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Abstract: Based on the underground jointed rock of the Huangdao water sealed oil depot in China,
the shear failure mechanism of bolted jointed rock is studied through laboratory experiments and
numerical simulation. Laboratory experiments are performed to explore the shear behavior of bolted
jointed rock with different joint roughness. Our results show that using high strength bolts is beneficial
to improving the shear strength of the jointed rock, but the high strength of bolts can also lead to
the rock fracture, which should be avoided. For this particular project site, experimental results
indicate that 15% elongation is the best. In addition, a new numerical simulation method with CZM
(cohesive zone model) used for modeling the shearing process of bolted jointed rock is proposed.
It can reasonably describe the characteristics of jointed rock as a discontinuous medium, and bolt as a
continuous medium, that replicate well the shearing process. The numerical model is then verified
by comparing the experiment results, and it can be effectively be applied to the simulation of joint
shearing process. Finally, we use this simulation method to explore the shear failure mechanism of
bolted joints, and find that the root cause of rock failure is the deformation mismatch between the
bolt and the surrounding rock. The tensile stress between them eventually causes the rock to fracture
near the bolt hole.

Keywords: bolted jointed rock; elongation; shearing process; cohesive zone model

1. Introduction

As underground engineering projects are going deeper and deeper, especially in the fields of
water conservancy, hydropower engineering, water sealed oil storage caverns, and deep resource
exploitation [1-5], jointed rock is prone to causing instability of engineering structures and threatening
the safety of engineering construction. Reinforcement by bolts has become one of the most effective and
economical reinforcement technologies for the long-term stability of underground projects. Bolts play
an important role in strengthening the surrounding rock, limiting the dislocation or slip between
blocks, and effectively improving the stability of rock engineering structures. Among all types,
the full-length bonded bolts have been widely used in various underground engineering projects [6,7].
Significant achievements have been made in the study of bolted jointed rock, from both experimental
and theoretical perspectives. Sten [8] carried out an experimental study on full-length cement mortar
bolts embedded in granite, and analyzed the impact of bolts on the shear strength of joints. Gerrard [9]
performed an experimental study and a theoretical discussion on the effect of bolts on the shear
strength of joints. Spang et al. [10] studied the reinforcement effect of anchor rod in rock mass with
different properties through physical experiments, and found that bolts can significantly improve the
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shear strength of jointed rock mass. Chen et al. [11] investigate the shear behavior of bolted rock joints
with different roughness. Direct shear tests on both bolted and unbolted artificial joint specimens
were conducted under various normal stresses. Zhang et al. [12] proposed the roughness parameters
that considered that the anisotropic characteristic of joint roughness can capture the difference of
roughness in forward and reverse directions along a single joint profile. The capacity to resist rock
deformation is one of the important parameters affecting the shear strength of bolted jointed rock mass.
Pellet and Egger [13] established a new analytical model to predict the contribution of bolts to the shear
strength of a rock joint, then compared the performance of this analytical model with experimental
results to show its capability, and to describe the observed phenomena. Ferrero [14] investigated the
influence of bolt type on shear strength of rock mass for different rocks. However, there have been few
studies on the influence of bolt elongation, bolt strength, and other factors on the reinforcement effect.
Particularly given that a systematic study is lacking in evaluating and optimizing the bolted effect in
practical engineering. The objective of this work is to conduct laboratory experiments to explore these
influencing factors on the jointed rock, and explore the shear failure mechanism of bolted rock joints.

With the advancement of numerical simulation, many scholars have explored the shear failure
mechanism of bolted joints using different numerical techniques. Liu and Ju [15] used FLAC
three-dimensional (3D) to study the influence of pre-stress on the shear behavior of joints. Selvadurai
and Yu [16] adopted the finite element method to simulate the joint direct shear tests, and the simulated
results were in good agreement with the experimental results. However, the disadvantage of using
the continuous medium theory to predict the deformation and failure mechanism of joints during
loading is that it is not able to realistically reflect the breaking and weakening effects of rocks and
joints. In order to simulate rock fracture process, some scholars have used the discrete element method,
such as the Particle Flow Code (PFC) to perform the simulations. For example, Bahaaddini et al. [17]
proposed a new shear box genesis approach to overcome the unrealistic increase of shear strength and
dilation angle in PFC. Zhou et al. [18] modeled the direct shear experiments of rock joints with PFC,
and discussed the evolution characteristics and failure mechanism of joints during the direct shear
experiment, from both macroscopic and microscopic perspectives. Park and Song [19] examined the
influence of geometric characteristics and microscopic properties of joints on the shear performance by
using PFC 3D to simulate the direct shear process. As evidenced by these studies, the discrete element
method has become an important means and has been widely used to study the shear failure of jointed
rock. However, when using the discrete element method to study bolted jointed rock, the bolt is often
represented by discrete particles. For example, Zhao et al. [20] and others used the PFC software
to simulate the interface mechanics of bolt. Although the results are good, the bolt is practically a
homogeneous continuous medium, and the realistic mechanical properties of the bolt may be described
more accurately by the finite element method. The finite element cohesive model has been widely used
in the simulation of cracks in brittle materials, such as crystals and rocks. The CZM (cohesive zone
model) was first proposed by Dugdale [21] and Barenblatt [22] in the 1960s, which is different from
the traditional finite element model. It focuses more on simulating the microstructure of materials
and can describe the discontinuity of brittle materials such as rocks. CZM-FEM has been widely used
in engineering. It can describe the bond-slip action between steel rebars and surrounding concrete
and the crack propagation of composite material plates [23—-25]. The crack tip singularity problem can
be avoided by using this method to simulate the crack initiation. Recently, Su et al. [26] developed
an algorithm of embedding cohesive elements in solid finite element grids, which allows for fracture
simulation of complex structures.

Considering the discontinuity of the jointed rock and the continuity of the bolt, here we propose a
new numerical method to simulate the shear of the bolted joints based on the laboratory experiments
on the bolted jointed rock. “Discrete” jointed rock with embedded zero-thickness cohesive element
is used in this method, and the traditional finite element model is used to define the bolt. Hence,
the advantages of the two methods are conveniently combined to simulate the shear of bolted joints.
This numerical simulation method will provide another effective research tool for the study of the
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mechanical properties and reinforcement effect of bolted joints. In this paper, the characteristics of
shear resistance of bolted jointed rock are studied through laboratory experiments and numerical
simulation, and the bolt with the best performance is given.

2. Cohesive Element

2.1. Elastic Stage

In ABAQUS, the constitutive response of cohesive element is characterized by a traction—separation
law, and its constitutive model is a bilinear model [27]. Specifically, a linear elastic reinforcement
is assumed before reaching the initiation of damage, followed by a linear softening behavior in the
damage stage. The constitutive relationship is shown in Figure 1.
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Figure 1. Traction separation criteria. (a) Normal mode and (b) Shear mode.

The initial elastic behavior of a cohesive element can be defined as,

ty Ewn Ens Ent &n
t= ts =| Eus Ess Eg Es = Kb (1)
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where t is the stress component in three directions; t,, is the normal stress on the crack face; ts and ¢; are
the shear stress on the crack face; €y, €5, and ¢; are the three components of the nominal strain; 6 is the
corresponding displacement component; and K is the stiffness matrix for the cohesive element.

2.2. Softening Stage

The maximum nominal stress criterion is selected as the crack initiation criterion. When either
the tensile stress or the shear stress reaches the initial damage stress, the material enters the softening
stage. This criterion can be expressed as:

MAX{<t"> s 3}:1.

tno ’ tso’ tto

@

The angular brackets on f,, indicate that only positive traction (tension) is considered, and that
compression does not cause damage to initiate.
The initial separation displacement can be expressed as,

5(;; = tno/Kno
6? = /Kso (3)
5? =t / Kto
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The initial fracture energy can be written as,

GY = Ttno* 09
G = %tso * 0F 4)
G} = 3t

After reaching the damage threshold, the stiffness of the cohesive unit will decrease linearly.
In ABAQUS, the scalar D is used to represent the degree of damage. The initial value of the scalar
damage variable D is set to 0 and gradually increases from 0 to 1. In order to accurately describe the
damage evolution in the cohesive element, the function of introducing the effective displacement 6.,

Om = /() + 0% + 67 ®)

where () is the Macaulay bracket; (0,) is equal to o, when 6, is greater than zero, otherwise (0p) is
equal to zero.
The damage variable D evolves according to the following expression,

can be written as,

B 5mf(6mm - 6mo)

B Omm (O f = Omo) ©

where 6mm is the maximum effective displacement attained by the cohesive element throughout its
entire loading history; omo is the effective displacement at the beginning; and 0. is the effective
displacement at the complete failure.

The stress components in a cohesive element in the softening state are defined as:

P (1=D)tyo, tno =0
" tuostno <0

7
ts = (1-D)ts @)
tt = (1=D)tg

The stiffness of the cohesive element is expressed as:
Ky = (1-D)Kyo
KS — (1 - D)Kso (8)
Ki = (1-D)Ky
The separation displacement can be written as:
b
o, = B
05 = DK ©)
5, = &
t — 1-D)K;

3. Laboratory Experiments

3.1. Preparation of Rock Specimens

With the start of the construction of China’s oil reserve bases, a number of large underground
water sealed oil depots are under preparation. An underground oil depot is mainly an oil storage
tank formed by the fissure water in the rock and the surrounding rock of the cavern. Because of the
rheological properties of the joints in the surrounding rock, even if the external conditions do not
change with time, the structure of the surrounding rock will continue to adjust, which can lead to
change in the stability of the surrounding rock. Under complicated long-term loading and unloading
conditions, the long-term stability of underground caverns is even more complex and dynamic. It is
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thus crucial to understand the mechanistic behavior of bolted jointed rock for the safety evaluation of
underground water sealed oil storage caverns. Based on the Huangdao oil depot in China, the shear
characteristics of bolted jointed rock are studied in this work. The rock in this area is mainly granite.
Rock-like materials were used to conduct laboratory experiments, In order to avoid large variability in
the experiment results caused by natural sampling. There are two main types of specimens used in our
laboratory experiments. The first type is standard cylindrical with a length of 100 mm and a diameter
of 50 mm. The second is rectangular parallelepiped with a length of 200 mm, a width of 100 mm and a
height of 100 mm. Orthogonal design of experiments was used to determine the optimum proportion
of materials for all specimens. The quantity of material by mass was CA270 cement: 0.5-1 Corundum:
0-0.5 mm corundum: —45ucorundum: Water reducer ADS3: Water reducer ADW1: Water = 1: 2.4:
1.4: 1.2: 0.018: 0.042: 0.4. The joint surface curve was selected from ten standard Joint Roughness
Coefficient (JRC) curves proposed by Barton [28,29]. The standard JRC curves were discretized and
re-divided using CAD as shown in Figure 2. Three JRC curves with different roughness, JRC2-4,
JRC10-12 and JRC18-20, labeled S1, S2, and S3, were used in the experiment. As shown in Figure 3.
The specimens were first put into the curing box and kept under constant temperature and humidity
conditions for 28 days, and then taken out for the experiments.

M JRC 18-20

W JRC 14-16
V JRC 10-12

—

s — JRC 2-4

Smooth joint
0 20 40 60 80 100
Length/mm

Figure 2. Standard Joint Roughness Coefficient JRC) Graph (Modified after Barton [15,16]).

pocs

Cylinder
Specimen Dies

Figure 3. Cylinder and shear specimen dies.

The bolts were made of metal aluminum and divided into three different types: 1060 aluminum
alloy, characterized by strong plasticity, high elongation (up to 25%), labeled as MG1; 6063 aluminum
alloy with medium hardness, high strength and elongation of 15%, labeled as MG2; LY12 high-hardness
aluminum alloy, with high strength, poor plasticity, and 5% elongation, labeled as MG3. Specific physical
and mechanical parameters are listed in Table 1. In order to bolt the rock joints, two couplings of rough
joints were aligned, inserted into experiment bolts, and bolted with bolting agent. The diameter of
bolts is 10 mm and the length is 100 mm [30]. The bolted piece was cured at room temperature for
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approximately 10 days. The bolted specimens are shown in Figure 4. The labels of the different types
of specimens are provided in Table 2.

Table 1. Material and elongation for three different bolts.

Bolted Mode
Parameters
MG1 MG2 MG3
Materials 1060 aluminum alloy 6063 aluminum alloy  LY12 aluminum alloy
Elongation 25% 15% 5%
e
l!T .-&@“ S‘T- .;

(a) Bolt types (b) Specimen
Figure 4. Experimental preparation. (a) Bolt types and (b) Specimen.

Table 2. Experimental matrix.

Roughness JRC Bolt Bolted Mode  Normal Stress Shear Rate  Jointed Rock
Label Elongation Designation (MPa) (mm/min) Labeling
S1 2-4 25% MG1 10 0.06 S1-MG1
52 10-12 15% MG2 10 0.06 52-MG2
S3 18-20 5% MG3 10 0.06 S3-MG3
S1 2-4 15% MG2 10 0.06 S1-MG2
S2 10-12 5% MG3 10 0.06 52-MG3
S3 18-20 25% MG1 10 0.06 S3-MG1
S1 2-4 5% MG3 10 0.06 S1-MG3
S2 10-12 25% MG1 10 0.06 52-MG1
S3 18-20 15% MG2 10 0.06 S3-MG2

We use these three different types of metal aluminum to represent three different types of bolts to
carry out our experiments to explore the shear failure mechanisms of different bolted jointed rocks.

3.2. Compression Experiment

In order to obtain accurate macroscopic mechanical parameters of the rock-like material, uniaxial
compression and triaxial compression experiments were performed on standard cylindrical specimens,
using an electro-hydraulic servo rock mechanics testing apparatus, as shown in Figure 5. The uniaxial
compression experiments were carried out by using the displacement control method. The loading rate
was 0.06 mm/min. Three confining stresses (10 MPa, 20 MPa, and 30 MPa) were selected to conduct
the triaxial compression experiments. The Mohr’s circles plotted according to the triaxial experiment
results are illustrated in Figure 6. The physical and mechanical parameters obtained are given in
Table 3, which are similar to those of granite [31].
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Figure 5. Uniaxial compression experiment apparatus.
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Figure 6. Mohr’s circles obtained from triaxial compression experiments.

Table 3. Physical and mechanical parameters of rock-like specimens.

Uniaxial Compressive Poisson’s Cohesion/MPa Internal Friction

. . 3

Material Type Density kg/m> Modulus/GPa Strength/MPa Ratio Angle/°
rock-like Specimens 2350 32.04 101.65 0.12 25.44 35.88
Granite 2500~2840 29.82~61.08 100~250 0.17~0.36 14~50 45~60

3.3. Shear Experiments

Figure 7 shows the apparatus used for the shear experiments. Both tangential and normal loads
are controlled by servo-hydraulic actuators with a maximum load capacity of 600 KN and a linear
variable differential transducer (LVDT). The maximum shear displacement of 40 mm and the shear rate
of 0.01~100 mm/min can be measured. Jing et al. [32] found through a large number of experiments that
the shear strength of jointed rock increases linearly with normal stress. In our study, our experiments
were carried out under constant normal stress, without considering the influence of normal stress
on shear strength. The constant normal stress was selected to the 10% of the uniaxial compressive
strength. The rock in the lower half of the joint surface was fixed under a normal stress of 10 MPa,
and the horizontal stress was applied to the upper half of the joint surface with a constant rate.
Shear experiments were carried out on rocks with different roughness. Shear displacements and shear
stress were recorded during the experiments. In order to ensure the accuracy of the experiment results
and avoid the error caused by the operation, each group of experiments was carried out 3 to 4 times,
and the average value of all experiment results was taken as the final experiment results.
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el 1111
Control System

Figure 7. The shear experimental apparatus.

3.4. Experimental Results

For specimens in group MG1 (25% elongation) and group MG2 (15% elongation) with three
different roughness, the cracks mainly appeared near the joint surface, and the failure of the specimens
near the joint surface became more severe with increasing roughness of the joint surface. However,
during the whole loading process the specimens are relatively complete without breaking into pieces.
For the specimens in group MG3 (5% elongation), most of the cracks occurred near the joint surface,
and the specimens were broken, as marked by the red dashed lines in Figure 8. These specimens were
broken in different directions, but the common feature was that all fractures passed through the bolt
holes. It is worth to mention that the specimen S1-MG1 was bent but not broken, so only the state
when the pieces were connected together can be observed in Figure 8. The specimen “S3-MG3” is not
separated from the specimen because the rock has been completely broken.

Figure 8. Experiment results of specimens with different bolts and different joint roughness.
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3.4.1. Effect of Joint Surface Roughness

The roughness of the joint surface is normally used to characterize the joints of rock, and the
stability of rock is often determined by the shape of joint surface in rock. Therefore, roughness is one
of the most important factors affecting the shear strength of rock in the rock stability study. In order to
analyze the influence of roughness on the shear behavior of bolted joints, the experimental data of
bolted joints with different roughness are extracted and studied, as shown in Figure 9 and Table 4.
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Figure 9. Comparison of shear strength of specimens bolted with different roughness under the same
bolted mode. (a) (51-S3)-MG1; (b) (S1-53)-MG2; (c) (S1-53)-MG3; (d) Relationship between JRC and
shear strength.

Table 4. Summary of peak shear strength.

Peak Shear Strength (MPa)

Joint Surface Labeling

MG1 MG2 MG3
S1 11.61 12.07 12.06
52 13.81 14.79 14.21
S3 14.65 15.03 14.53

The shear strength-displacement curves of bolted jointed rocks with different roughness are
similar, but the peak shear strength is different. With the increase of joint roughness, the peak shear
strength increases. The shear strength of joints with bolts MG1, MG2, and MG3 increases by 26%, 25%,
and 17%, with the increase of roughness, respectively. This indicates that the shear strength of the
bolted jointed rock is strongly dependent on the roughness of the joint surface. Under a certain normal
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stress with the same bolt, the rougher the joint surface, the higher the shear strength. The relationship
between the roughness and the peak shear strength is shown in the last subfigure in Figure 9.

3.4.2. Effect of Joint Surface Roughness

Bolt can limit excessive shear dislocation of joint surface and fasten rock on both sides of joint
surface to improve the integrity and stability of the rock. Thus, studying the influence of bolt on shear
strength of jointed rock is important. Our experimental results indicate that under the same conditions,
different bolt materials have an important influence on the shear effect of bolted joints. In order to
analyze the contribution of elongation to shear strength, we analyzed the relationship between shear
stress and shear displacement for the tests. As shown in Figure 10a S1-(MG1-MG3), the shear strength
of the bolted jointed rock is generally increased as the bolt becomes "hard" (lower elongation). It is
worth noting that the peak shear strength of MG2 and MG3 bolts are similar. Figure 10b shows the
experimental results of S2-(MG1~MG3) where we observe that the shear strength of the jointed rock
bolted by MG is lower than that of the jointed rock bolted by MG2. However, unexpectedly, the shear
strength of jointed rock bolted with MG3 high-strength bolt is not significantly improved, but rather
slightly lower than MG1 and MG2 with relatively larger elongation and lower strength. The same
trend holds true for the specimens bolted with S3-(MG1~MGS3), and the order of peak shear strength is:
MG?2 (15% elongation) > MG1 (25% elongation) > MG3 (5% elongation).

4

B s
12—+ SI-MG2

——S1-MG3

=10 -

2z

7S

S

2

76

5

74

0 | | i
0 1 2 3 4 5 6 7
Shear displacement/mm
(@
16 ——82-MGl1
14 + ——S2-MG2

| ——S2-MG3

—_—
SN

Shear stress/MPa

6 |
4
2
0 1 2 3 A S 6 7
Shear displacement/mm
(b)

Figure 10. Cont.
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Figure 10. Comparison of shear strength of three bolt materials under the same roughness.
(a) S1-MG1-MG3); (b) S2-(MG1-MG3); (c) S3-(MG1-MG3).

Based on the above results, on one hand, it is clear that the use of the “harder” bolt is beneficial to
improving the shear strength of jointed rock. On the other hand, it is counterproductive to simply
use high-strength bolts for reinforcement, because the high strength bolt can bear lower deformation,
which causes rock to break in the process of shearing. Thus, it reduces the shear strength of bolted
jointed rock, and degrades the integrity of the surrounding rock. As far as the Huangdao underground
oil storage carven is concerned, we can conclude that the bolt of MG2 (15% elongation) is superior to
the other two bolted materials.

4. Numerical Simulation

Since the shear experiments can only reflect the macroscopic shear process and the failure
characteristics of the rock, its meso-mechanical deformation and failure mechanisms, especially the
interaction between bolt and jointed rock during the shear process, cannot be fully analyzed in the
laboratory. In order to overcome this limitation, here we propose a new shear simulation method
based on the commercial finite element software ABAQUS. The shearing process is reproduced by
numerical simulation to better understand the deformation characteristics of bolted joints. The novelty
of this simulation is that the rock is simulated by a globally embedded zero-thickness cohesive element,
and the bolt is simulated by the conventional finite element method.

4.1. Model Establishment

In order to obtain the accurate fracture damage parameters in shear numerical simulation of
joints, we use the method of globally embedded cohesive elements to simulate uniaxial compression
experiment, and calibrate the cohesive element parameters proposed by Jiang et al. [33] A numerical
model of a cylinder with a height of 100 mm and a diameter of 50 mm is established, as shown in
Figure 11. There are 68230 cohesive elements (COH3D6) and 35220 solid elements (C3D4) in the
numerical simulation of cylinder, with a total of 103450 elements. The macroscopic physical and
mechanical parameters, such as Young’s modulus, Poisson’s ratio, and cohesion, obtained in our
experiments are used in the numerical model. Two types of elements are used in the model: Linear
elastic solid element, and the cohesive element, which follows the traction-separation law. The results
shown in Figure 12 are obtained by the trial and error method. From the figure, it can be seen that
the numerical simulation results are in good agreement with the uniaxial compression experimental
results, and the failure modes of both are splitting tensile failure (See Section 3.2 for details). It is, thus,
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proven that parameters can be used for shear experiment simulation, and the specific values of the
calibrated meso-parameters are provided in Table 5 The version of ABAQUS used was 6.14.

(@) (b)

Figure 11. Numerical model of the cylindrical specimen. (a) Solid element and (b) Cohesive
elements insertion.

(b)

Figure 12. Comparison of failure modes between simulated and experimental specimens. (a) Simulation

result and (b) experimental results.

Table 5. Mechanical parameters used in the numerical simulation.

Element Tvpe Density Young's Stiffness Poisson’s Damage  Fracture Energy
P kg/m3 Modulus (GPa) (GPa/m) Ratio Stress/MPa (N/mm)
Cohesive element 2350 / 17900 0.12 25.44 0.18
Solid element 2350 32.04 / / / /

In the shear experiments, the bolts are made of aluminum alloy material. In order to simulate
the failure behavior of the material during shearing, we have decided to use the continuum-based
ductile metal damage model and shear damage model in the numerical simulation. The typical
mechanical parameters of aluminum alloys, such as fracture strain, stress ratio, strain ratio, and failure
displacement, are used in the work following the study of Hooputra et al. [34]. In order to change
the elongation and strength, the plastic criterion is redefined according to the characteristics of three
different types of aluminum. The established model is a plane model. Because if we use the real
material parameters of the bolt, it will lead to an increase in the contribution rate to the shear strength of
the bolt, hence we reduce the yield strength of the material for the purpose of equivalent replacement.
Since the diameter of the bolt is only 1/5 of the longitudinal length of the specimen, we reduced the
yield strength of the bolt to 1/5 to make the model more suitable for the actual bolted, as listed in
Table 6.
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Table 6. Mechanical parameters of bolt.

Bolted Mode
Parameters
MG1 MG2 MG3
Material 1060 Aluminum alloy ~ 6063 Aluminum alloy  LY12 Aluminum alloy
Tensile strength o}, (MPa) 95~125 250 410
Equivalent strength o,; (MPa) 22 42 72

In the pre-modelling process, we used the “raster image” function to import the Barton (JRC) joint
surface image into CAD, and captured the shape of the joint surface with 100 points of equal spacing,
then connected these 100 points into a line to redraw the JRC curve, and imported the JRC curve from
CAD into ABAQUS for the modelling.

The numerical model of the shear experiment is calculated by using the dynamic explicit step,
the top boundary of the model is loaded with a uniform normal stress, the bottom boundary is fixed
completely, and the horizontal displacement on the right side of the rock mass below the joint is also
fixed. The shearing loading velocity is 0.06 mm/min. Because friction and mechanical occlusion still
exist between solid elements after failure of cohesive element in shear process, “general contact” is used
to realize the contact after failure of cohesive element in ABAQUS. In order to closely describe the rock
microstructure and fine scale simulation, the meshes are generated automatically with an element size
of 1 mm. Due to the large number of elements, it is computationally prohibitive to model this process
in three dimensions, thus, a thin three-dimensional plate is used as the proxy for the joint surface
numerical model. The thickness of the plate is 1 mm. The rock part is embedded with zero thickness
cohesive elements, and the bolt part is filled with solid elements. There are 57,989 cohesive elements
(COH3D8) and 29,563 solid elements (C3D8), totalling 87,552 elements. The boundary conditions and
loading directions are shown in Figure 13.

Staic constant normal load

= T
> Rock bolt §
_ 3 Rl
5 ~
S =
N o
S =
=) E |
= ml_ ot
20 cm
(a) (b)

Figure 13. Numerical model for the shear experiment. (a) boundaries and (b) cohesive
elements insertion.

4.2. Analysis of Numerical Simulation Results

4.2.1. Verification of Numerical Simulation Results

In order to verify the fidelity of this method applied to shear simulation of bolted joints,
the experimental and simulation results are compared and analyzed from the macroscopic scale.
Since there are many laboratory tests, here we only use S1-MG1, 52-MG1, and S3-MG1 to compare the
results, as shown in Figure 14.

The simulation results of specimen 51-MG1 show a good agreement with the experimental
results. Specifically, the cracks appear near the joint with a relatively low degree of development.
The damaged surface protuberances form a small fractured zone near the joint, and the S shaped
bending of the bolt is consistent with the experiment. After shearing S2-MG1 bolted jointed rock,
a part of the rock shows shear fracture far from loading side. Simulation results show that a large
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number of micro-cracks appeared along the joint surface. Although, the macro-cutting effect was not
observed, it did show a large area of fractured zone, which was consistent with the experimental
result. Last, the simulation results of S3-MG1 bolted jointed rock is also in good agreement with the
experimental result. After shearing, the asperities on the joint surface are all sheared, and the joints are
severely damaged. Similar to the earlier analyses, we compare the relationship between shear stress
and shear displacement from the simulated result to the experimental result, as shown in Figure 15.

Sl-MG_l Experiment 51-MG1 Simulation

wm_xp&;mem e, $2-MGI Simulation

S3-MG1 Exp

Figure 14. Macro comparison of experiment and simulation results. (a) S1-MG1 Comparison of
experimental and simulation results; (b) S2-MG1 Comparison of experimental and simulation results;
(c) S3-MG1 Comparison of experimental and simulation results.
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Figure 15. Comparison of simulation and experimental results. (a) S1-MG1; (b) S2-MG1; (c) S3-MG1.
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We can see that, in general, the simulation results are in good agreement with the experimental
results, which proves the fidelity of the simulation method. In addition, it can replicate the experimental
shearing process fairly well, which allows for the investigation of the mechanical characteristics of
bolted jointed rock. The data curves from numerical simulation is not smooth because the stress
distribution on the jointed rock is not uniform during the shearing process. The failure of the
surrounding cohesive elements causes the jumps in the outputted stress. The numerical simulation
includes the strengthening stage, peak stage, softening stage, and residual strength stage, which is
consistent with our experimental results and the literature, and to some extent proves the credibility
of the simulation model. We believe this method can be used as a new research method to examine
the shear failure mechanisms of bolted joints. According to the results of the numerical simulation,
a quantitative analysis of the experimental results and numerical simulation results is performed,
as listed in the Table 7. The mutual verification between numerical simulation and experiment shows
that the test data are relatively correct, and the difference in peak shear strength between test and
simulation results is about 11.5%, indicating that the experimental results and numerical simulation
results are reasonably close.

Table 7. Comparison of test and simulation results.

Peak Shear Strength (MPa)

Joint Type
Test Simulation Difference
S1-MG1 11.61 12.46 7.3%
S2-MG1 13.81 15.70 13.7%
S3-MG1 14.65 15.96 8.9%
S1-MG1 11.61 12.46 7.3%
S1-MG2 12.07 13.14 8.9%
S1-MG3 12.06 14.79 22.6%

Because cohesive elements need to be pre-defined in the mesh, the crack can only propagate
along the direction of the mesh. S1-MGI1 is used an example to evaluate the influence of mesh
size on the convergence. Figure 16 shows two different meshes and Figure 17 shows the results of
numerical simulations.

(b)

Figure 16. Two meshes with different element size and cohesive elements (a) Fine mesh (Node spacing:
1 mm); and (b) Coarse mesh (Node spacing: 2 mm).
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Figure 17. Comparison the results of different mesh (a) Crack evolution (fine mesh); (b) Crack evolution

(coarse mesh); (c) Shear strength comparison.

The simulation results from two different meshes were found to be similar. The peak shear
strength from the fine mesh model is 12.46 MPa, and that from the coarse mesh model is 12.06 MPa.
Both models show the process of shear failure, and the fracture zone is also formed near the joint
surface. However, more detailed deformation and failure can be obtained when using fine mesh.
For example, the phenomenon of peeling off part of rock appears on the right side of the jointed
rock, which is more in line with the real shear failure. This is due to the fact the CZM simulation
method mainly uses pre-defined cohesive elements to represent the evolution of cracks. The finer the
mesh, the closer the model to the real microscopic-structure of the rock. It can be concluded that the
model has some mesh dependence, however, the overall trends from two meshes are very similar.
Both models can converge, indicating that the mesh size does not impact convergence.

4.2.2. Failure Mechanisms of Bolted Rock

Understanding the stress in the bolt is of significance to evaluating the bolting effect and preventing
the failure of bolted system. In addition, the use of high strength and low elongation bolt can cause a
large range of rock fragmentation, which is another significant reason to explore the causes of this
phenomenon for engineering construction. Therefore, we will analyze the S1-MG1 simulation results
in detail in the following paragraphs.

During the shearing process of bolted joint surface, the shear stress is larger on the joint surface
and smaller at two ends, hence, the joint surface is prone to shear failure. As the shear displacement
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increases, the shear stress tends to increase gradually. It can be seen that, in most cases, the failure of
the bolt occurs near the joint, and is mainly shear failure. This type of failure mainly concentrates on
the joint surface, which is not the real cause for the rock fracture. Figure 18 shows the shear stress as a
function of distance from the joint for bolt S1-MG1 under 2—-6 mm shear displacement conditions.

60

—o—2mm

50

40

Shear stress/MPa
S

60 -50 -40 -30 20 -10 0 10 20 30 40 50 60
Distance from the joint/mm

Figure 18. Shear stress of bolt (51-MG1) as a function of distance from the joint.

Normal stress distribution in Figure 19 illustrates that the stress of the bolt is not uniform during
the shearing process. Specifically, the upper right side (near the loading side) and the lower left side
(far from the loading side) are mainly subjected to tensile stress, while the opposite two sides are
mainly subjected to compressive stress. In addition, it is proved that the same stress exists at the
position where the bolt contacts the rock. Figure 20 shows the axial stress of bolt as a function of
distance from the joint under 2-6 mm shear displacement conditions. In order to further explore the
tensile stress of rock under three different bolted modes, the axial stress of rock under three different
bolted modes with shear displacement of 2 mm is obtained. It is found that the tensile stress of jointed
rock increases with increasing bolt strength, as shown in Figure 21.

5, 822
+8.735e+01 Compressive Tensile
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+5.424e+01 zone zone
+3.769e+01 }
+2.114e+01 |
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Figure 19. Normal stress contour of the jointed rock.
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Figure 20. Axial stress of bolt under different shear displacements.
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Figure 21. Comparison of axial stress of three bolted modes with 2 mm shear displacement.

It is well-known that the material properties of bolt and the surrounding rock are very different,
and the rock has the typical characteristics of bearing compressive stress, but not tensile stress.
Therefore, deformation mismatch is very easy to occur in the process of shearing. When shear dilatancy
occurs, the bolt with higher elongation can be deformed greatly, so the bolt and the surrounding rock
can be deformed cooperatively, which can effectively reduce the normal stress between the bolt and
the surrounding rock. However, when the elongation of the bolt is low, the deformation of the bolt is
small, and the stiffness of the bolt is far greater than that of the rock, and because of the strong bonding
between the bolt and the surrounding rock, the contact position of the bolt and the surrounding rock
will form a larger tensile stress. This leads to the initiation of the crack from the contact position and
gradually propagating to the top of the rock. This also explains the phenomenon that all cracks pass
through the bolt hole in the experiments.
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In order to further confirm the above observation, we take S1-(MG1-MG3) as examples to show
the shear deformation characteristics of different bolted joints, as shown in Figure 22, where D stands
for the shear displacement.

D=-2mm D=4mm D=6mm
A/ Bendlng
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D=2mm D=4mm D=6mm i

(b)
D=2mm D=4mm D=6mm CM Breakin:

(©

Figure 22. Numerical results of shearing process of jointed rock with three different bolts (a) Shearing
process with bolt of 25% elongation; (b) Shearing process with bolt of 15% elongation; (c) Shearing
process with bolt of 5% elongation.

As can be seen from Figure 22, the bolted jointed rock with 25% elongation has the largest
deformation in the shearing process due to the high elongation of the bolt. The rock and the bolt are
cooperatively deformed during the shear process, which is beneficial to the bolted support. Although,
the bolted effect is good, the peak shear strength is low because of its low strength. Underground
oil storage caverns normally allow extremely small deformation due to the stability requirement.
When shear slip occurs, this type of bolt is flexible and can continue to anchor the surrounding rock.
In practice, however, the low shear strength causes the surrounding rock to fail to satisfy the structural
function due to large deformation. Therefore, in practical engineering, the use of such bolts should be
avoided. More robust bolts are recommended to meet structural deformation requirements.

The shear strength can be improved by using the bolt with 15% elongation. During the shearing
process, when the bolted jointed rock is sheared 2~4 mm, the bolt and the surrounding rock can
maintain matched deformation. After the displacement reaches to 6 mm, the bolt broke. This behavior
indicates that the 15% elongation bolt can improve the shear strength when the shear slip is small,
and can co-deform with the surrounding rock when the shear displacement is large. Under shearing
displacement, the bolt breakage occurs first, which can further ensure the stability of the surrounding
rock and prevent the occurrence of large engineering. Thus, it is recommended that this type of bolt is
used for the Huangdao underground oil storage project.

For the bolt with only 5% elongation, when the shear displacement reaches to 6 mm, we observe
that not only the bolt breaks, the surrounding rock also has a deep crack near the bolt hole under large
tensile stress.

In this work, it is found that the fundamental cause of the rock failure is the tensile stress between
the bolt and the rock. Therefore, in the process of bolting support for jointed rock, the rigidity of bolt
cannot be increased without limit, and the damage effect of the bolt to the surrounding rock should
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also be considered, to improve the shear strength of the joint surface and ensure that the damage effect
of the bolt to the system is low, and bolting support is achieved.

5. Conclusions

The following conclusions can be drawn from this study:

(1) Increasing the strength and decreasing the elongation of the bolt can enhance the shear strength,
but the small the elongation will cause the damage of the jointed rock and lose the supporting effect.
Based on the rock properties of the Huangdao underground oil depot, the bolts with 15% elongation
are better.

(2) A new numerical simulation method for shear behavior of bolted jointed rock is presented.
Model can effectively replicate the shear experiments and simulation results are in good agreement
with the experimental results. The results show that the numerical simulation method can be applied
to explore the shearing process of joint surface.

(3) Numerical simulations indicate that the fundamental reason for rock failure is that the
deformation between the bolt and the surrounding rock is mismatched, and the tensile stress between
the bolt and the rock leads to rock rupture near the bolt hole. Numerical modeling also shows that the
bolts with 15% elongation are better to provide support.
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