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Keywords Abstract
In this work, the interaction between the semi-circular space and the neighboring joint
PFC2D with and without the presence of rock bolts was investigated using the particle flow code
(PFC) approach. For this purpose, firstly, the calibration of PFC was performed using both
Tunnel the Brazilian experimental test and the uniaxial compression test. Secondly, a numerical
model with the dimension of 100 mm * 100 mm was prepared. A semi-circular space with
Joint a radius of 25 mm was situated below the model. A joint with a length of 40 mm was
situated above the space. The joint opening was 2 mm. The joint angles related to the
Rock bolt horizontal direction were 0°, 15°, 30°, 45° 60° and 75° Totally, 6 different

configurations of the semi-circular space and neighboring joint were prepared. These
models were tested with and without the presence of vertical rock bolts by the biaxial test.
The rock bolt length was 50 mm. The value of the lateral force was fixed at 2 MPa. An
axial force was applied to the model till the final failure occurred. The results obtained
showed that the presence of rock bolts changed the failure pattern of the numerical model.
In the absence of rock bolts, two tensile wing cracks initiated from the joint tip and
propagated diagonally till coalescence from the model boundary. Also several shear bands
were initiated in the left and right sides of the tunnel. In the presence of rock bolts, several
shear bands were initiated in the left and right sides of the tunnel. The compressive
strength with the presence of rock bolts was more than that without the presence of rock
bolts. The failure stress had a minimum value when the joint angle was 45°.

Tensile crack

1. Introduction

A tunnel excavation will cause the re-adjustment of
the existing stress fields in the surrounding rock
masses. Rock bolts have been widely used to
reinforce the surrounding rock mass in a tunnel
engineering. A proper design of rock bolts, which
depends on the full understanding of the
mechanism and effectiveness of rock bolts, is very
important to the reinforcement, stabilization, and
safety construction of rock tunnels [1-3].
Meanwhile, there are lots of uncertainties in the
rock tunnels. The uncertainties are critical to the
design and safe construction due to the complexity
of rock mass [4]. The reliability analysis is a widely
developed method used to determine the
uncertainty in an engineering system [5]. The
stresses and displacements around a tunnel with
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and without the presence of rock bolts is an
important problem considering the uncertainty in
the tunnel engineering.

Various analytical, experimental, and numerical
methods have been developed to analyze and
understand the mechanism of rock bolts in the
tunnels based on different assumptions and
conditions. The analytical models are capable of
defining the stresses and the deformations, and
have been widely used due to the computational
simplicity [6, 7]. Hoek and Brown (1980) have
presented analytical solutions of tunnels with rock
bolts [8]. Brown et al. (1983) have proposed an
analytical solution based on the elastic-brittle-
plastic material behavior and Hoek-Brown yield
criterion [9]. Li and Stillborg (1999) have
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developed three analytical models for rock bolts
based on the mechanical coupling at various
interfaces of the rock bolts, the grout medium, and
the rock mass [2]. Cai et al. (2004) have described
the interaction mechanism between the rock bolts
and rock mass, proposing an analytical model to
analyze the supporting behavior of rock bolts in
tunnels [10]. Guan et al. (2007) have considered
the interaction relationship between rock bolts and
rock mass, proposing a framework to analyze the
elasto-plastic ground response of the tunnels with
rock bolts [11]. Oreste (2008) has proposed a
calculation procedure to determine the stress and
strain state of rock mass in a tunnel with rock bolts
[12]. Indraratna and Kaiser (1990) have extended
the general solutions based on the Mohr-Coulomb
criterion, and have developed an elastic-brittle
plastic model [13]. Fahimifar and Soroush (2005)
have presented a new approach based on a non-
linear strength criterion for rock mass and the
brittle and strain softening stress—strain behavior
models [14]. Carranza-Torres (2009) have
analyzed the mechanical contribution of rock bolt
reinforcement based on the elasto-plastic model,
proving that rock bolts can also have a critical
effect on controlling the extent of the plastic failure
zone and the convergences of the tunnel [15].
Bobet and Einstein (2011) have analyzed the
reinforcement mechanism of different types of
bolts, proposing an analytical solution for a circular
tunnel with rock bolts based on the coupling
analysis [16]. The above models have been used in
the design of rock bolts and the stability analysis of
tunnels. However, these models did not deal with
the uncertainties in the variables such as the rock
mass strength and the parameters of the rock bolts.
The reliability method has been developed for the
stability analysis of tunnels to consider the
uncertainty [5, 17-21]. Hoek (1998) has applied
the reliability method to the stability analysis of
circular tunnels through integrating the analytical
solutions and Monte Carlo simulation [22]. Li and
Low (2010) have analyzed the stability of the
circular tunnels subjected to hydrostatic stress by
combining an analytical solution with the first-
order reliability method (FORM) [18]. Zhang and
Goh (2012) have estimated the stability of
underground rock cavern using the reliability
method [23].

In this work, the behavior of a tunnel and the
neighboring joint with and without the presence of
rock bolts was studied using the Particle Flow
Code (PFC).

The aim of this work was to analyses the effect of
the presence of rock bolts on the failure pattern,
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stress concentration at the tip of the joint, and the
vertical displacement at the tunnel roof.

2. Numerical simulation

2.1. Bonded particle model and particle flow
code in two dimensions (PFC2D)

PFC2D is a distinct element code that represents
the materials as an assembly of rigid particles that
can move independently from one another and
interact only at contacts (Itasca 1999 version 3.1
[24]; Potyondy and Cundall, 2004 [25]). The
movements and interaction forces of particles are
calculated using a central finite difference method
as applied in DEM. For the models of the contacts,
both the linear and non-linear contact models with
frictional sliding can be used. The linear contact
model used in this work provides an elastic
relationship between the relative displacements
and the contact forces of particles. In order to
generate a parallel-bonded particle model for
PFC2D, using the routines provided (Itasca 1999,
version 3.1), the following micro-properties should
be defined: ball-to-ball contact modulus, stiffness
ratio kn over ks, ball friction coefficient, parallel
normal bond strength, parallel shear bond strength,
ratio of standard deviation to mean of bond
strength both in the normal and shear directions,
minimum ball radius, parallel-bond radius
multiplier, parallel-bond modulus, and parallel-
bond stiffness ratio. In order to establish the
appropriate micro-properties to be used for the
particle assembly, it is necessary to conduct a
calibration procedure. The particle contact
properties and bonding characteristics cannot be
determined directly from the tests performed on the
laboratory model samples. The material properties
determined by laboratory experimentation are
macro-mechanical in nature because they reflect
the continuum behavior. An inverse modelling
procedure was used to determine the appropriate
micro-mechanical properties of the numerical
models from the macro-mechanical properties
determined in the laboratory tests. The trial-and-
error approach is one of the methods used to relate
these two sets of material properties (Itasca 1999
[24]). It involves assumption of the micro-
mechanical property values and comparison of the
strength and deformation characteristics of the
numerical models with those of the laboratory
samples. The micro-mechanical property values
that give a simulated macroscopic response close
to that of the laboratory tests are then adopted for
the discontinuous jointed blocks. The limitations of
DEM are (Donze et al. 2009 [26]): (a) Fracture is
closely related to the size of elements, and that is
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so-called the size effect. (b) Cross effect exists due
to the difference between the size and shape of the
elements with real grains. (c) In order to establish
the relationship between the local and macroscopic
constitutive laws, the data obtained from the
classical geo-mechanical tests, which may be
impractical, is used.

2.2. Preparing and calibrating numerical model
The standard process of generating a PFC2D
assembly to represent a test model, used in this
work, has been described in detail by Potyondy and
Cundall [22]. This process involves particle
generation, packing the particles, isotropic stress
installation (stress initialization), floating particle
(floater) elimination, and bond installation. A
gravity effect was not required to be considered as
the specimens were small, and the gravity-induced
stress gradient had a negligible effect on the
macroscopic behavior. The uniaxial compressive
strength and Brazilian tests were carried out to
calibrate the properties of particles and parallel
bonds in the bonded particle model. Adopting the
micro-properties listed in Table 1 and the standard
calibration procedures (Potyondy and Cundall
[22]), a calibrated PFC particle assembly was
created. Figure 1 shows the numerical compression
test results. The red line and black line show the
shear crack and the tensile cracks, respectively. As
it can be seen, the tensile cracks develop within the

model. This is in accordance to the typical failure
pattern occurring in the experimental test.

Figures. 2a and 2b show the experimental Brazilian
test and the numerical simulation, respectively.
The results obtained show a well-matching
between the experimental test and the numerical
simulation. Table 2 shows the results of a
comparison between the mechanical properties
rendered by the experimental test and the
numerical simulation. The results show a well-
matching between the experimental test and the
numerical simulation.

e

TR
Figure 1. Numerical compression test results.

Table 1. Micro-properties used to represent the intact rocks.

Parameter Value Parameter Value

Type of particle disc Parallel bond radius multiplier 1
Density 3000 Young modulus of parallel bond (GPa) 40

Minimum radius 0.27 Parallel bond stiffness ratio 1.7

Size ratio 1.56 Particle friction coefficient 0.4

Porosity ratio 0.08 Parallel bond normal strength, mean (MPa) 10
Damping coefficient 0.7 Parallel bond normal strength, SD (MPa) 2
Contact young modulus (GPa) 40 Parallel bond shear strength, mean (MPa) 10
Stiffness ratio 1.7 Parallel bond shear strength, SD (MPa) 2

(a) | (b)
Figure 2. Failure pattern in a) physical sample, b) PFC2D model.
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Table 2. Mechanical properties in numerical models.

Parameter

Numerical output

Experimental result

Uniaxial compressive strength (MPa)
Young modulus (GPa)
Tensile strength (MPa)

7.4 7.2
9.3 9.1
1.4 1.3

2.3 Model preparation using PFC

After calibration of PFC2D, a biaxial test was
simulated by creating a rectangular model in
PFC2D (using the calibrated micro-parameters)
(Figure 3). The PFC specimen had the dimension
of 10 cm * 10 cm. A semi-circular tunnel with a
diameter of 5 cm was situated below the model
(Figure 3). Two narrow clumps exist below the
model to transmit the axial force into the model. A
joint with a length of 40 mm was situated above the
tunnel (Figure 3). The joint angles related to the
horizontal direction were 0°, 15°, 30°, 45, 60", and
75" (Figure 3). A measuring circle with a diameter
of 1 cm exists at the tip of the joint to measure the
stress concentration (Figure 3a). This measuring
circle was installed in all the numerical models.

Measuring
circle .

[Eeenes =1

Ball id=1239
Ball id=4365
Ball id=3009
Ball id=7908

Four balls with the different ball identifications of
1239, 4365, 3009, and 7908 were selected at the
tunnel roof to measure the mean vertical
displacement (Figure 3a). These balls were chosen
in all the numerical models. Totally, 6 various
configurations of the tunnel and the neighboring
joint were prepared. These models were tested
without the presence of rock bolts (Figure 3) and
with the presence of rock bolts (Figure 4) under the
biaxial test. The rock bolt simulated by clump
particle had a green color (Figure 4) and its length
was 6 cm. This bolt was situated vertically in the
model. These models were loaded biaxially. The
confining pressure was 1 MPa. The compressive
force was registered by taking the reaction forces
on the upper wall.

(d)
Figure 3. Semi-circular tunnel and neighboring joint with angles of; a) 0°, b) 15°, c) 30°, d) 45, &) 60", and f) 75".
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(d)

(M

Figure 4. Semi-circular tunnel and neighboring joint with angles of; a) 0", b) 15°, ¢) 30°, d) 45", e) 60", and f) 75’

3. Numerical results

3.1. Effect of joint angle on failure pattern of
numerical model (without presence of rock
bolts)

Figure 5 shows the effect of joint angle on the
failure pattern of the numerical model without the
presence of rock bolt. The black line and the red
line represent the tensile crack and shear crack,
respectively.

a. When the joint angle was 0 (Figure 5a), two
tensile wing cracks initiated from the joint tip and
propagated diagonally till coalescence from the
model boundary. Also several shear bands were
initiated in the left and right sides of the tunnel.

b. When the joint angle was 15  (Figure 5b), one
tensile wing crack initiated from the joint tip and
propagated diagonally till coalescence from the
model boundary. Also several shear bands were
initiated in the left and right sides of the tunnel.

¢. When the joint angle was 30" (Figure 5c), one
tensile wing crack initiated from the joint tip and
propagated diagonally till coalescence from the
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model boundary. Also several shear bands were
initiated in the left and right sides of the tunnel.

d. When the joint angle was 45 (Figure 5d), two
tensile wing cracks initiated from the joint tip and
propagated diagonally till coalescence from the
model boundary. Also several shear bands were
initiated in the left and right sides of the tunnel.

e. When the joint angle was 60° (Figure 5¢), several
shear bands were initiated in the left and right sides
of the tunnel.

f. When the joint angle was 75 (Figure 5f), several
shear bands were initiated in the left and right sides
of the tunnel.

It is clear that in the absence of rock bolt, when the
joint angle is less than 45°, two tensile wing cracks
initiate from the joint tip and propagate diagonally
till coalescence from the model boundary. In these
configurations, a wedge block formed in the top of
the tunnel roof. When the joint angle was more than
45°, several shear bands were initiated in the left
and right sides of the tunnel. In this configuration,
the pillars failed heavily.
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@) (b) (©)
(d) (e) ®

Figure 5. Semi-circular tunnel and neighboring joint with angles of a) 0°, b) 15°, ¢) 30", d) 45, €) 60°, and f) 75.

3.2. Effect of joint angle on failure pattern of
numerical model (with presence of rock bolt)
Figure 6 shows the effect of joint angle on the
failure pattern of the numerical model with the
presence of rock bolt. The black line and the red
line represent the tensile crack and the shear crack,
respectively.

a. When the joint angle was 0° (Figure 6a), several

shear bands were initiated in the left and right sides of

the tunnel.

b. When the joint angle was 15° (Figure 6b), several

shear bands were initiated in the left and right sides of

the tunnel.

c. When the joint angle was 30° (Figure 6c), several

shear bands were initiated in the left and right sides of

the tunnel.
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d. When the joint angle was 45° (Figure 6d), several
shear bands were initiated in the left and right sides of
the tunnel.
e. When the joint angle was 60° (Figure 6e), several
shear bands were initiated in the left and right sides of
the tunnel.
f. When the joint angle was 75° (Figure 6f), several
shear bands were initiated in the left and right sides of
the tunnel.
By a comparison between Figs. 3 and 4, it could be
concluded that the wing cracks disappeared from
the joint tips in the presence of rock bolts. Also the
failure extension in the supported tunnel was less
than that in the unsupported tunnel.
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(d)
Figure 6. Semi-circular tunnel and neighboring joint with angles of; a) 0°, b) 15°, ¢) 30°, d) 45, &) 60°, and f) 75".

3.3. Effect of joint angle on stress concentration
at tip of joint with and without presence of rock
bolt when vertical displacement of loading wall
is 0.01 mm

Figure 7 shows the effect of joint angle on the stress
concentration at the tip of the joint with and
without the presence of rock bolt when vertical
displacement of loading wall was 0.01 mm. The
stress concentration at the tip of the joint without
the presence of rock bolt is more than that with the
presence of rock bolt. Also the stress concentration
at the tip of the joint had a maximum value when
the joint angle was 45"

(b)

(¢)
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3.4. Effect of joint angle on vertical
displacement of tunnel roof with and without
presence of rock bolt when vertical
displacement of loading wall is 0.01 mm

Figure 8 shows the effect of the joint angle on the
vertical displacement of the tunnel roof with and
without the presence of rock bolt when the vertical
displacement of loading wall was 0.01 mm. The
vertical displacement of tunnel roof without the
presence of rock bolt was more than that with the
presence of rock bolt. Also the vertical
displacement of the tunnel roof had a maximum
value when the joint angle was 45,
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1.2

0.8

——without rock bolt

——with rock bolt

0.6

stress concentration (MPa)

0.4

0.2

40

60

80
joint angle (°)
Figure 7. Effect of joint angle on the stress

concentration at the tip of the joint with and without
the presence of rock bolt when vertical displacement

of loading wall was 0.01 mm.

4. Conclusions

In this work, the interaction between the opening
space and the neighboring joint with and without
the presence of rock bolt was investigated using the
PFC2D simulation. For this purpose, firstly, the
calibration of PFC was performed using the
Brazilian experimental test and the uniaxial
compression test. Secondly, a numerical model
with the dimension of 100 mm * 100 mm was
prepared. A semi-circular tunnel with a radius of
25 mm was situated below the model. A joint with
a length of 40 mm was situated above the tunnel.
The joint angles related to the horizontal direction
were 0, 15°, 30", 45°, 60", and 75. Totally, 6
various configurations of the tunnel and
neighboring joint were prepared. These models
were tested with and without the presence of rock
bolts by the biaxial test. The results obtained show
that:

e In the absence of rock bolt, two tensile wing
cracks initiated from the joint tip and propagated
diagonally till coalescence from the model
boundary. Also several shear bands were
initiated in the left and right sides of the tunnel.

e Inthe presence of rock bolt, several shear bands
were initiated in the left and right sides of the
tunnel. The wing cracks disappeared from the
joint tips in the presence of rock bolts.

e The stress concentration at the tip of the joint
without the presence of rock bolt was more than
that with the presence of rock bolt.

e The stress concentration at the tip of the joint
had a maximum value when the joint angle was
45°,
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vertical displacement of tunnel roof (mm)

0.01

0.009

0.008

0.007

0.006

0.005 | =——without rock bolt ——with rock bolt
0.004
0.003
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O ‘—/\
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Figure 8. Effect of joint angle on the vertical
displacement of tunnel roof with and without the

presence of rock bolt when the vertical displacement

of loading wall was 0.01 mm.

e The vertical displacement of the tunnel roof
without the presence of rock bolt was more

¢ than that with the presence of rock bolt.

e  The vertical displacement of the tunnel roof had
a maximum value when the joint angle was 45°.

e The author suggests research works on the
interaction between non-persistent open/closed
joints and tunnels with and without the presence
of rock bolts. In this way, it is possible to
investigate the effect of joint matching on the
failure behavior of both the supported an
unsupported tunnels.
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