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In this work, the effect of rock bolt angle on the shear behavior of Rock Bridges is
investigated using the particle flow code in two dimensions (PFC2D) for three different
Rock Bridge lengths. Firstly, the calibration of PF2D is performed to reproduce the
gypsum sample. Then the numerical models with the dimensions of 100 mm * 100 mm
are prepared. The Rock Bridge is created in the middle of the model by removal of the
narrow bands of discs from it. The uniaxial compressive strength of the Rock Bridge
is 7.4 MPa. The Rock Bridge lengths are 30 mm, 50 mm, and 70 mm. The rock bolt is
calibrated by a parallel bond. The tensile strength of the simulated rock bolt is 360
MPa. One rock bolt is implemented in the Rock Bridge. The rock bolt angles related
to the horizontal axis are the changes from 0 to 75 degrees. Totally, 18 models are
prepared. The shear test condition is added to the models. The normal stress is fixed at
2 MPa, and the shear load is added to the model till failure occurs. The results obtained
show that in a fixed rock bolt angle, the tensile crack initiates from the joint tip and
propagates parallel to the shear loading axis till coalescence to rock bolt. In a constant
Rock Bridge length, the shear strength decreases with increase in the rock bolt angle.

The highest shear strength occurs when the rock bolt angle is 0°.

1. Introduction

The Rock Bridges and the joints that are
extremely common in rock masses, and the
stability of a jointed rock mass mostly depend on
the mechanical properties of the joints and Rock
Bridges. Since the 1960s, the shear behavior of
rock joints has been the focus of many studies, and
many achievements have been made [1-10]. The
results of the previous research works have shown
that the parameters such as the joint asperity, joint
surface strength, degradation, filling and dip and
dip direction have important effects on the shear
strength of the joint surface. Rock bolts have been
widely wused in engineering due to their
convenience, affordability, and reliability.
However, the anchoring mechanism for a jointed
rock mass is still not clearly understood. As it is
known, the anchoring mechanism for a bolted rock
mass is highly complex due to the anisotropy of the
rock mass and the complexity of the joint pattern.

E Corresponding author: vahab.sarfarazi@gmail.com (V. Sarfarazi).

Many scholars have conducted experimental and
theoretical studies in order to reveal the anchoring
mechanism in a bolted rock joint. Spang and Egger
[11] have conducted a series of shear tests on a
bolted joint to study the deformation characteristics
of a bolt, and have found two critical points in a
bolt: one at the bolt-joint intersection and the other
at the hinge point. Egger and Zabuski [12] have
found that the anchoring mechanism of a bolt in a
reinforced joint contributes an additional shear
resistance to prevent the shear failure of a joint.
Bolt deformation typically occurs near the joint.
Ferrero [13] has proposed a shear strength model
for a reinforced joint that consider both the dowel
effect and the incremental increase in the axial
force due to the bar deformation. Pellet and Egger
[14] have related the theoretical and experimental
analyses of the rock bolt shear strength, and have
found that the bolts installed perpendicular to a
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joint plane allow the greatest displacement along a
joint prior to failure but the displacement at failure
decrease rapidly as the angle between the bolt and
the joint plane decreases. Jalalifar and Aziz [15]
have performed double shear tests and numerical
simulations on five types of bolts in order to study
the bolt force and failure mechanism. Wang et al.
[16] have used ANSYS to calculate the stress
intensity factors on the tip of cracks for different
anchoring conditions, obtaining a relationship
between the anchoring spacing, anchoring angle,
and stress intensity factor using the FLAC3D
software to simulate the coalescence modes for
main-control cracks at different anchor spacing. Li
et al. [17] have analyzed a numerical model of a
fully grouted rock bolt installed in concrete with
FLAC3D, and have concluded that the bolt’s
resistance to shear is influenced by the rock
strength, inclination angle, and diameter of the rock
bolt. In the recent years, with the development of
high-power computers, the numerical software
particle flow code (PFC) based on the discrete
element method has become increasingly mature in
studying the rock and soil failure behavior [18].
Many achievements have been made in
determining the mechanical properties of rock
joints [19-23]. Rock joints effectively compensate
for the lack of repeatable rock mass. Some studies
have examined the roughness of jointed rock mass
using a DEM model. For example, Xia et al. [24]
have carried out a numerical simulation of shear
experiments on non-bolted rock using the discrete
element software PFC2D, and have analyzed the
direct shear characteristics of rough joints. Using
the experimental results of rock joints, Zhou et al.
[25] have analyzed the fracture evolution
characteristics of a rock mass during shearing via
the discrete element PFC software. Cao et al. [26]
have used PFC in order to generate shear models
with different roughness values, and have
discussed the influence of roughness on the surface
morphology of non-anchor joints from a micro
viewpoint.

In this work, the effect of rock bolt angle on the
shear behavior of Rock Bridges was investigated
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using PFC in two dimensions for three different
Rock Bridge lengths.

2. Materials and Methods
2.1. PFC Software

PFC is a discrete element commercial software
developed by the Itasca Consulting Group, and has
already been widely used in the rock mechanics
field [18]. PFC2D represents a rock mass as an
assemblage of circular disks with a finite thickness
connected via the cohesive and frictional bonds. A
basic linear contact model describes the elastic
relationship between the relative displacements
and forces of disks at the point contact, as shown in
Figure 1. This model involves the contact normal
force component, Fn, contact overlap, Un, shear
force increment, AFs, and shear displacement
increment, AUs, and is given by:

FH = kﬂUﬂ (1)

where kn is the normal stiffness at the contact.
The value of kn is determined by the current
contact stiffness model. Note that the normal
stiffness, kn, is a secant modulus in that it relates
the total displacement and force. The shear
stiffness, ks, on the other hand, is a tangent
modulus in that it relates the incremental
displacement and force. An upper case K is used to
denote a secant modulus, and a lower case k is used
to denote a tangent modulus. The computation of
the normal contact force from the geometry alone
makes the code less prone to numerical drift, and is
able to handle arbitrary placement of balls and
changes in ball radii after a simulation has begun.
The shear contact force is computed in an
incremental fashion. When the contact is formed,
the total shear contact force is initialized to zero.
Each subsequent relative shear displacement
increment results in an increment of elastic shear
force that is added to the current value. The motion
of the contact must be considered during this
procedure.
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Figure 1. Parallel bond model and stress state between disks [18].

The contact velocity can be resolved into the
normal and shear components with respect to the
contact plane. Denoting these components by V;
and V{ for the normal and shear components,
respectively, the shear component of the contact
velocity can be written as:

Vi ViV =V Vingn @

The shear component of the contact displacement
increment vector occurring over a time step of At
is calculated by:

AU; = V; At (3)

and is used to calculate the shear elastic force-
increment vector:

AF, = —k AU, )

The frictional resistance of the contact is given
by:

F, < uF, )

where p is the friction coefficient between the
disks. In order to simulate a relatively brittle rock-
like material, it is necessary to cement these disks
with a bonded model. This work uses the parallel
bond model, which resists not only the contact
forces but also the moments between the disks at a
cemented contact (Figure 1). The strength of the
cemented contact is then given by:

Oy = —_F” + —|MS|§ <O
max A I c
- (6)
_ -F, MR _
Tmax = 5 - < T
A J

where R is the radius of the bonded zone between
the disks, t is the length of the bonded zone
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Parallel bond

(b)

between the disks (Figure 1), and d¢ and Tc are the
tensile and shear strength of the bond contact,
respectively. The tensile cracks occur when the
applied tensile stress exceeds the specified tensile
strength of the parallel bond, &c. The shear cracks
occur when the applied shear stress exceeds the
specified shear strength of the parallel bond, Tc,
either by rotation or by shearing of the disks. The
tensile strength at the contact immediately drops to
zero once the crack occurs, and the shear strength
reduces to the residual friction strength (Itasca
Consulting Group Inc. [18], Potyondy [21]), as
illustrated in Figure 2.

O

Bond breaks Bond breaks

,,,,,,,,,,, TTTTTAD®

Friction sliding

Compression
F': bond strength

K': contact stiffness

U;: displacement

Figure 2. Illustration of the yield process for a
parallel bond, Potyondy [22].

2.2. Direct Shear Simulation of Bolted Joint
using PFC

2.2.1. Micro parameters of gypsum sample or
material condition

The standard process of generating a PFC2D
assembly to represent a gypsum model used in this
work has been described in detail by Potyondy and
Cundall [21]. The 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
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the specimens were small, and the gravity-induced
stress gradient had a negligible effect on the
macroscopic behavior. The uniaxial compressive
strength and the Brazilian tests were carried out to
calibrate the properties of the particles and parallel
bonds in the bonded particle model (Ghazvinian et
al. [27]). Adopting the micro-properties listed in
Table 1 and the standard calibration procedures
(Potyondy and Cundall [21]), a calibrated PFC
particle assembly was created. Figures 3a and 3b
show the experimental uniaxial compression test
and the numerical simulation, respectively. Also

(b)

(@
Figure 3. a) Experimental compression test, b) numerical compression test, ¢) experimental Brazilian test, and d)
numerical Brazilian test.
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Figures 3¢ and 3d 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 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. It
is to be noted that E modulus is generally more than
UCS. This result was gained from the experimental
test.

(©) (d)

Table 1. Micro-parameters of rock sample.

Micro-parameters Value Micro-parameters Value
Disc radius ratio 1.76 Parallel bond normal strength (MPa) 10£2
Disc density (kg.m3) 2500 Parallel bond shear strength (MPa) 10+£2
Disc contact modulus (GPa) 3.5 . .
Parallel bond modulus (GPa) 35 Parallel bond stiffness ratio 1.5
Disc stiffness ratio 1 Parallel bond radius multiplier 1
Disc friction coefficient 0.5 Minimum radius (mm) 0.27

Table 2. Mechanical properties in numerical models.

Parameters

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

2.2.2. Simulation of Rock Bolt

The bolt is represented by a cluster of balls with
parallel bonds that meet the requirements of the
force-displacement law. The parallel bond
transmits both the forces and the moments between
disks, which is consistent with the stress state in a
bolt. The micro-parameters of the bolt are
determined via the bolt pull-out test, as shown in
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Figure 4a. The micro-parameters of the bolt are
shown in Table 3. Figure 4b describes the stress-
strain obtained by the pull out test. When the
magnitude of the axial stress in the bolt exceeds the
maximum normal stress, the bonds are broken, and
the bolt will lose its bearing capacity. The tensile
strength of the simulated rock bolt was 360 MPa. It
was assumed that the bond failure occurred in the
rock bolt.
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Figure 4. a) Rock bolt under tensile load, b) tensile stress versus strain for rock bolt.

Table 3. Micro-parameters of rock bolt.

Micro-parameters Value Micro-parameters Value
Disc radius (mm) 1 Parallel bond normal strength (MPa) 350 =20
Disc density (kg.m3) 7500 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

2.3. Direct Shear Test Model of Bolted Joint

The direct shear test model was built using
PFC2D (Figures 5). The PFC specimen had the
dimensions of 100 mm % 100 mm. A total of 13268
disks with a minimum radius of0.27 mm were used
to make up the box specimen. Four walls existed at
the upper, lower, left, and right sides of the model.
The shear test condition was created by deletion of
two narrow bands of particle from the upper and
lower parts of the model (Figures 5-7). The non-
persistent joints were formed by deletion of bands
of particles from the model. The opening of these
notches was 1 mm (Figures 5-7). The model and
rock bolts were specified by the blue and green
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color, respectively. The joint lengths were 7 cm, 5
cm, and 3 cm (Figures 5-7). The rock bolt length
was 5 cm, and its angles related to horizontal axis
were 0, 15, 30", 45", 60°, and 75  (Figures 5-7).
Totally, 18 different models were prepared for
numerical simulation. The upper and lower walls
applied shear force on the model. The shear force
was registered by taking the reaction forces on the
upper wall (Figures 5-7). Also the shear
displacement was registered by movement of the
upper wall (Figures 5-7). The left and right walls
applied normal forces on the model (Figures 5-7).
In this work, the normal stress applied in the shear
surface was 2 MPa.
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(@) (b)

© . (d)

I
(e) o 0 o o
Figure 5. Numerical model with a Rock Bridge length of 3 cm and rock bolt angles of a. 0, b. 15, ¢. 30, d. 45, e.
60°, and f. 75°.
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() (b)

(c) ()

(©) ®
Figure 6. Numerical model with a Rock Bridge length of 5 cm and rock bolt angles of a. 0°, b. 15, c. 30°, d. 45, e.
60°, and f. 75°.
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(b)

© (@)

(e ®
Figure 7. Numerical model with a Rock Bridge length of 7 cm and rock bolt angles of a. 0°, b. 15, c. 30°, d. 45, e.
60°, and f. 75°.
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3. Numerical results
3.1. Effect of Rock Bridge length and rock bolt
angle on failure pattern of numerical model

Figures 8-10 show the effect of the Rock Bridge
length and rock bolt angle on the failure pattern of
the numerical model.

a) Rock Bridge length was 3 cm:

(e

(2)
(©

Journal of Mining & Environment, Vol. 11, No. 4, 2020

When the rock bolt angle was 0 (Figures 8a),
firstly, two tensile cracks initiated from the rock
bolt and propagated toward the joint tip. Also two
tensile cracks initiated from the joint tips and
propagated parallel to the loading axis till
coalescence with the rock bolt. This trend was
similar for other rock bolt angles, i.e. 15° (Figures
8b), 30" (Figures 8c), 45 (Figures 8d), 60" (Figures
8e), and 75 (Figures 8f).

b4

(b)
(@
f)

(

Figure 8. Numerical model with a Rock Bridge length of 3 cm and rock bolt angles of a) 0°, b) 15°, ¢) 30°, d) 45, )
60°, and f) 75",
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b) Rock Bridge length was 5 cm:

When the rock bolt angle was 0 (Figures 9a),
firstly, two tensile cracks initiated from the rock
bolt and propagated toward the joint tip. Also two
tensile cracks initiated from the joint tips and

Journal of Mining & Environment, Vol. 11, No. 4, 2020

propagated parallel to the loading axis till
coalescence with the rock bolt. This trend was
similar for the other rock bolts angles, ie. 15°
(Figures 9b), 30 (Figures 9c), 45° (Figures 9d), 60°
(Figures 9e¢), and 75" (Figures 91).

(e)
Figure 9. Numerical model with a Rock Bridge length of 5 cm and rock bolt angles of a) 0°, b) 15°, ¢) 30°, d) 45, )
60°, and f) 75°.

1016
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¢) Rock Bridge length was 7 cm:

When the rock bolt angle was 0° (Figures 10a),
firstly, two tensile cracks initiated from the rock
bolt and propagated toward the joint tip. Also two
tensile cracks initiated from the joint tips and

(¢
Figure 10. Numerical model with a Rock Bridge length of 7 cm and rock bolt angles of; a) 0°, b) 15°, ¢) 30°, d) 45°,
e) 60°, and f) 75",
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propagated parallel to the loading axis till
coalescence with the rock bolt. This trend was
similar for other rock bolt angles, i.e. 15° (Figures
10b), 30 (Figures 10c), 45 (Figures 10d), 60
(Figures 10e), and 75" (Figures 10f).

(b)

®
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3.2. Effect of rock bolt angle on shear strength
of numerical model

Figures 11 shows the effect of the rock bolt angle
on the shear strength of the numerical model. The
meaning of shear strength is division of the final
failure load by the total failure surface that is 100
mm. The results of three Rock Bridge lengths are
depicted in this figure. The shear strength was
decreased by increasing the rock bolt angle. This
trend was similar for different Rock Bridge lengths
or connected areas.

—rock bridge length=3cm
—rock bridge length=5cm

rock bridge length=7cm

shear strength (MPa)

40 60

rock bolt angle (°)

80

Figure 11. Effect of rock bolt angle on shear strength

of numerical model. This is an unusual report, and
not the real case in the field.

3.4. Bond force distribution before crack
initiation for rock bolt angle of 90

Figure 13 shows the illustration of the bond force
distribution before the crack initiation for the rock
bolt angle of 90". The red and black lines are
representative of the tensile force and compressive
force, respectively. The bond force is initially
concentrated on the joint. The value of the
maximum tensile force before crack initiation for
the Rock Bridge lengths of 3 cm, 5 cm, and 7 cm
were 4 * 10* N, 53 * 10% and 6.2 * 10* N,
respectively. As the shear displacement increases,
the disk’s contact force around the bolt becomes
gradually larger. In addition, the distribution of

is
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maximum shear displacement (mm)
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3.3. Effect of rock bolt angle on maximum shear
displacement

Figures 12 shows the effect of the rock bolt angle
on the maximum shear displacement of numerical
model. The results of three Rock Bridge lengths are
depicted in this figure. The maximum shear
displacement was decreased by increasing the rock
bolt angle. This trend was similar for different
Rock Bridge lengths.

1.6

14 = rock bridge length=3cm

= rock bridge length=5cm

1.2
rock bridge length=7cm
0.8
0.6
0.4

0.2

o

20 40 80

rock bolt angle (°)
Figure 12. Effect of the rock bolt angle on shear
strength of the numerical model.

cracks corresponds to the contact force in the stress
concentration area.

4. Discussion

From the above findings, it could be concluded
that when the rock bolt angle was 90", the shear
strength had a maximum value. In fact, in this
configuration, the tensile crack propagation length
had a maximum value. By increasing the rock bolt
angle, the length of the connected area was
decreased so the shear strength was decreased. The
failure pattern was similar by increasing the rock
bridge length and the rock bolt angle.
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5. Conclusions

In this work, the effect of the rock bolt angle on
the shear behavior of Rock Bridges was
investigated using the particle flow code in two
dimensions (PFC2D). Firstly, the calibration of
PF2D was performed to reproduce the gypsum
sample. Then the numerical models with the
dimensions of 100 mm * 100 mm were prepared.
The Rock Bridge was created in the middle of the
model by removal of the narrow bands of discs
from it. The Rock Bridge lengths were 30 mm, 50
mm, and 70 mm. the rock bolt was calibrated by a
parallel bond. One rock bolt was inserted into the
Rock Bridge. The rock bolt angles related to the
horizontal axis were changed from 0" to 75°.
Totally, 18 models were prepared. The shear test

©
Figure 13. Bond force distribution before crack initiation for the rock bolt angle of 90° and the Rock Bridge
lengths of a) 3 cm, b) 5 cm, and ¢) 7 cm. How much is the value of the tensile force before crack initiation?
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condition was added to the models. The normal
load was fixed at 3 MPa (oc/3), and the shear load
was added to the model till failure occurred. The
results obtained shows making a model with the
same size but without bolts, and report the results
and put them beside the results and compare the
with the bolt case.

e When the rock bolt angle was 0’, firstly, two
tensile cracks initiated from the rock bolt
and propagated toward the joint tip. Also
two tensile cracks initiated from the joint
tips and propagated parallel to the loading
axis till coalescence with the rock bolt. This
trend was similar for the other rock bolts
angles. Also this trend was similar for three
different Rock Bridge lengths.
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e The shear strength was decreased by
increasing the rock bolt angle. This trend
was similar for different Rock Bridge
lengths.

e The maximum shear displacement was
decreased by increasing the rock bolt angle.
This trend was similar for different rock
bridge lengths.

e The bond force was initially concentrated
on the joint. As the shear displacement
increased, the disk’s contact force around
the bolt became gradually larger. In
addition, the distribution of cracks
corresponds to the contact force in the stress
concentration area.

e The authors suggest to study the shear
behavior of the echelon joints in the
presence of rock bolts.
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