
 123 

MODELING ROCK BOLT REINFORCEMENT BY USING THE  

PARTICULATE INTERFACE MODEL OF DEM 

Meng-Chia Weng 
1, Fu-Shu Jeng 

2, Chia-Chi Chiu 
3, and Yu-Cheng Lin 

2 

ABSTRACT 

Rock bolt is widely used to stabilize suspended rock blocks at an excavation section, reinforce rock mass, and reduce 
displacement along rock joints. To simulate the rock bolt behavior in discrete element method (DEM), this study proposed a rock 
bolt model based on discrete element method software Particle Flow Code (PFC), which simulates the interfaces between the rock 
bolt and surrounding rock mass using the particulate interface model with high strength and stiffness. On the basis of the proposed 
model, the DEM simulation can effectively install a series of rock bolts at particular positions to form a support system. The 
proposed model was verified using laboratory pull-out and shear tests. A series of tunnel cases were further simulated to compare 
the difference among the displacement distributions of the tunnel under different rock bolt configurations. The simulation results 
showed that the proposed model can simulate rock bolt functions on tunnel excavation. Furthermore, the results showed that 
increasing the length and number of rock bolts increases the reinforced effect; however, as the length and number of rock bolts 
increased to an upper bound value, a limited increment was observed in the reinforced effect. The proposed model provides a useful 
tool to simulate the rock bolt system for tunnel engineering.  
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1.  INTRODUCTION 

Rock bolt is one of the major support elements of tunnel en-
gineering and is widely adopted in the new Austrian tunneling 
method (NATM). A steel rebar is generally fixed into rock mass 
by grouting and used as a rock bolt. It is used to stabilize sus-
pended rock blocks at an excavation section, reinforce the rock 
mass, and reduce displacement along rock joints. To investigate 
the interaction behavior between a rock bolt and surrounded rock, 
many researchers (Cook 1993; Spang and Egger 1990) have con-
ducted a series of laboratory tests on rock bolts embedded in con-
crete or rocks, such as pull-out, shear, and combined pull–shear 
tests. According to Cook (1993), the rock bolt exhibits four possi-
ble failure modes under tensile loading, namely (1) concrete cone 
failure, (2) combined cone–bond failure, (3) bond failure, and (4) 
steel failure (Fig. 1). Spang and Egger (1990) investigated shear 
failure patterns between the rock bolt and rock when the specimen 
was under shear loading. These test results provide a valuable 
knowledge base for the development of analytical studies and nu-
merical modeling of rock bolts. 

In recent decades, the discrete element method (DEM) has 
been considerably developed and successfully employed to nu-
merous science and engineering fields, such as powder technology, 
geotechnical engineering, tunneling, landslide, and mining 

engineering (Chiu et al. 2015; Chiu et al. 2017; Weng et al. 2017). 
Compared with a continuum analysis, the DEM has several unique 
characteristics and advantages, such as the ability to simulate crack 
propagation, large deformation, post-peak behavior, and block 
movement (Weng et al. 2015; Wu et al. 2016; Lin et al. 2018). 
The DEM has been implemented in many programs, and this study 
employed particle flow code (PFC) software (Itasca, Inc. 2014), 
which is widely used in rock and geotechnical engineering. PFC is 
a type of particulate DEMs, which indicates that the basic element 
comprises a ball. To simulate the rock bolt behavior embedded in 
the rock using PFC, Chiu (2010) indicated two types of models 
that could be adopted: (1) increasing the strength of surrounding 
rock elements to simulate the reinforcement of rock bolts and (2) 
removing rock elements and installing high-strength bonded ele-
ments in a vacancy area to simulate the rock bolt. Although these 
two models can reflect the reinforcing effect of the bolt on the rock 
mass, evaluating the interaction between the bolt and rock mass is 
difficult and the simulated failure patterns are inconsistent with the 
actual patterns. In addition, the simulation of the latter model is 
time consuming, and installing a series of rock bolts around the 
excavation section is difficult because determining the position of 
bolt elements is challenging. Therefore, this study aimed to pro-
pose a rock bolt model based on the specified rock bolt–rock in-
terface concept to reasonably simulate the interaction between the 
bolt and rock mass. In the simulation based on the proposed model, 
a series of rock bolts can be effectively installed at particular po-
sitions to form a support system, which provides essential infor-
mation for engineering design. 

The proposed rock bolt model includes two parts: the bolt 
body and interface. To deal with the interaction on the interface 
between the rock bolt and rock mass, the particulate interface 
model (PIM) was adopted (Chiu and Weng 2019). The PIM was 
originally developed for the simulation of the joint, that is, for the 
discontinuity behavior, and it ensures that particles at the joint  
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(a) Concrete cone failure               (b) Combined cone-bond failure                  (c) Bond failure 

                                  
(d) Steel failure                                                  (e) Shear failure 

Fig. 1 Five possible failure modes of rock bolts under tensile and shear loading. (a) concrete cone failure, (b) combined cone-
bond failure, (c) bond failure, (d) steel failure, and (e) shear failure (after Cook 1993; Spang and Egger 1990)

surface, which experience a relative slip, slide on the specified 
joint face and not along the particle surface (Fig. 2). Numerous 
applications have been derived from the PIM, such as rock sliding 
and seepage in the rock joint. The aforementioned studies have re-
vealed the usefulness of the PIM for investigating the effects of 
interfaces in rock mechanics. The interaction between a bolt and 
rock masses can be considered as an interface problem. In contrast 
to the low strength and stiffness of a joint, the interface between a 
bolt and rock masses exhibits high strength and stiffness. 

Therefore, this study modified the original PIM to create specified 
interfaces with high strength and stiffness. The proposed model 
was first validated using laboratory tensile and shear tests. A series 
of tunnel cases were then simulated to compare the difference 
among the displacement distributions of the tunnel under different 
rock bolt configurations. The study performed a two-dimensional 
analysis, in which the rock bolt system can be regarded as instal-
lation in equal spacing along the longitudinal direction of the tun-
nel.

 
Fig. 2  Schematic illustration of the particulate interface model (PIM)
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2.  ROCK BOLT BEHAVIOR 

2.1  Failure Mode 

According to Cook (1993), Spang and Egger (1990), and 
Chen (2014), the rock bolt exhibits five possible failure modes un-
der tensile and shear loading (Fig. 1). The details of rock bolt fail-
ure modes are described in the following section, and they provide 
a reference for the following simulation of the rock bolt behavior. 
 1. Concrete cone failure (Fig. 1(a)): Luke et al. (1985) indicated 

that when the embedment depth of the rock bolt is shallow, 
the concrete cone failure is commonly observed. The cone 
failure initiates at the end of the rock bolt and propagates to 
the free surface. 

 2. Combined cone–bond failure (Fig. 1(b)): As the embedment 
depth increases, the failure mode changes into a combined 
cone–bond failure. This failure includes a bond failure along 
the deeper part of the bolt, with a shallow cone at the top of 
the bolt. 

 3. Bond failure (Fig. 1(c)): The bond failure occurs along the 
interface between the bolt and rock, which is caused by the 
insufficient strength of the grout, low friction of rebar, or de-
ficiency of the bonding surface. 

 4. Steel failure (Fig. 1(d)): The failure develops at the rebar 
when the tensile stress is higher than the ultimate strength of 
the rebar. 

 5. Shear failure (Fig. 1(e)): When the shear stress is higher than 
the ultimate strength of the rebar, the rebar is sheared off. 

2.2  Pull-Out Behavior 

After the bolt is embedded in the rock mass around a tunnel 
section, the external force primarily results in the tensile stress on 
the bolt. Therefore, many researchers have focused on the pull-out 
behavior of the rock bolt and proposed the associated theories for 
predicting the force–displacement relation and stress distribution of 
the rock bolt (Thenevin et al. 1985; Li and Stillborg 1999; Cai et al. 
2004). Collins et al. (1989) conducted a series of pull-out and fatigue 
tests to study the rock bolt behavior with different bonding materials, 
bolt types, and surrounding materials. In total, 178 specimens were 
evaluated. Figure 3 shows a typical load–displacement curve of the 
pull-out test. The length and height of the concrete specimen were 
800 and 500 mm, respectively, and the uniaxial compressive 
strength was 38 MPa. A rock bolt with a diameter of 10 mm was 
embedded in the central part of concrete. The embedment depth of 
the bolt was 200 mm. In Fig. 3, the ultimate pull-out load was 138 
kN at a displacement of 0.004 m. The failure mode was classified as 
the combined cone–bond failure. This study used the test results to 
validate the proposed model in Section 4. 

2.3  Shear Behavior 

Spang (1988) conducted direct shear tests to study the shear 
behavior of the rock bolt embedded in concrete. The specimen 
comprised a rock bolt and two concrete blocks, and a rock bolt 
with 8-mm diameter was vertically installed between these two 
blocks (Fig. 4). The length and height of each concrete block were 
100 and 50 mm, respectively, and the uniaxial compressive 
strength was 40 MPa. Figure 4 shows the shear force–displace-
ment curve of the direct shear test. The ultimate shear load was 40 
kN at a displacement of 0.015 m. The test result was used to validate 
the simulated shear behavior of the proposed model in Section 5. 

 
Fig. 3 A pull-out test result of the rock bolt (after Collins et 

al. 1989) 

 
Fig. 4 A direct shear test result of the rock bolt (after Spang 

1988) 

3.  ROCK BOLT MODEL OF THE DEM 

3.1  Concept of the Rock Bolt Model 

The proposed rock bolt model includes two parts: the bolt 
body and interface (Fig. 5). The bolt body is composed of raw 
bonded ball elements, and the installation of rock bolts is directly 
installed on the specified position without removing rock mass el-
ements. It makes the rock bolts easily to set up on specified posi-
tions, and the rearrangement of particles is unnecessary (Fig. 5). 
With the use of the bolt installation method, the interfaces between 
the rock bolt and surrounding rock mass were simulated using the 
PIM. The PIM ensures that particles at the joint surface, which ex-
perience a relative slip, slide on the specified joint face and not 
along the particle surface, and thus, it can eliminate roughness 
caused by the arrangement of particles on the joint face. On the 
basis of the features of the PIM, this study simulated the high-
strength interaction between the rock bolt and rock mass.  

Chiu and Weng (2019a) indicated that the algorithm of the 
PIM involves a prefix subroutine, a suffix subroutine and a contact 
model (Fig. 2). Six modifications are deployed in the PIM to cor-
rect the simulation results, which are (1) segment area equalization, 
(2) shear stiffness adjustment, (3) surplus force recapture, (4) shear 
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Fig. 5 Schematic illustration of the proposed rock bolt model  

force compensation, (5) normal force redistribution, and (6) nor-
mal stiffness adjustment. These modifications will be elucidated 
in the following sections. More detailed information and algo-
rithms associated with the PIM can be found in two recent studies 
(Chiu and Weng 2019a; Chiu and Weng 2019b). 

On the basis of the PIM, the force on the interface is calcu-
lated as follows: 

, , ,: e
n sj n sj n sj sj nF F k A U    (1) 

, , ,: e
s sj s sj s sj sj sk A   F F U  (2) 

where Fn,sj and Un
e are the normal force acting on an interface 

plane and normal displacement in the unbonded part of the inter-
face, respectively. Fs,sj is the shear force vector acting on the inter-
face plane. The bold font indicates that the term is in a vector form. 
Us

e and Asj are the shear displacement vector of the interface and 
the area of the interface cross section, respectively. 

For an interface, if |Fs,sj|  F*
s,sj, where F*

s,sj = Fn,sj + csj, then 
the resistant shear force |Fs,sj| is as follows: 

,| | | |s sjF Fs,sj   (3) 

where  and csj are the coefficient of friction and cohesion of in-
terface, respectively. 

Otherwise, sliding is assumed to occur, and the resistant shear 
force is limited as follows: 

*
,| | s sjFFs,sj   (4) 

3.2  Required Parameters of the Model 

The proposed rock bolt model required 10 micro-parameters. 
Among these parameters, six parameters were for the bolt body, 
namely the normal stiffness of the ball, shear stiffness of the ball, 
normal bonding stiffness, shear bonding stiffness, normal bonding 
strength, and shear bonding strength, listed in Table 1. Four param-
eters were for the interface, namely friction angle sj, cohesion csj, 
interface normal stiffness kn,sj, and interface shear stiffness ks,sj. If we 
assume that the rock bolt body is sufficiently strong, the steel failure 
could be avoided. Then, four parameters of the rock bolt body, 
namely the normal stiffness of the ball, shear stiffness of the ball, 
normal bonding strength, and shear bonding strength, exhibit a slight 
influence on the rock bolt behavior and can have a considerably high 
value. The remaining parameters could be determined through back 
analysis by comparing the simulation with the results of laboratory 
tests. To verify the proposed model, three tests, namely the pull-out 
test and two shear tests, are simulated in the following sections. 

4.  VERIFICATION WITH THE PULL-OUT TEST 

4.1  Pull-Out Test 

Refeering back to Section 2.2 for the pull-out test, to evaluate 
the tensile performance of the rock bolt model, this study simulated 
the result of the pull-out test (Collins et al. 1989). To simplify the 
computation, the two-dimensional analysis was conducted. The 
study first established a concrete specimen of the DEM according 
to the suggested procedure of Potyondy and Cundall (2004). The 
length and height of the concrete specimen were 800 and 500 mm, 
respectively. The specimen comprised 5680 ball elements, and the 
average diameter of the ball elements was 10 mm. The stiffness of 
the ball and parallel bond was determined according to Potyondy 
and Cundall (2004), and the simulated uniaxial compressive 
strength was 38 MPa, which was consistent with the actual speci-
men. A rock bolt with a diameter of 10 mm was installed in the 
specimen with a depth of 200 mm (Fig. 6(a)). Table 1 presents the  

 
(a) DEM model 

 
(b) Force-displacement curve 

 
(c) Crack distribution 

Fig. 6 Simulation and actual results of a pull-out test of the 
rock bolt
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Table 1  Parameters of the rock bolt model for pull-out and direct shear tests 

Parameters Pull-out test Shear test 
Bolt size (mm) 10 8 

Bolt body 

Density g (kg/m3) 2800 2800 

Normal stiffness of parallel bond nk (N/m3) 9  1013 1.5  1013 

Shear stiffness of parallel bond sk (N/m3) 5  1013 9  1011 

Normal strength of parallel bond (N/m2) 5  1010 7  1010 
Shear strength of parallel bond (N/m2) 2  1010 1.6  109 
Normal stiffness of particle kn (N/m) 9  109 8  1011 
Shear stiffness of particle ks (N/m) 3  109 3  1011 

Interface 

Friction coefficient of interface 0.83 0.83 
Cohesion of interface (N/m2) 0 0 
Normal stiffness of interface kn,sj (N/m3) 9.34  109 2  108 
Shear stiffness of interface ks,sj (Pa/m) 7  108 9  107 

 

material parameters and properties. To conduct the pull-out test, 
the top of the rock bolt was pulled out with a constant displacement 
rate of 0.1 mm/s. The relation between the tensile force and pull-
out displacement was recorded during the process. Figure 6(b) 
shows the simulation and actual result of the pull-out test. The sim-
ulation results were consistent with the test results in terms of peak 
strength and stiffness. Although a slight force-drop discrepancy 
was observed in the initial stage of the force–displacement curve, 
it was initiated from the partial tensile failure in the rock mass near 
the rock bolt. Figure 6(c) shows the failure pattern after the rock 
bolt was pulled out. Wedge damage accompanied with tensile 
cracks could be observed in the concrete specimen. This damage 
is consistent with the results of Collins et al. (1989) (Fig. 3). The 
simulation was validated using experimental results in terms of the 
force–displacement curve and failure morphology. 

4.2  Effects of Micro-Parameters on Tensile Resistance 

This study further investigated the effect of micro-parameters 
on the results of the pull-out test. Figure 7 shows the effect of mi-
cro-parameters and external stress conditions on the tensile behav-
ior during DEM simulation. Among the micro-parameters, the 
friction angle and cohesion of the interface exhibited a significant 
effect on pull-out strength (Fig. 7(a)). With the increasing friction 
angle and cohesion of the interface, the strength increased evi-
dently. In addition to the micro-parameters, a lateral stress on the 
rock bolt is crucial. With the increasing lateral stress, which indi-
cates an increase in the overburden depth or in situ stress, the pull-
out strength simultaneously increased. For the stiffness of the pull-
out test, the primary influencing factor is the shear stiffness ks,sj of 
the interface. With the increasing interface shear stiffness, strength 

increased evidently (Fig. 7(b)). 

5.  VERIFICATION WITH THE SHEAR TEST 

5.1  Shear Test 

To investigate the shear performance of the proposed model, 
this study simulated the results of the shear test (Spang 1988). For 
the direct shear test (Fig. 4), the study established two concrete 
blocks of the DEM based on the suggested procedure of Potyondy 
and Cundall (2004). The length and height of each concrete block 
were 100 and 50 mm, respectively, and the average diameter of the 
ball elements was 4 mm. The stiffness of the ball and parallel bond 
were determined based on Potyondy and Cundall (2004), and the 
simulated uniaxial compressive strength of concrete was 40 MPa, 
which was consistent with the actual specimen. A rock bolt with a 
diameter of 8 mm was then vertically installed between the two 
blocks (Fig. 8(a)). Table 1 presents the required material parame-
ters and properties for the simulation. To conduct the shear test, 
the upper block was moved with a constant displacement rate of 
0.1 mm/s. The relation between the shear force and shear displace-
ment was obtained during the process. Figure 8(b) presents the 
simulation and actual results of the shear test. The simulation 
agreed with the test result at peak strength and stiffness at 50% 
strength, although a minor discrepancy was observed in the initial 
stage of the force–displacement curve. Figure 8(c) shows the fail-
ure pattern after the rock bolt was sheared off. The damage zone 
of concrete with cracks was primarily distributed near the shear 
plane at the backside of the rock bolt. The simulation could reflect 
the concrete crushing behavior after the direct shear test. 

     
(a) Influencing factors on pull-out strength                     (b) Influencing factors on tensile stiffness 

Fig. 7  Influence of micro-parameters on the result of the pull-out test
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(a) DEM model 

  
(b) Force-displacement curve 

 
(c) Crack distribution 

Fig. 8 Simulation and actual results of a direct shear test of 
the rock bolt 

5.2  Effects of Micro-Parameters on Shear Resistance 

Figure 9 shows the effect of micro-parameters on the shear 
behavior in DEM simulation. Among micro-parameters of the 
rock bolt body, normal bonding strength and shear bonding 
strength provide primary resistance to the external shear force. 
With an increase in the two bonding strengths, the shear strength 
of the rock bolt increased (Fig. 9(a)). For the parameters of the 
interface, the friction angle exhibited a significant influence on 
shear strength (Fig. 9(a)). For the bolt stiffness of the shear test, 
the primary influencing factors are the interface normal stiffness 
and normal bonding stiffness of the bolt body. Higher interface 
normal stiffness and normal bonding stiffness were associated 
with the higher shear stiffness of the rock bolt (Fig. 9(b)). The pro-
posed model could not simulate the elastic–plastic behavior of the 
bolt, thus indicating that the bolt only exhibited brittle behavior 
when the shear stress reached ultimate strength. Micro stiffness 
parameters only affect the pre-peak macroscopic stiffness of the 
rock bolt and cannot generate post-peak ductile deformation. More 
sophisticated contact models must be adopted in the rock bolt 
model for considering ductile deformation after bolt yielding.  

 
(a) Influencing factors on shear strength 

 

 
(b) Influencing factors on shear stiffness 

Fig. 9 Influence of micro-parameters on the result of the 
shear test 
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6.  SIMULATION OF TUNNELING WITH ROCK BOLT 
SUPPORTS 

6.1  Model Setup 

This study further analyzed the performance of the numerical 
model to represent rock bolts in the situation of inward defor-
mation during tunnel excavation. A recognized tunneling project 
in Taiwan was used as a case study. This tunnel, with a diameter 
of 20 m, and the overburden depth ranging from 20 m to 120 m, 
was constructed in the Western foothill of Taiwan. The rock mass 
in the tunnel was sandstone, and the property is assumed as isot-
ropy. According to the design report (Weng et al. 2008; Weng et 
al. 2010), the friction angle, cohesion, Young’s modulus, and Pois-
son’s ratio of the rock mass were of 35°, 100 kPa, 200 MPa, and 
0.21, respectively (Table 2). 

In the analyzed case of DEM, the length and depth of the tun-
nel were 200 and 192 m, respectively; it comprised 11,000 ball 
elements, and the average diameter of the ball elements was 1 m 
(Fig. 10). Table 2 presents the material parameters and properties, 
and the simulated uniaxial compressive strength and Young’s 
modulus were consistent with those of the rock mass. An overbur-
den depth of the tunnel of 86 m was selected for a basic analysis. 
The tunnel case was analyzed using three steps: geostatic condi-
tion in the rest state, section excavation, and installation of the rock 
bolt system. The rock bolt system included seven bolts with a 
length of 8 m and were embedded at the crown and sidewall of the 
tunnel. Because of the absence of the actual properties of the rock 
bolt, the parameters of the rock bolt for the direct shear test were 
adopted in the tunnel analysis. Table 2 lists these parameters. 

Table 2  Parameters of the Tunnel Analysis 

Parameters Values 

Bolt size (m) 0.3 

Bolt body 

Density g (kg/m3) 2800 

Normal stiffness of parallel bond nk  (N/m3) 8  1013 

Shear stiffness of parallel bond sk  (N/m3) 9  1012 

Normal strength of parallel bond (N/m2) 1  109 

Shear strength of parallel bond (N/m2) 8  108 

Normal stiffness of particle kn (N/m) 7  109 

Shear stiffness of particle ks (N/m) 5  109 

Interface 

Friction coefficient of interface 0.83 

Cohesion of interface (N/m2) 0 

Normal stiffness of interface kn,sj (N/m3) 2  108 

Shear stiffness of interface ks,sj (N/m3) 9  107 

Rock 

Average ball size (m) 1 

Density g (kg/m3) 2600 

Normal stiffness of parallel bond nk  (N/m3) 3.4  107 

Shear stiffness of parallel bond sk  (N/m3) 1.3  107 

Normal strength of parallel bond (N/m2) 3.2  105 

Shear strength of parallel bond (N/m2) 2  105 

Normal stiffness of particle kn (N/m ) 4  108 

Shear stiffness of particle ks (N/m ) 8  107 

Friction angle 35 
Cohesion (N/m2) 1  105 

Young’s modulus (N/m2) 2  108 

Poisson’s ratio 0.21 

 

Fig. 10  The analyzed tunnel case of DEM 

6.2  Influence of Presence of Rock Bolt Support 

Two tunnel cases, excavation with and without rock bolt sup-
port, are first compared in the following section. Figure 11 shows 
the tunnel deformation pattern after excavation and inward dis-
placements around the tunnel section. For the tunnel deformation 
pattern, the rock mass without any support exhibited large defor-
mation at the crown and left sidewall, and a wedge failure zone 
was accordingly developed. Inward displacements in the failure 
zone were 0.38 ~ 0.60 m (Figs. 11(a) and 11(c)). After the rock 
bolts were installed, tunnel deformation was significantly sup-
pressed. The average inward displacement around the tunnel was 
reduced to approximately 100 mm, whereas the maximum inward 
displacement of 0.23 m was observed at the crown. Figure 11(b) 
shows crack distribution around the tunnel. In both cases, sheer 
cracks (black lines) were the most prevalent near the tunnel. Exca-
vation without support exhibited higher crack density and a con-
siderably wider crack zone than that with rock bolts, which in-
duced more inward deformation of the tunnel. Therefore, the pro-
posed model could simulate rock bolt functions to reinforce the 
rock mass and to reduce displacement around excavation. The in-
fluences of rock bolt properties on tunnel deformation are subse-
quently presented in the following sections. 

6.3  Influence of Length of the Rock Bolt  

To investigate the influence of the length of the rock bolt on 
tunnel deformation, this study analyzed the rock bolt system with 
four different lengths, which ranged from 6 ~ 14 m. In the rock 
bolt system, seven bolts were placed around the section, which was 
the same as that in Fig. 11. Figure 12 shows variations in inward 
displacements of the tunnel for different lengths of the rock bolt. 
As the length of the rock bolt increased from 6 m to 12 m, the 
maximum inward displacement decreased from 0.28 m to 0.22 m. 
The greater length of the rock bolt was positively associated with 
higher resistance. However, the inward displacement was almost 
constant until the length of the rock bolts increased to 14 m. Thus, 
the increasing length of the rock bolt increased the reinforced ef-
fect; however, when the length of the rock bolt increased to an 
upper bound value, the increase in the reinforced effect was lim-
ited. In addition, the failure type of the rock bolt may change from 
the cone failure to bond failure when the length of the rock bolt 
increased (Fig. 1).  

192 m 

200 m 
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(a) Deformation pattern 

   

(b) Crack distribution 

 

(c) Distribution of inward displacement around the tunnel 

Fig. 11  Comparison between the two analyzed tunnel cases: excavation with and without the rock bolt support
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Fig. 12 Variations in inward displacements of the tunnel un-
der different lengths of the rock bolt system 

6.4  Influence of Rock Bolt Arrangement 

This study further investigated the influence of the arrange-
ment of the rock bolt on tunnel deformation, and the support sys-
tem with bolts of different numbers from 7 to 13 were analyzed. 
The length of the rock bolts was 8 m. Figure 13 shows rock bolt 
arrangements around the tunnel. The rock bolts were installed at 
the crown and sidewalls of the tunnel. With the increasing number 
of bolts, the spacing between bolts decreased. Figure 14 shows dis-
tributions of inward displacements of the tunnel under different 
arrangements of the support system. A higher number of rock bolts 
were installed at the crown and sidewalls, the reinforced effect 
could be improved, which reduced inward displacement. With the 
increasing number of rock bolts from 7 to 9, the maximum inward 
displacement decreased from 0.24 m to 0.15 m. However, the in-
ward displacement was almost constant when the number of rock 
bolts was higher than 11. The increasing number of the rock bolts 
increased the reinforced effect; however, when the number of rock 
bolts increased to an upper bound value and the spacing of rock 
bolt decreased to a lower bound value, the increment in the rein-
forced effect was limited. This group effect is similar to the pile-
group effect. Due to the decrease of spacing, each bolt in a group 
affects the rock resistance around other bolts. A group of bolts 
around a section exhibit less resistance than the sum of the re-
sistance of individual bolts.  

    
(a) 7 rock bolts                                                 (b) 9 rock bolts 

    
(c) 11 rock bolts                                                 (d) 13 rock bolts 

Fig. 13  Rock bolt arrangements around the tunnel for DEM analysis
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Fig. 14 Variations in inward displacements of the tunnel un-
der different arrangements of the support system 

6.5  Influence of Overburden 

To study the influence of overburden depth on tunnel defor-
mation, this study analyzed the overburden depth of 70 ~ 120 m. 
The rock bolt system had seven bolts around the section, and the 
length of the bolts was 8 m, which was the same as that in Fig. 11. 
Figure 15 shows variations in inward displacements of the tunnel 
for different overburden depths. With an increasing in the overbur-
den depth from 70 m to 120 m, the maximum inward displacement 
increased from 0.15 m to 0.27 m. A greater overburden depth in-
duced higher earth pressure, thus increasing the inward displace-
ments of the tunnel.  

6.6  Influence of Rock Bolt Properties 

This study further investigated the influence of interface 
properties of the rock bolt on tunnel deformation. In this study, 
three interface properties of rock bolts, namely the friction coeffi-
cient, normal stiffness, and shear stiffness, were examined. Figure 
11 presents the basic analysis. Figure 16 shows variations in the 
inward displacements of the tunnel with different interface prop-
erties. For the effect of the interface friction coefficient (Fig. 16(a)), 
with the increasing friction coefficient from 0.5 to 1.83, the maxi-
mum inward displacement decreased from 0.30 m to 0.20 m. The 
friction coefficient of the interface significantly affected the rein-
forcement of the rock bolt. The effect of the interface normal stiff-
ness was minor (Fig. 16(b)). When the normal stiffness increased 
from 100 MN/m3 to 9,000 MN/m3, inward displacement was quite 
closely distributed. In contrast to normal stiffness, the shear stiff-
ness of the interface had an evident apparent effect on the rock bolt 
behavior (Fig. 16(c)). When the shear stiffness increased from 10 
MN/m3 to 90 MN/m3, the maximum inward displacement de-
creased from 0.35 m to 0.24 m. In general, the friction coefficient 
and shear stiffness of the interface had a significant effect on the 
performance of rock bolts for the tunnel support. 

 

Fig. 15 Variations in inward displacements of the tunnel for 
different overburden depths 

7.  CONCLUSIONS 

This study proposed a rock bolt model of DEM based on the 
specified interface concept to simulate the interaction between the 
bolt and rock mass. The bolt body comprised raw bonded ball el-
ements, and the interface between the rock bolt and surrounding 
rock mass was simulated using the particulate interface model. 
DEM simulation based on the proposed model could effectively 
install a series of rock bolts at the specific positions to form a sup-
port system. The proposed model was verified through laboratory 
pull-out and shear tests. The simulation results were consistent 
with experimental results in terms of the force–displacement curve 
and failure morphology. Moreover, the primary influencing micro-
parameters on strength and stiffness were clarified. A series of tun-
nel cases were further simulated to compare the difference among 
displacement distributions of the tunnel under different rock bolt 
configurations. The simulation results showed that the proposed 
model could simulate rock bolt functions on tunnel excavation to 
reinforce the rock mass and reduce displacement around excavation. 
Furthermore, the effects of rock bolt configurations on tunnel de-
formation were investigated. The increasing length and number of 
the rock bolt could increase the reinforced effect; however, when 
the length and number of the rock bolts increased to an upper bound 
value, the increase in the reinforced effect was limited. For the rock 
bolt properties, the friction coefficient and shear stiffness of the in-
terface had a significant effect on the performance of the rock bolts 
for the tunnel support. The proposed model provided a useful tool 
to simulate rock bolt systems for tunnel engineering. However, the 
limitations of the proposed model should be noted. The model does 
not consider the pre-stressed condition of the rock bolt and cannot 
simulate the elastic–plastic behavior, that is, the yielding of ductile 
deformation. In addition, this study only develops the rock bolt sup-
porting, and other supporting components, including shotcrete, and 
lining, are not considered. Further studies will focus on more types 
of support components and their interactions. 
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(a) Interface friction coefficient                                     (b) Interface normal stiffness 

 
(c) Interface shear stiffness 

Fig. 16  Variations in inward displacements of the tunnel with different interface properties
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NOTATIONS 

 Asj Area of an interface plane (m2) 

 csj Cohesion of an interface (N/m2) 

 Fn,sj Normal force acting on an interface plane (N) 

 Fs,sj Shear force vector acting on an interface plane before 
force-displacement calculation (N) 

 Fs,sj Shear force vector acting on an interface plane after 
force-displacement calculation (N) 

 g Density (kg/m3) 

 kn Normal stiffness of particle (N/m) 

 kn,sj Normal stiffness of an interface (N/m3) 

 ks Shear stiffness of particle (N/m) 
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 ks,sj Shear stiffness of an interface (N/m3) 

 nk  Normal stiffness of parallel bond (N/m3)
 

 sk  Shear stiffness of parallel bond (N/m3)
 

 Un
e Normal displacement in the unbonded part (m) 

 Us
e Shear displacement vector of the interface (m) 

  Friction coefficient of an interface 
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