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 The mechanical behavior of rock-rock bolt interface considering the effects of 

indents’ shape and their number was numerically simulated based on discrete element 

method using the two-dimensional particle flow code. The conventional and standard 
uniaxial compressive and Brazilian tensile strengths tests were used to calibrate the 

modelled samples with 100 cm 100 cm in dimension. The numerical models were 

prepared such that different indent shape and number were inserted in the cable bolts 

arrangements during the rock reinforcement process. The effects of confining 

pressure 3.7 MPa and different shear failure loads were modeled for the punch shear 

test of the concrete specimens. The results of this study showed that the dominant 

failure mode of the rock-cable bolt interface was of tensile mode and the shape and 

number of cable indents significantly affected the strength and mechanical behavior 

of the modelled samples. It has also been showed that the indent dimensions and 

number affected the shear strength of the interfaces. 
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1.Introduction 

One of the common ways in rock engineering 
to stabilize the ground and improving safety of 

working is using rock bolts [1]. There are 

different kinds of rock bolts, but two kinds of 

rock bolts including the fully bonded bolt and the 
prestressed bolt, due to their effectiveness and 

applicability, are mostly used in civil and mining 

engineering. Rock burst, generally, releases a 
great amount of energy [2-17] which usually 

causes serious damage to on-site construction 

and put the site workers of deep rock engineering 

in a serious danger. Due to these threats, in 
recent years, new generation of rock bolts, such 

as the cone bolt [7, 11,18-21], the Durbar [5], the 

D-bolt [8-10], and other energy-absorbing bolts 
[22,23], have been developed to solve the issue. 

Designing a support in rock engineering requires 
a deep comprehension of the working 

mechanism and anchoring effect of rock bolts. 

Furthermore, in the past decades extensive 

research studies have been conducted to address 
this problem using theoretical analysis [24-26], 

laboratory experiments [27, 28], and numerical 

modeling [29-34]. Selvadurai and Yu [35], 
simulate the joint direct shear tests using the 

finite element method, and the simulated results 

were in good correlation with the experimental 

results. There are both advantages and 
disadvantages to using continuum mechanics 

theory for studying the failure and deformation 

mechanisms of jointed rock masses. The main 
disadvantages are that the effects of joints and rock 
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weakening during the loading process especially at 

failure and breaking stages are not realistically 

determined. Therefore, the numerical simulation of 
the failure and fracture mechanism of jointed rock 

masses using different numerical technics are of 

the most important in rock engineering practice. 
The finite element, boundary element, finite 

difference and discrete element methods are the 

mostly used numerical modelling of geo-
mechanical problems occurring in mining, 

tunnelling, civil, petroleum, geological and 

environmental engineering fields. The discrete 

element method (DEM) has been effectively used 
by many investigators to simulate the rock fracture 

mechanics problems. The particle flow code (PFC) 

which is based on the explicit finite difference 
approach considering different contacts and 

parallel joint surfaces is specially modified to solve 

many geo-mechanical problems involving joints 
and discontinuities in the rock structures of 

engineering projects. For example, the direct shear 

test was used by Zhou et al. [14] to study the failure 

and fracture process of jointed rocks considering 
the microscopic and macroscopic properties of the 

PFC models. The effects of microscopic and 

geometrical properties of rock joints on the shear 
and mechanical characteristics of rock masses was 

investigated by Park and Song [36], using a three-

dimensional PFC (PFC3D). However, these 

researchers showed the applicability and 
effectiveness of using PFC as a powerful and 

reliable modelling techniques for the treatment of 

geo-mechanical and geo-technical problems. 
Simultaneously, many researchers worked on the 

numerical simulation of the jointed rock 

reinforcement through rock bolts. For instance, the 
interface and contact mechanics principles for 

jointed rocks can be simulated using PFC [18]. 

However, some continuous and coupling methods 

may give more consistence and realistic results for 
rock bolt mechanism of reinforcement. Rock bolts 

are considered as continuous and homogeneous 

media, for which finite element method (FEM) can 
be effectively used to model the mechanical 

behavior of bolts. On the other hand, the cohesive 

zone model (CZM) introduced by Dugdale [37] has 
been widely used for the simulation of cracked 

fragile materials. CZM-FEM can simulate the 

crack propagation process in brittle materials such 

as rocks and concretes. It has been shown that the 
crack propagation in composite plates and the 

bond-slip in the interaction surface between steel 

rebars and concrete can be described by CZM-
FEM [38, 39]. Therefore, the crack initiation 

process in brittle material was simulated 

considering the crack tip singularity effects on the 

near field stress field. The CZM approach was 

extended by Su et al. [40], who used the solid grids 
in FEM and proposed a new algorithm for 

including the cohesive elements in the 

discretization scheme of complex structures posing 
to fracture and collapse. In this research, the effects 

of cable bolt indent shape and its number on the 

mechanical and sliding behavior of the interface 
between the rock and rock bolt are studied 

numerically using the two-dimensional PFC. 

Failure pattern, failure mode and bearing capacity 

of cable were studied, too.  

1.1. Bonded particle models 

The two-dimensional PFC [41] is used as the 

numerical simulation tool to investigate the 
shearing failure mechanism at the interaction 

surfaces of the rock-rock-bolts during the rock 

reinforcement process of engineering rock 
structures. PFC2D is based on the explicit finite 

difference approach considering the joints and 

discontinuities in the rock masses known as 

discrete element method (DEM). In PFC2D, the 
basic geometry and mechanical properties of the 

particles in form of contact and parallel bonds, and 

force and moments are defined for a group of 
particles gathered as a modelled assembly 

representing the desired geo-mechanical problem. 

The micro-mechanical characteristics of the 

modelled particle assembly are calibrated and 
assigned properly based on the results of real 

macro-mechanical properties gained from the 

standard uniaxial compression and Brazilian 
tensile strength tests carried out in a rock 

mechanics laboratory. The parallel bonds are 

usually used to model the rock joints in the particle 
assemblies based on those proposed and used by 

Potyondy and Cundall [42] or Park and Song [36]. 

The micro-mechanical properties between the 

particles in an assembly are similar to those 
obtained for rocks and geo-materials in the 

literature [43-45]. The inherent properties 

pertaining to the matrix and cementing between the 
particles demonstrate the strength of the 

geomaterial samples [46, 47]. As shown in Figure 

1, the parallel interfaces between the contacted 
particles are considered to provide linear parallel 

bonds assuming linear elastic and frictional 

interface behaviors, infinitesimally. These models 

do not bear any relative sliding and rotation at the 
beginning. Then, in the interaction surfaces of the 

assembly, a linear elastic bonded interface of a 

finite size (not infinitesimal) is assigned which can 
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transmit the force and bear the moment due to 

deformation, compression, shear and torsion [41]. 

The mechanical behavior of parallel bonds obeys 
the linear elastic behavior up to strength limit of the 

brittle material. As the applied forces reach beyond 

the elastic strength limit of the material, the parallel 
bonds break away and remove from the system as 

no rotational resistance can be existed at the 

contact surfaces. The other mechanical 
characteristics such as intergranular viscous 

behavior of the particles in the modelled assembly 

can be achieved through random microstructure 

and transferring the torque into torsional stress 
showing the rotational impedance of the particles. 

It means that the normal and shear force 

components of the parallel bond force cause linear 
velocity while the moment components of the 

parallel bond produce bending moment and 

rotational movement (twisting) of the particles. 

𝐹𝑐 = 𝐹1 + 𝐹𝑑 + �̅� (1) 

𝑀𝑐 = �̅� (2) 

�̅� =-𝐹�̅�𝑛𝑐 + 𝐹�̅� (3) 

�̅� = �̅�𝑡𝑛𝑐 + �̅�𝑏 (4) 

Where the linear dashpot and parallel bond 

forces are denoted as: Fl, Fd and �̅�,  respectively. 

The parallel-bond moment is denoted as �̅�. The 
parallel bonds break away at the stresses beyond 

the elastic strength i.e., due to overstressing, 

bending and stretching.  

�̅�𝑛 =
𝐹�̅�

𝐴
+ �̅�

�̅�𝑏 �̅�

𝐼 ̅  (5) 

𝜏̅ =
𝐹�̅�

�̅�
+ �̅�

|𝑀𝑡|̅̅ ̅̅ ̅̅  �̅�

𝑗̅
 (6) 

Where the components of normal and shear 

stresses are denoted by 𝐹�̅�, 𝐹�̅� and the components 

of bending and twisting moments are indicated by 

�̅�𝑏, �̅�𝑡 , respectively and the default of moment 

contribution facto is �̅� =1. It is evident that when, 

σmax ≥ �̅�𝑛 or rmax ≥ r¯, the strength of the parallel 
bonds is exceeded, causing the cemented contact 

between particles breaks away and resulting in the 

failure of the assembly. The tensile and shear 

strengths of the cemented contact of the particles 

are denoted by �̅�𝑛 and �̅�, respectively. 

The geometrical characteristics of the cross-

sectional surface of the parallel band: 

�̅� = ̅ min (R (1), R (2)) (7) 

�̅� = 𝜋�̅�2 (8) 

𝐼 ̅ =
1

4
𝜋 �̅�4 (9) 

𝐽 ̅ =
1

2
𝜋 �̅�4 (10) 

Where the area of the bond’s cross section is 

A̅, the moment and polar moment of inertias of 

the cross section are I̅ and J̅, respectively.  
The crack propagation mechanism through 

the parallel bonds can be obtained by the 

embedded fish language provided in PFC 
software. Figure 1 illustrates the fracture and 

failure mechanism of the geomaterial specimens 

modelled in PFC. The numerical simulation of 

rock samples focuses on the rock fracturing 
mechanism due to microcosmic characteristics. 

The linear elastic behavior is observed at the first 

stages and the deformation process is continued 
to the failure and fracturing stage of the 

modelled sample. The bonds of the model are 

assumed to break due to the initiation and 
propagation of normal and shear cracks. As 

shown in Figure 1, when the normal stress 

exceeds that of the normal strength of the bond, 

the tensile cracks are formed in the sample. The 
shear cracks are produced due to the formation 

of shear failure when the microcracks cause 

stress redistribution during the applied 
compressive loading process of the modelled 

geomaterial assemblies. 

 
Figure 1. The fracture mechanism between 

particles; red indicates the tensile crack and blue 

indicates the shear crack. 

2. Numerical simulation of cable bolt based on 

punch shear test concept using PFC2D 

2.1. Micro parameters of the rock Sample 

In this study, the modelled particle assemblies 
have been prepared in PFC2D based on the 

standard process described by Potyondy and 

Cundall [42]. The main process includes the 
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particles’ generation and packing, particles’ 

bonding and isotropic stress installations, and 

elimination of floating (unbonded) particles in the 
modelled geomaterial assembly. The stress 

gradients induced due to gravity effect are 

neglected as the modelled geomaterial specimens 
are of relatively small sizes so that the macroscopic 

characteristics can be ignored in their numerical 

analyses. The micro-properties used for the 
numerical analyses of the modelled assemblies in 

PFC2D are calibrated based on the results of 

Brazilian tensile and uniaxial compressive 

strengths tests on the real geomaterial specimens 
carried out in laboratory. In this research, the 

micro-properties given in Fu et al. [48], are adopted 

for the standard calibration of parameters used for 
the PFC2D models. Then, the proper particle 

assembly is calibrated for the geomaterial (e.g., 

concrete) sample. The numerical results for the 
simulated uniaxial compressive test are shown in 

Figure 2. In this figure, the tensile and shear cracks 

are denoted by black and red lines, respectively. 

This is a typical compressive failure pattern similar 
to that observed in the numerical simulation of the 

uniaxial compressive strength test (the shear cracks 

are embedded by the tensile cracks). The 

mechanical characteristics of the modelled samples 

are well-matched with experimental test results. 

 
Figure 2 Numerical compression test results 

  
(a) (b) 

 

 
(c) (d) 

Figure 3. Failure pattern in a) physical sample, b) PFC2D model, c) bolt under tensile load, d) tensile stress versus strain 

for rock bolt. 

Although this study focused on the tensile 

failure behavior of rock bolts, the interface 

between bolt and rock material was necessary to 
be determined. These properties should be 

different from the mechanical properties of intact 

material and rock bolt. In this study, mechanical 

properties of interface were chosen to be less than 
rock material. Adopting the micro-properties 
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listed in Fu et al. [49], and the standard 

calibration procedures [42], a calibrated PFC 

particle assembly was created for bolt-rock 
material interface.  

In the numerical simulation process, the cable 

bolt is modelled by a cluster of balls (discs) and 
their related parallel bonds which transmits the 

bonding forces and moments between the balls 

based on the force-displacement (Hook’s) law 
(Figure 3(a) and Figure 3(b)). This condition can 

model the stress state in a cable bolt. Figure 3(c) 

demonstrates the microparameters determined 

from the results obtained for a cable bolt during 

the pull-out test. The mechanical behavior 

(stress-strain curve) of the cable bolt’s pull-out 
test is given in Figure 3(d). The adjusted 

microparameters for the cable bolt are listed in 

Table 1. The tensile strength of the cable bolt is 
taken as 360 MPa. Therefore, in the numerical 

simulation of the pull-out test, when the axial 

stress in the cable bolt exceeds that of the 
strength of the parallel bonds, the bonds break 

away and the bearing capacity of the bolt is lost. 

Table 1. Micro parameter of rock bolt. 

Micro parameters value Micro parameters value 

disc radius (mm) 1 Parallel bond normal strength (MPa) 350±20 

Disc density (kg.m-3) 3500 Parallel bond shear strength (MPa) 250±20 

Disc contact modulus (GPa) 35 Parallel bond stiffness ratio 2.5 

Disc stiffness ratio 1.3 Parallel bond radius multiplier 1 

Disc friction coefficient 7 Parallel modulus (GPa) 35 

 

2.2. model preparation using Particle Flow 

Code 

After calibration of PFC2D, punch shear test 

was simulated by creating a rectangular rock 
model in PFC2D (using the calibrated micro-

parameters) (Figure 4-12). The PFC specimen 

had dimension of 100 cm 100 cm. One rock bolt 
with different indent shape and numbers were 

inserted within the model. The length, wide and 

number of rebars were changed to study the 
influence of rebar shape on the failure mechanism 

of rock. Rock bolt was created by cluster particle 

model. Dimension of one indent were (ab in 

Figures4-6), 15cm20cm (Figure 4a), 15cm30cm 
(Figure 4b), 15cm40 cm (Figure 4c), 30cm20cm 

(Figure 5a), 3030cm (Figure 5b), 30cm40cm 

(Figure 5c), 45cm20cm (Figure 6a), 45cm30 cm 
(Figure 6b), 45cm40cm (Figure 6c). Dimension 

of two indents were (ab in Figures7-9), 7.520cm 

(Figure 7a), 7.5cm30cm (Figure 7b), 

7.5cm40cm (Figure 7c), 15cm20 cm (Figure 8a), 
15cm30cm (Figure 8b), 1540cm (Figure 8c), 

22.5cm20cm (Figure 9a), 22.5cm30cm (Figure 

9b), 22.5cm40 cm (Figure 9c), Dimension of three 
indents were (ab in Figures10-12), 520cm (Figure 

10a), 5cm30cm (Figure 10b), 5cm40cm (Figure 

10c), 10cm20 cm (Figure 11a), 10cm30cm 
(Figure 11b), 1040cm (Figure 11c), 15cm20cm 

(Figure 12a), 15cm30cm (Figure 12b), 15cm40 

cm (Figure 12c). When two rebars were situated 

on the bolt surface, the distance between rebars 

were 4cm, 6cm and 8 cm. When three rebars were 
situated on the bolt surface, the distance between 

rebars were 1cm, 2cm and 3 cm. 

The punch shear test is simulated in PFC2D by 
removing two vertical particle bands from the top 

and bottom of the particle assembly model as 

shown in Figures 4 to 7. Then, shear forces are 
applied to the upper and lower walls and confining 

pressure is applied to the right and left walls of the 

assembly, respectively. The shear force is applied 

to the cable bolt by inserting a normal force to the 
bolt as the lower wall of the model applies the 

normal force in the upward direction so that a shear 

force is produced at the interface of the model and 
bolt as shown in Figure 4a. The confining pressure 

is fixed at about one-tenth of the uniaxial 

compressive strength of the specimen (3.7 MPa in 

this research). Loading rate of axial force was 
0.015 mm/sec. The reaction forces registered on 

the upper wall during the testing process show the 

shear force applied to the specimen and the shear 
stress can be obtained by dividing the shear force 

to 100 cm and unit thickness (for two-dimensional 

problems). The running time for each simulation 
conducted in the study was 50 minutes. 



Sarfarazi et al. Journal of Mining & Environment, Vol. 16, No. 1, 2025 

 

228 

 
Figure 4. One indent with dimension of (ab); a) 15mm20mm, b) 15mm30mm, c) 15mm40 mm. 

 
Figure 5. One indent with dimensions of (ab); a) 30cm20cm, b) 30cm30cm, c) 30cm40 cm. 

 
 

Figure 6. One indent with dimensions of (ab); a) 45cm20cm, b) 45cm30cm, c) 45cm40 cm. 

 
Figure 7. Two indents with dimensions of (ab); a) 7.5cm20cm, b) 7.5cm30cm, c) 7.5cm40 cm. 
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Figure 8. Two indents with dimensions of (ab); a) 15cm20cm, b) 15cm30cm c), 15cm40 cm. 

 
 

Figure 9. Two indents with dimensions of (ab); a) 22.5cm20cm, b) 22.5cm30cm, c) 22.5cm40 cm. 

 

Figure 10. Three indents with dimensions of (ab); a) 5cm20cm, b) 5cm30cm, c) 5cm40 cm. 

 

Figure 11. Three indents with dimensions of (ab); a) 10 cm20cm, b) 10 cm30cm, c) 10 cm40 cm. 
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Figure 12. Three indents with dimensions of (ab); a) 15cm20cm, b) 15cm30cm, c) 15cm40 cm. 

3. Numerical modeling outputs: 

3.1. The impact of a single indent on the 

breakage pattern in the numerical model. 

The failure patterns of the models are 

displayed in Figure 15-13 to analyze the effect 
of the bolt indent dimension. In these models, the 

display of tensile cracks and shear cracks is 

specified by a black line and a red line 
respectively. 

a) bolt length was 15 cm (a in Figure 4a): 

For the bolt length of 15 cm, Figure 13(a) 
demonstrates the failure process of the modelled 

specimens having indents of 20 cm in width. The 

tensile (primary) cracks initiate at the interface of 

the cable bolt and rock at the beginning and then 
propagate in the model during the failure stage. It 

has been shown that four tensile cracks are induced 
from the indent tip and extend toward the surface 

of the cable bolt-rock interface. Figure 13(b) shows 

the initiation of tensile crack at the interface of the 

cable bolt and rock for the specimens of 30 cm in 
indent width. These cracks extend to the edge of 

modelled specimen during the loading process. 

Again, four tensile cracks are induced and 
propagate from the indent tip and meet the 

interface of the bolt-rock specimen. Figure 13(c) 

demonstrates the case of modelled specimens with 
40 cm indent widths. In this case, the tensile and 

wing cracks are initiated at the interface and from 

the tip of the indent, but two rock wedges are 

produced. Therefore, it is concluded that the rock 
wedge dimensions increase as the indent width 

increases. 

 
Figure 13. Failure pattern in models consisting one indent with dimensions of (ab); a) 15cm20cm, b) 

15cm30cm, c) 15cm40 cm. 

b) bolt length was 30 cm (a in Figure 5a): 

For the bolt length of 30 cm length and when 

the width of the cable bolt indent is 20 cm, the 

tensile cracks are produced at the interaction 
surface between the rock and the cable bolt (in the 

beginning of failure process) and propagate 

towards the boundaries of the specimen at final 
failure stage (Figure 14(a)). Four wing cracks are 

also created at the indent tip and propagate towards 
the intersection surface and boundaries of the 

modelled specimen. The same phenomena are 

repeated for the cases of 30 cm and 40 cm cable 
bolt widths as shown in Figure 14(b) and 14(c), 

respectively. These results show that as the width 

of the cable bolt indents increases, the dimensions 
of the rock wedges (formed from the coalescences 

of the induced tensile cracks) increase accordingly. 
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Figure 14. Failure pattern in models consisting one indent with dimensions of (ab); a) 30cm20cm, b) 

30cm30cm, c) 30cm40 cm. 

c) bolt length was 45 cm (a in Figure 6a): 

For a bolt length of 45 cm and when cable bolt 

indent width is 20cm (Figure 15a), the tensile wing 
cracks are induced between the cable bolt and rock 

interface at the beginning of failure process, and 

then continue their propagation to the model 
boundaries. On the other hand, four induced wing 

cracks also start their propagation from the indent 

tip and extends towards the interface and 

boundaries of the modelled specimen. When the 

indent widths increase to 30 cm (Figure 15 (b)) and 

40 cm (Figure 15(c)), again the tensile cracks are 

induced at the interfaces of the cable bolt and rock 
in the modelled specimens. The induced wing 

cracks also start their initiation and propagation 

from the indent tips and extend towards the 
interfaces and boundaries of the modelled samples. 

However, the dimensions of the rock wedges 

increase as the indent width of the cable bolt 

increases (because of the coalescences of the wing 
cracks).  

 

Figure 15. Failure pattern in models consisting one indent with dimensions of (ab); a) 45cm20cm b), 

45cm30cm c), 45cm40 cm. 

3.2. The effect of two indent on the failure 

pattern of numerical model 

The influence of the bolt indentation size on 

the breakage behavior of the numerical model 

depicted in Figures 16-18. In these models, the 
display of tensile cracks and shear cracks is 

specified by a black line and a red line, 

respectively. 

a) bolt length was 7.5 cm (a in Figure 7a): 

When the length of cable bolt reduces to that of 

7.5 cm as shown in Figure 7(a), changing the width 

of the indent from 20 cm to 45 cm, the mechanism 
of failure pattern and crack propagation within the 

modelled sample is as follows: 

When the indent width of the cable bolt is fixed 

at 20 cm (Figure 16(a)), the primary tensile cracks 
are induced in the modelled specimen and eight 

cracks may initiate from the indent tip and 

propagate to meet the cable bolt-rock interface. 
when the indent width is fixed at 30 cm as shown 

in Figure 16(b), the tensile cracks are induced at the 

interface of the rock and cable bolt. In this case, 

again eight wing cracks are induced at the indent 
tip and extend diagonally within the modelled 
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sample till meet the specimen’s boundaries. As the 

indent width of the cable bolt reaches to 45 cm 

(Figure 16(c)), the tensile cracks are also induced 
in the model and at the tip of the indent but two 

rock wedges are formed at the failure stage and the 

dimensions of the wedges increases as the indent 

width increases.  

 

   
(a) (b) (c) 

Figure 16. Failure pattern in models consisting two indents with dimensions of (ab); a) 7.5cm20cm b), 

7.5cm30cm c), 7.5cm40 cm. 

b) bolt length was 15 cm (a in Figure 8a): 

when the cable bolt length increases to that of 

15 cm, and when the width of the indent reaches to 

that of 20 cm as shown in Figure 17(a), the tensile 

cracks are induced at the interface of the rock and 
cable bolt, and also eight wing cracks may be 

initiated from the indent tip and propagate within 

the model till meet the boundary of the geomaterial 
sample. Figure 17(b) shows the crack propagation 

paths and the coalescences of the induced tensile 
cracks at the cable bolt-rock interface and the 

indent tips when the indent width is 30 cm. Figure 

17(c) demonstrates the failure and fracturing 

process in the modelled samples with the indent 
width of 40 cm. In this case two wedges of the 

failed rock are formed and their dimensions 

increase with the increase in indent width of the 
modelled specimens.  

 

   
(a) (b) (c) 

Figure 17. Failure pattern in models consisting two indents with dimensions of (ab); a) 15cm20cm b), 

15cm30cm c), 15cm40 cm. 

c) bolt length was 22.5 cm (a in Figure 9a): 

The modelled specimen for a cable bolt of length 

22.5 cm with a cable bolt indent width 20 cm is shown 

in Figure 18(a). The tensile cracks are initiated from 

the interface of the cable bolt-rock and from the tip of 

the indent during the failure process. These cracks 

propagate within the model and extend toward the 

specimen’s boundaries and interface surface. Figure 

18(b) and Figure 18(c) demonstrate the fracturing 
process of the modelled samples with 30 cm and 45 

cm indent widths, respectively. In these models, the 

wing cracks are induced at the interface of rock and 

cable bolt. Eight cracks are initiated from the indent 

tips of the specimens. These induced wing cracks 

propagated within the specimens and may extend 

toward the boundaries and interfaces of each sample 

or they may coalesce with one another to make the 

rock wedges (two wedges are produced in each 

model). It has been concluded that as the indent width 

increases the dimensions of the rock wedges increase.  
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(a) (b) (c) 

Figure 18. Failure pattern in models consisting two indents with dimensions of (ab); a) 22.5cm20cm b), 

22.5cm30cm c), 22.5cm40 cm. 

3.3. The effect of three indent on the failure 

pattern of numerical model 

The influence of the bolt indentation size on 

the breakage behavior of the numerical model is 
depicted in Figures 19-21. In these models, the 

display of tensile cracks and shear cracks is 

specified by a black line and a red line, 

respectively. 

a) bolt length was 5 cm (a in Figure 10a): 

Figure 19(a) illustrates the fracturing and failure 

process of a modelled sample containing a cable 
bolt of 5 cm with indent thickness of 20 cm. The 

tensile cracks are induced at the interaction surface 

of the cable bolt and rock at the beginning. Then, 
eight induced tensile cracks are initiated from the 

indent tip and extend toward the specimen’s 

boundary or coalesce with one another and form 

rock wedges. Then the cable bolt-rock indent width 
is increased to 30 cm and the failure process of the 

modelled specimen is analyzed as shown in Figure 

19(b). In this case again the tensile cracks are 
induced in the cable bolt-rock interface and eight 

of them are initiated at the indent tip of the model. 

Finally, Figure 19(c) demonstrates the fracturing 

pattern of the modelled cable bolt-rock specimen 
with indent thickness of 40 cm. Again, the tensile 

cracks are initiated at the interface and at the indent 

tip. They propagate and meet one another or extend 
toward the boundaries of the sample. Therefore, it 

is visualized that as the indent width of the cable 

bolt-rock models increases, the sizes of the rock 
wedges increase accordingly.  

The indentation caused eight wing cracks to 

start from the tip and spread diagonally until they 

met a bolt-rock interface. As a result, two rock 
wedges were formed. The wedge dimension 

increases with the increase of the indent width. 
 

   
(a) (b) (c) 

Figure 19. Failure pattern in models consisting three indents with dimensions of (ab); a) 5cm20cm b), 

5cm30cm c), 5cm40 cm. 

b) bolt length was 10 cm (a in Figure 11a): 

Considering different bolt indent widths of 20 

cm (Figure 20(a)), 30 cm (Figure 20(b)) and 40 cm 

(Figure 20(c)) for a bolt of 10 cm length in the 
modelled specimens, the crack propagation 

patterns and the failure mechanisms of the cable 
bolt-rock interface are investigated. The results 

show that in all models, the tensile cracks are 

induced at the interfaces and eight cracks are 
initiated from the indents tips and propagated 
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within the models till coalesce with one another or 

meet the boundaries of the model. It has also been 

concluded that as the indent width and length of the 

cable bolt increase, the sizes of the rock wedges 

increase for all modelled specimens. 

 

   
(a) (b) (c) 

Figure 20. Failure pattern in models consisting three indents with dimensions of (ab); a) 10 cm20cm b), 10 

cm30cm c), 10 cm40 cm. 

c) bolt length was 15 cm (a in Figure 12a): 

The same models are repeated for the cable bolt 
length of 15 cm. Figure 21(a) shows the model 

considering the indent width of 20 cm, Figure 21(b) 

demonstrates the model for 30 cm indent width and 

Figure 21(c) illustrates the model for the case of 40 
cm indent width. The crack propagation paths and 

the failure and fracturing mechanism of these 

models are the same as the previous models and 

demonstrate the effects of indent widths on the 
failure mechanism of cable bolt-rock interactions. 

Tensile cracks were initiated in the first of the axial 

loading but shear cracks were initiated when rock 

bolt reach the final loading capacity. Shear cracks 
were initiated from frictional behavior and sliding 

displacement between broken fragments. 

 

   
(a) (b) (c) 

Figure 21. Failure pattern in models consisting three indents with dimensions of (ab); a) 15cm20cm b), 

15cm30cm c), 15cm40 cm. 

3.4. The effect of rock bolt indent dimension 

and indent number on the shear strength of 

numerical model 

Figure 22(a-c) shows the effect of rock bolt 

indent dimension on the shear strength of 
numerical model. The results show that as the cable 

bolt indent width increases, the shear strength of 

the model at the interaction surface of the bolt-rock 
increases.  
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(a) (b) 

 
(c) 

Figure 22 The effect of rock bolt indent width on the shear strength of numerical model, a) one indent, b) 

two indents, c) three indents. 

The shear behavior of the numerical model, as 

shown in Figure 23(a-c), indicates that the shear 

strength increased with the number of rock bolt 

indents. 
 

  
(a) (b) 

 
(c) 

Figure 23 The effect of rock bolt indent number on the shear strength of numerical model; indent length was, a) 15cm, b) 

30cm, c) 45cm. 
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3.5. Verification of failure pattern of rock 

bolts 

Figure 24 shows experimental failure pattern 
of rebar bolts [50]. The base model, which was 

concrete and grout, has been used as filling 

material between rebar bolts and concrete. The 

mechanical properties of grout were less than the 

concrete mechanical properties. The results show 

that the tensile cracks occur in grout and also a 
wedge failure occurs in attachment surface of grout 

with bolt. This failure was similar to numerical 

testing results obtained in this research 
(Figures13-21). 

 

   

(a) (b) (c) 

   

(d) (e) (f) 

   
(g) (h) (i) 
Figure 24. Failure pattern of rock bolts under tensile loading [50]. 

4. Conclusions 

The effects of cable bolt indent size on the 

mechanical behavior and shear strength of the bolt-

rock interface are numerically investigated by 
discrete element modeling analyses using PFC2D. 

The microparameters for the PFC models are 

calibrated through standardized uniaxial 
compressive and Brazilian tensile strengths tests. 

The particle assemblies of the numerical models 

are of the dimensions 100 cm 100 cm, prepared and 

calibrated carefully to precisely model various 
cable bolt-rock interaction surfaces. The models 

are provided using the concept of punch through 

shear tests. The normal load on the modelled 
sample is fixed as one-tenths of that of the uniaxial 

compressive strength of the geomaterial specimen 

(σc/10 = 3.7 MPa). The following main 
conclusions are drawn based on the numerical 

simulation of the problem: 

• The tensile cracks are initiated at the interface of 

the cable bolt and rock when the cable bolt width 

is 20 cm. Four wing cracks are also induced at 

the indent tip. The same results are obtained 

when the cable bolt width reaches to those of 30 

cm and 40 cm. 

• As the cable bolt width increases, the size of rock 

wedges increases accordingly due to crack 

propagation and coalescence.  

• When the widths of cable bolt indents increase, 

the number of induced tensile cracks within the 

model increase.  
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•  It has been observed that as the cable bolt length 

increases, the shear strength of the bolt-rock 

interaction increases. 

• Increase in the indent width and indent number 

of the cable bolt will increase the total shear 

strength of the model.  
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 چکیده:

سنن  با رر نرر ررفت  اررات شنکف فرورفت ی ها و تعدار هن ا بر اسناو روش انمان م با با اسنت اره از رد نریان  رات رو بعدی  -رفتار مکانیکی رابط پیچ سنن 

(PFCبه صنورت عدری شنبیه سنازی شندا برای رانیبراسنیون نمونه )متر، از تسنت های معمونی و اسنتاندارر فشناری  سنانتی  100 ×  100سنازی شنده با ابعار های مدل

های رابف رر های مت اوتی رر هرایش پیچ ای ت یه شندند ره شنکف و تعدار فرورفت یهای عدری به رونهتک محوری و مقاومت رشنشنی برزیلی اسنت اره شندا مدل

سنازی شندا های بتنی مدلم اپاسنکال و بارهای متتل  شنکسنت برشنی برای هزمایش برشنی پانچ نمونه  7ا3طول فرهیند تقویت سنن  رر  شندندا اررات فشنار محدور  

راری بر مقاومت و  طور معنیهای رابف بهرابف اانت رشنشنی بوره و شنکف و تعدار فرورفت ی-نتایج ای  مطانعه نشنان رار ره اانت شنکسنت بانا رابط پیچ سنن 

رذاررا همچنی  نشنان راره شنده اسنت ره ابعار و تعدار فرورفت ی بر مقاومت برشنی سنطر مشنترر تثریر می شنده تثریر میسنازیهای مدلرفتار مکانیکی نمونه

 .رذارر
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