) indicated a 
higher potential for rock wedge failure. The field investigation also 
agreed with the numerical analysis, i.e., wedge failure occurred 
frequently on slopes with a nearly horizontal rock layer. 

 
Fig. 16 Variation of required tensile strength to resist wedge 

failure at different rock bridge angles 

 
(a) Plan view of the study area 

 
(c) Rock layer with a lower dip angle  (d) Rock layer with a higher dip angle 

Fig. 17 Possible wedge failure area in the adjacent slopes along 
Expressway 2 

(b) Front view of the study area 
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5.  CONCLUSIONS 
In this study, we investigated the mechanism of rock wedge 

failure by considering the tensile-shear composite failure of rock 
bridges using 3D-DEM simulations. The DEM model was first 
verified by uniaxial compression, BIT, and CCBD tests. Subse-
quently, the tensile strength and failure patterns of the DEM rock 
models with multiple existing fractures under different distribu-
tions were examined. Finally, an actual case of rock wedge failure, 
located at 82.5k on Expressway 2, was studied, and the possible 
wedge failure areas in the adjacent slopes were identified. Based 
on the results, the following conclusions can be drawn. 

 1. The simulation results of uniaxial compression, BIT, and 
CCBD tests prove that the DEM model can simulate the crack 
propagation and fracture toughness of rock-like materials ac-
curately. 

 2. With respect to the tensile-shear composite failure of rock 
bridges between two existing fractures, the results indicate 
that the tensile strength of the rock bridge at various rock 
bridge angles exhibits a U-shaped curve. The lowest tensile 
strength was observed at angles ranging from −10° to −30°. 
The models with 75° and −75° angles showed the highest ten-
sile strength. The tensile strength decreased with increasing 
fracture spacing and fracture continuity. Additionally, DEM 
provides a useful tool for simulating crack propagation be-
tween multiple fractures. 

 3. In the rock wedge failure analysis of the slope, the tensile 
strength required to resist wedge failure at different rock 
bridge angles was obtained. A series of inverted U-shaped 
curves were observed. Rock wedge failure occurs when the 
tensile strength of the rock is lower than that of the curves. 
This indicates that the tensile stress is larger than the tensile 
strength of the rock. Accordingly, we defined the upper part 
of the inverted U curves as a safety zone and the lower part 
as a failure zone for further engineering practice. 

 4. Possible wedge failure areas in the adjacent slopes along Ex-
pressway 2 were identified. A rock layer with a lower dip an-
gle indicates a higher potential for a rock wedge failure. Fur-
thermore, the field investigation agreed with the numerical 
analysis, i.e., wedge failure occurred frequently on slopes 
with a nearly horizontal rock layer. 
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