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Rock bolt support is an effective technique for controlling surrounding rock of deep roadway. The stability of the anchorage body
composed of rock bolts and surrounding rock mass is the core in keeping the stability of roadways. In this paper, the UDEC Trigon
model was used in simulating uniaxial compressive test on the anchorage body under different pretension loads. The energy
equilibrium criterion of the anchorage body under the uniaxial compressive state was proposed. Furthermore, the fracture
evolution and the energy dissipation during the failure process of the anchorage body were analyzed. Results showed that before
the peak strength, the external work was stored in the anchorage body in the form of the elastic strain energy (U°). After the peak,
energy dissipated through three ways, including the fracture developing friction (Wy), plastic deformation (W), and acoustic
emission (U"). Based on the simulation results, the high pretensioned rock bolts can eliminate the continuous tensile fractures in
the anchorage body, decreasing the damaging extent of the anchorage body and the energy that was consumed by the following
two main approaches: fracture developing friction (W) and plastic deformation (W,). Moreover, the surplus of the elastic strain
energy (U°) and the strength of the anchorage body can be improved. The pretension load had a positive relationship with elastic
strain energy and a negative relationship with the anchorage body damage degree. Based on the above research, the transport
roadway of the working face 6208 in the Wangzhuang Coal Mine selected tensile rock bolts to establish the high-performance
anchorage body. The monitoring data showed that this reinforcement method effectively managed the serious deformation issue
of the roadway surrounding the rock masses.

1. Introduction

In recent years, the depth of coal mining has been increasing at
an annual rate of 6-10m [1]. Under the superposition of the
high in situ stress and the strong mining stress in the sur-
rounding rock of the deep roadway, the surrounding rock of
the roadway is prone to unsteady failure characteristics, and it
may cause disasters in severe cases. The stability control of the
surrounding rock of the roadway is one of the major problems
to be solved in deep mining [2-4]. Massive engineering
practices demonstrated that rock bolt reinforcement can ef-
fectively improve the stability of the surrounding rock mass
[5-7]. Therefore, the rock bolt reinforcement technology,

regarded as an active reinforcement method, has been widely
implemented in mining engineering in China. The anchorage
body composed of rock bolts and the surrounding rock mass is
the core to measure the stability of the roadway surrounding
the rock mass. This is because it can control the volume
expanding, deformation, and failure of the rock mass in the
anchorage area [8-10]. To date, researchers have conducted
substantial research regarding the anchorage body [11-13].
Wei and Gou [14] used the numerical simulation method to
study the parameters of the anchorage body under the effect of
pretensioned rock bolts and the instability condition of the
anchorage body under in situ stresses. Results suggested that in
the in situ stress environment, influence of the surrounding
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rock mass strength around the roadway, the rock bolt pre-
tension load, the lateral pressure coefficient of the in situ stress,
the depth of the cover, the rock bolt interval, and the rock bolt
spacing decreased successively. Wang et al. [15] deduced the
theoretical equation of the shear strength for the anchorage
body before and after grouting. The analysis illustrated that
after grouting and reinforcing, with the greater mechanical
parameters of the surrounding rock mass (elastic modulus,
cohesion, internal friction angle and dilation angle), shear
strength of the anchorage body increased significantly. Wu
et al. [16] analyzed the acting response of the anchored sur-
rounding rock mass under the dynamic loading impact. It was
found that under the dynamic loading impact, the anchored
surrounding rock mass of the roadway was subjected to re-
peated compression and tension. This resulted in the devel-
opment of joints and fractures, which in turn led to the failure
of the anchorage system. Wang et al. [17] investigated the effect
of the anchoring length of the rock bolts and the pretension
force on the stability of the anchorage body. It indicated that
increasing the pretension force more effectively control the
surrounding rock masses. When the anchorage length of the
rock bolt was constant, the effective compressive stress area of
the surrounding rock mass in the nonanchored section in-
creased with the pretension force. Liu et al. [18] proposed the
concept of the coordinated effect of the anchorage system. They
believed that high pretension force was the major factor to
develop the effect of the anchorage system.

It can be found that the research on the anchorage body
conducted by predecessors mainly focused on the anchorage
technology, the anchorage material, the coordinated effect,
the stress transfer rule, and the dynamic loading character.
As for the theoretical analysis, the traditional elastic—plastic
mechanics was usually used. The stress-strain relationship
was used to depict the mechanical acting character in the
deformational failure process of the anchorage body. Based
on this, the strength theory was established. However, the
theory cannot truly reflect the deformational failure rule of
the anchorage body.

In fact, the anchorage body in underground engineering
is a highly nonlinear, complicated system. Furthermore, it is
in the dynamic irreversible evolution period. Therefore, the
deformational failure process of the anchorage body is the
complicated conversion process of the energy, which is a
status instability phenomenon driven by energy. The core of
the damaging evolution of the anchorage body is the process
of energy dissipation and release. The evolution rule of
energy is the core expression of the deformational failure for
the anchorage body [19-21]. Using the perspective of energy
to analyze and explain the mechanical responding characters
of the deformational failure in the anchorage body is an
effective method.

Moreover, researchers have already used theoretical
analysis and laboratory experiments to conduct research on the
energy dissipating and releasing mechanism of the rock failure
[22-25]. Meng et al. [26] analyzed the acoustic emission and
the energy evolution character of the rock samples under the
uniaxial cyclic unloading compression condition. The results
showed that the energy evolution of rock masses had a close
relationship with the axial loading stress, rather than the axial
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displacement rate. Before the axial load reached its peak
strength, the energy accumulation accounted for the leading
role. After that, the energy dissipation accounted for the
leading role. The input energy led to generation of micro-
fractures in the rock mass and irreversible development. The
releasing of the elastic energy resulted in the instability of the
rock mass. Moreover, this induced damage to rock mass. Dong
et al. [27] studied the energy evolution process of the rock
masses in the mining process. According to the variation
tendency of energy, the dissipating process was divided into the
initiating stage, the stable increasing stage, the dramatic in-
creasing stage, and the stable stage. However, limited research
has been conducted on studying the energy dissipation in the
failure process of the anchorage body via the numerical
simulation method. Previous studies found that the fracture
development was the internal reason leading to the instability
of the anchorage body [28, 29]. However, the pretension force
was the primary external influencing parameter in affecting the
stability of the anchorage body [12]. Therefore, in this study,
the UDEC Trigon method was used to carry out the Uniaxial
Compressive Strength (UCS) test on the anchorage body under
various pretension forces. The energy evolution and the
fracture development of the anchorage body with different
pretension forces were monitored. The relationship between
the pretension force, the fracture development of the an-
chorage body, and the energy in the anchorage body was
studied. The failure character of the anchorage body was
analyzed from the perspective of energy. It is expected that the
research results can be more representative of the deforma-
tional failure rule of the anchorage body.

2. Energy Balance and Components

Since the 1960s, scholars have conducted a significant body of
research on the theory of energy equilibrium in rock me-
chanics [30-34]. From the initial rough studying of the energy
variation in the underground mining process, these energy
concepts gradually developed to a detailed study of the energy
evolution of the rock masses under the conditions of the
different buried depth, the loading and the unloading
method, and the confining pressure. Based on summarizing
the previous scholars’ work, this study combined the simu-
lation condition to determine the energy equilibrium criteria.

During the UCS process, the applied work by the ex-
ternal force was expressed with W. Due to the elastic de-
formation of the anchorage body, certain forces were stored
in the internal area of the anchorage body in the form of
elastic strain energy. The energy of this section was expressed
with U°. The difference between the applied work by the
model boundary and the elastic strain energy was the dis-
sipating energy (U%). Therefore, the total input energy (W)
induced by the applied work of the external forces can be
expressed with

W =U" +U" (1)

Energy was mainly dissipated through three approaches.
The first approach was generating, developing, closing, and
fracture friction in the rock masses. The dissipated energy by
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them was W The second approach was the plastic defor-
mation of the rock masses (W,). When the rock block
generated irreversible deformation, energy was dissipated
through the plastic work. The residual section was com-
monly released through acoustic emission, which can be
expressed with U’. Therefore, the dissipated energy U? can
also be defined as

Ul=W,+W,+U". (2)

In UDEC, the increment variation of this energy was
determined and accumulated in each timestep [35]. Com-
bining equations (1) and (2), in this study, the energy
equilibrium equation that was used to calculate the energy
releasing can be written as

W=W;+W,+U +U". (3)

Then, this energy equilibrium concept was used to
discuss the energy dissipation of the complicated anchorage
body.

3. Parameter Calibration

3.1. The UDEC Trigon Approach. The UDEC Trigon model
was proposed by Gao et al. [36] to simulate brittle fracture of
the rock. In this model, a rock is represented by an assembly
of triangular blocks bonded together via their grain contacts.
Each block is made elastic by dividing them into triangular
finite difference zones. Hence, the block does not fail by
plastic yielding. Failure can only occur along the contacts in
shear or tension, depending on the stress state and the
properties of the contact surface [35]. In the direction
normal to a contact, the stress-displacement relation is as-
sumed to be linear and governed by the stiffness k:

Ao, = —k,Au,, (4)

where Ao, is the effective normal stress increment and Auy,
is the normal displacement increments. A limiting tensile
strength (T) is assumed for the contact. If this value is
exceeded, then 0,,=0.

Along the shear direction, the response is governed by
constant shear stiffness. The shear stress (7,) is determined
by a combination of contact properties: cohesion (c) and
friction (¢).

|t,|<c+o,tan ¢ =7, (5)
Then,
T — k. 6)
However, if |7,| > 1,,,,, then,
T, = sign (AU Tpax- (7)

where Au¢ is the elastic component of the incremental shear
displacement and A} is the total incremental shear
displacement.

The proposed modeling approach has been implemented
within UDEC [35].

3.2. Mechanical Parameters of the Anchorage Body. As the
UDEC Trigon model defines the block as the elastic material,
plastic failure cannot be generated. However, in the an-
chorage body, failure is elastoplastic. Therefore, to accurately
simulate the physical and mechanical characters and the
energy dissipating rule after the anchorage body fails, based
on the UDEC Trigon block, this study used the strain-
softening model for the block. The strain-softening model is
based on the UDEC Mohr-Coulomb model with nonasso-
ciated shear and associated tension flow rules.

The intact properties of the coal are listed in Table 1.
These properties were obtained through laboratory tests and
were provided by the Wangzhuang Coal Mine. The RQD
values of the coal masses were evaluated from borehole
televiewer images.

The rock mass elastic modulus was calculated using the
relationship between RQD and the elastic modulus ratio
[37], as shown in equation (7), where E,, is the elastic
modulus of the rock mass and E, is the elastic modulus of the
rock sample.

E _
Em _ 1(00186RQ D191 (8)
Er

The rock mass strength was calculated using the relation
between the UCS ratio 0,,,/0, and the deformation modulus
ratio E,,/E, [38]. The value of g is 0.63 [39]:

cm Em 1
=-(%) Y

To represent the coal by using an assembly of triangular
blocks, the properties of the blocks and contacts were
calibrated against the coal properties listed in Table 2. This
was achieved by simulating UCS tests in a numerical model
created using the Trigon logic. The size of the rock sample is
2m (in width) x 4 m (in height) [38] (Figure 1). The bottom
of the numerical model was fixed and a displacement rate of
0.02 m/s was applied at the top. The calibrated properties of
the UDEC model are illustrated in Table 3.

The UCS and elastic modulus data derived by numerical
simulation are consistent with laboratory tests (within an
error of 7%). Hence, the reasonable availability of the
micromechanical parameters of the coal mass and the rock
mass was verified.

3.3. Rock Bolt Parameters. The “cable” structural element in
UDEC was adopted to simulate the rock bolts. The pa-
rameters of the “cable” element are presented in Table 4. A
detailed description of the support elements in UDEC is
provided by the Itasca Consulting Group Inc. For resin-
grouted rock bolts, two key properties governing the anchor
characteristics are the stiffness (Kj,,;) and the cohesive
strength (Spona) Of the grout. A practical estimation of Kyong
was provided in the UDEC manual [36] as

2nG

Ky j=— 2 10
bond =10 In (1 + 2¢/D) (10)
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TaBLE 1: Intact rock properties and scaled rock mass properties of coal from the Wangzhuang Coal Mine.

Intact rock Rock mass
Coal measures RQD (%)
E, (GPa) 6, (MPa) E,, (GPa) 6., (MPa) 6,m (MPa)
Coal 2.6 10.8 75 0.79 5.1 0.51
TaBLE 2: Calibrated mechanical parameters of blocks and joints of the coal.
. 3 Young’s modulus Cohesion Friction Tensile strength
Density (kg/m”) (GPa) (MPa) ) (MPa)
1.6 (¢=0)
Block 1400 0.79 1.1 (¢=0.04) 27 0.9
0.6 (¢=0.15)
Normal stiffness Tangential stiffness Cohesion Friction Tensile strength
Joint (GPa/m) (GPa/m) (MPa) @) (MPa)
113 45.2 1.3 18 0.4
6
5L
g
2
1
< 2}
1L
0 L " L L L L " L
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Axial strain (%)
—— Simulation
—— Laboratory

(a)

(b)

FIGURE 1: Results of UCS testing: (a) numerical simulation of uniaxial compression and (b) stress-strain curve of coal.

TaBLE 3: Calibrated microproperties in the UDEC Trigon model to represent the coal.

Young’s modulus (GPa)
Coal measures

Compressive strength (MPa)

Target Calibrated Error (%) Target Calibrated Error (%)

Coal 0.79 0.73 7 5.1 5.1 0
TaBLE 4: Properties of support elements in UDEC.

Contact properties Value
Elastic modulus (GPa) 200
Tensile yield strength (kN) 390
Stiffness of the grout (N/m/m) 2e9
Cohesive capacity of the grout (N/m) 4e5
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where G: the grout shear modulus; D: the bolt diameter, and
t: the annulus thickness. Zipf [40] provided practical values
of Spond for simulating resin-grouted rock bolts installed in
varying Coal Measures. A value of 400 kKN/m of Spo,q Was
adopted in this study.

4. Fracture Evolution and Energy Dissipating
Rule of the Anchorage Body

4.1.  Simulation Method and the Model Building.
According to the physical and the mechanical characters of
the in situ anchorage body, the UDEC Trigon simulation
method was used to conduct research on the fracture
evolution and energy dissipating rule of the anchorage body
(Figure 2) The supporting resistance of the rock bolts to the
surrounding rock is far from the in situ stress, so that the
influence of the rock bolt supporting effect on the sur-
rounding rock cannot be effectively displayed, and hence,
the effect of in situ stress is ignored in the simulation. In the
model, for the zone and the interface, the strain-softening
model and the coulomb slip model were used, respectively.
The model was a rectangle with the width-height ratio of 1:
2. The dimension was 2 m in width and 4 m in height. At the
middle of the model bottom boundary, a rock bolt with a
length of 2.4m was installed. At the top of the model, a
loading velocity of 0.02m/s was applied. The bottom
boundary of the model was fixed. During the loading process
of the model, the FISH function was used to monitor the
stress in the anchorage body, the quantity of shearing
fractures, the length of shearing fractures, the quantity of
tensile fractures, and the length of tensile fractures. The
energy module in UDEC was used to monitor parameters
such as the applied work by the boundary forces, the applied
work by friction, and the applied work by plasticity. Based on
whether it was anchored and the difference of the rock bolt
pretension forces, three simulation schemes were estab-
lished: (1) no rock bolt; (2) rock bolts with low pretension
forces; and (3) rock bolts with high pretension forces. Table 5
shows the specific parameters of each scheme. In the field,
the pretensioned torque that was applied on rock bolts
commonly ranged from 300 to 400 Nm. The corresponding
pretension forces ranged from 40kN to 50kN [41].
Therefore, in this study, in the simulation scheme, the low
pretension force was 40 kN.

For rock bolts, the other parameters were equal except
that the pretension force was different.

Attention should be paid that when energy was moni-
tored, the command of “SET energy on” should be used to
activate the energy monitoring module. In addition, the
mass-scaling option was shut down. Because in this study,
the nonsticky boundary was used and the dynamic calcu-
lating analysis was not involved, the damping was set as
“Damping auto.” The modeling processes were described as:
(a) establishing the model and applying the calibrated pa-
rameters on the model; (b) according to the simulated
scheme, conducting loading simulation on the anchorage
body; and (c) finally, according to the monitored data,
analyzing the energy dissipating rule of the anchorage body.
Figure 2 shows the schematic diagram of the model.

4.2. Deformational Failure Character and Energy Dissipating
Rule of the Anchorage Body. Figure 3 shows that when there
was no rock bolt, there were massive continuous fractures
distributed in the anchorage body. In particular, at the upper
right of the anchorage body, there were coalescence of shear
and tensile fractures. In the anchorage body with low pre-
tensioned rock bolt installed, fractures developed in the body
were lower than that shown in Figure 3(a), indicating that
pretension has an impact on the fracture distribution.
Thereby, the number of cracks was also reduced compared to
that of no rock bolt. In the anchorage body with high pre-
tensioned rock bolts installed, most fractures were shear and a
substantial decrease in the total fractures can be observed. It is
noted that there were only a small number of discontinuous
tensile fractures at the corner of the top and the bottom.
Therefore, high pretensioned rock bolts can effectively reduce
the quantity of the continuous tensile fractures in the an-
chorage body. Also, the condition of the anchorage body can
be improved, which was beneficial for ensuring the integrity
and stabilization of the anchorage body.

Figure 4 shows the processing results of the monitored
data. These nine figures were classified into groups along the
vertical direction according to the simulation scheme. From
the left to the right, they were anchorage body without the
rock bolt, anchorage body with low pretensioned rock bolts,
and anchorage body with high pretensioned rock bolts.
Along the horizontal direction, they were classified into
groups, according to the anchorage body strength, fracture
developing, and energy variation. The damaging extent of
the anchorage body was determined by the ratio of damage
length of the contact surface (including both shear cracks
and tensile cracks) to the total length [37]. From the top to
bottom, they were stress-strain curves, fracture-strain
curves, and energy-strain curves. The fracture-strain curves
include shearing fractures, tensile fractures, total damaging
extent, shearing damaging extent, and tensile damaging
extent. The energy-strain curves include the applied work by
the boundary, the elastic strain energy, applied work by
friction, applied work by plasticity, and released energy.

First, analysis was conducted on Figure 4 along the
vertical direction. According to the tendency of the fracture
curve and the energy curve, and the relationship between
them and the stress curve, the whole failure process of the
anchorage body was divided into three stages: fracture
initiating stage (Phase I), rapid developing stage of fractures
(Phase II), and the post-peak stage (Phase III).

The fracture initiating stage (Phase I) started from zero
to around 80% of the peak strength. In this stage, the
fractures and the damaging extent were at a relatively low
level. The anchorage body was in the elastic strain stage. The
externally imported energy was almost all transferred to the
elastic strain energy, which was stored in the anchorage
body. In this stage, there was very minor energy dissipation
induced by the anchorage body failure.

The rapid developing stage of fractures (Phase II) started
from around 80% of the peak strength to the peak strength.
In this stage, the shearing fractures developed rapidly,
leading to the damage of the anchorage body. However, the
tensile fractures were still at a relatively low level. Therefore,
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Rock bolt
FiGURE 2: Model overview and dimensions.
TaBLE 5: Numerical simulation scheme.

Whether there are rock bolts Rock bolt pretension force Displacement rate
Scheme 1 No — 0.02m/s
Scheme 11 Yes (torqued rock bolts) Low (40 kN) 0.02m/s
Scheme III Yes (tensile rock bolts) High (90 kN) 0.02 m/s

—— Tensile cracks —— Tensile cracks —— Tensile cracks
—— Shear cracks —— Shear cracks —— Shear cracks
(a) (b) (c)

FiGure 3: Failure of anchorage body: (a) no rock bolt; (b) a rock bolt with low pretension; (c) a rock bolt with high pretension.
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in this stage, the developing and propagation of shearing
fractures were the principal factors leading to the failure of
the anchorage body. In this stage, a small amount of energy
was dissipated through applying work with fracture friction
and applying work with plastic deformation. However, more
energy was still stored in the anchorage body in the form of
the elastic strain energy. Furthermore, around the peak
strength, it reached the peak of the elastic strain energy.

The post-peak stage (Phase III) indicated the section that
was after the peak. In this stage, the development of the
shearing fractures in the anchorage body became stable.
However, at this time, the tensile fractures in the low level in
previous two stages showed increasing tendency in this
stage. Not only the quantity but also the extent of damage
resulted by tension increased. In this stage, a quantity of
energy was dissipated through applying work via fracture
friction and applying work via plastic deformation. The
energy released by acoustic emission also increased rapidly.
The anchorage body gradually entered the plastic strain. The
internal elastic strain energy decreased from the peak. All
dissipated energy became stable after a period of time. This
was probably the result of the continuous dissipation of the
energy, which lead to further developing of the fractures in
the anchorage body and the shearing deformation along the
sliding plane [42].

To monitor the degree of damage to the anchorage body,
the total fracture length as well as the shear and tensile
fracture lengths during uniaxial compression were measured.
The degree of damage (D) can be calculated as follows [36]:

Lo+ L
=51 % 100%, (11)
LC

where L. is the total fracture length, and L and L; are the
total shear and tensile fracture lengths, respectively.

Then, analysis was conducted on Figure 4 along the
horizontal direction. The evolution characters of the stress,
fracture, and energy in the anchorage body under different
simulation schemes were compared and analyzed. Table 6
shows the specific data comparison of the stress and frac-
tures in the anchorage body. The variation rate in the table
was obtained by comparing with the data in Group 1.

With regard to the aspect of stress, the pretensioned rock
bolts not only improve the elastic modulus of the anchorage
body to improve its peak strength but also improve the post-
peak character of the anchorage body (Figures 4(a)-4(c)).
Then, the decreasing of the anchorage body strength can be
reduced. The peak strength of the anchorage body with high
pretensioned rock bolts installed reached 5.8 MPa, improving
by 13.7% compared with the coal mass that was not installed
with the rock bolts. When there was no rock bolt installed, after
the coal mass reached the peak, the stress curve decreased
rapidly, with the strength decreasing from 5.1 MPa to 2.3 MPa
(Figure 4(a)). After the pretensioned rock bolts were installed,
the post-peak stresses were all above 4 MPa.

With regard to the aspect of fracture and damage, pre-
tensioned rock bolts can effectively decrease the whole extent of
damage of the anchorage body. After the low pretensioned rock
bolts and high pretensioned rock bolts were installed, the whole

extent of damage of the anchorage body decreased by 8.6% and
16.6%. Besides, the quantity of the shearing fractures, the
quantity of tensile fractures, and the tensile damaging extent
showed a tendency to decrease. However, when the low
pretensioned rock bolts were installed, the fracture evolution
situation was different from the other two groups. Compared
with the coal body without the rock bolts, the damage starting
point of the anchorage body with low pretension bolts has not
changed, and the tensile cracks and tensile damage increase
rapidly and greatly between the strain of 0.5%-0.6%. Moreover,
the ultimate tensile fractures and the extent of tensile damage
were higher compared with the coal mass that was not installed
with the rock bolts (Figures 4(d) and 4(e)). The increasing rate
reached 25.8% and 34%, respectively. This was probably be-
cause the pretension applied on the rock bolt was relatively low.
At the initial loading stage, the active reinforcing effect of the
rock bolts was not apparent. Therefore, at the initial loading
stage, the microfailure of the anchorage body occurred (with
the strain ranging between 0.5% and 0.6%). Furthermore,
tensile failure occurred. This led to an increase in the ultimate
fractures and the extent of tensile damage. When the strain was
0.6%, the rock bolts started developing the active reinforcement
effect. The tensile fractures became stable when the strain
ranged from 0.6% to 0.76% (the corresponding strain for the
peak strength). Based on the above analysis, the low preten-
sioned rock bolts cannot develop the active reinforcement
effect at the initial reinforcing stage, which leads to an increase
of tensile damage of the anchor body.

For energy, when plotting Figures 4(g)-4(i), energy dissi-
pated by acoustic emission was plotted individually. The ten-
dency of the acoustic emission energy curve was basically
consistent with the tendency of the acoustic emission count
curve. This was the important appearance of the anchorage body
failure [31]. Figure 5 shows the specific data of each energy
component after the simulation was finished. From the devel-
opment tendency of the elastic strain energy curve, it can be seen
that the whole process of the anchorage body failure was
composed of energy charging and releasing. Therefore, the
fracture initiating stage (Phase I) and the rapid developing stage
of fractures (Phase II) were combined and called as the energy
charging stage. The post-peak stage (Phase III) was called as the
energy releasing stage. After the rock bolts were installed in coal
strata, with the increasing of the pretension, the peak energy in
the energy charging stage increased and the position of peak
energy moved behind. Furthermore, under the situation of equal
strain, the residual elastic strain energy is increased. At the peak
position of the elastic strain energy, it entered the energy-re-
leasing stage and massive energy was released. Energy was
mainly dissipated through the developing of fractures and
friction. Then, the energy was dissipated through the plastic
applied work of the anchorage body. The dissipated energy by
acoustic emission was minimal. The acoustic emission energy in
three groups accounted for 5.7%, 14.4%, and 16.9% of the re-
leased energy in each group. With an increase in the pretension,
the dissipated energy through the fracture developing, friction,
and the plastic applied work of the anchorage body showed a
decreasing tendency. The acoustic emission energy and the
residual elastic strain energy increased (Figure 5). This was
mainly because when the rock bolt developed an active
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FIGURE 4: Strength, fracture, and energy evolution of the anchorage body under uniaxial compression: (a) stress-strain curve (no rock bolt);
(b) stress-strain curve (low pretensioned rock bolt); (c) stress-strain curve (high pretensioned rock bolt); (d) crack and damage curve (no
rock bolt); (e) crack and damage curve (low pretensioned rock bolt); (f) crack and damage curve (high pretensioned rock bolt); (g) energy
curve (no rock bolt); (h) energy curve (low pretensioned rock bolt); and (i) energy curve (high pretensioned rock bolt).

TaBLE 6: Comparison of the stress and fractures in the anchorage body.

Group 1 Group 2 Group 3 Rate of change
5.9%
Peak strength 5.1 MPa 5.4 MPa 5.8 MPa 13.7%
— 0,
Quantity of the shearing fractures 1068 887 800 ég?;’
- 170
. . 25.8%
Quantity of tensile fractures 116 146 95 Z18.1%
-8.6%
. 0, 0, 0
Total damaging extent 52.4% 47.9% 43.7% -16.6%
- 0,
Shearing damaging extent 47.7% 41.6% 39.4% }ii(;)
- 270
0,
Tensile damaging extent 4.7% 6.3% 4.3% 0%

-8.5%
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FIGURe 5: Data of each energy component.

reinforcing effect, it changed the physical and mechanical
characters of the anchorage body. This improved the parameters
such as the elastic modulus of the anchorage body. Also, this
improved the ability of the anchorage body in resisting the
developing of fractures and plastic deformation. Under the low
pretensioned situation, in the energy charging stage, fracture
developing and energy dissipating via friction occurred
(Figure 4(h)). This was because in the initial reinforcement stage,
the rock bolt reinforcement effect was poor. This led to the
initiating and developing of tensile fractures. This was consistent
with the fracture evolution curve (Figure 4(e)). Improving the
rock bolt pretension can effectively improve this situation
(Figure 4(i)). At the initial reinforcement stage, it developed the
active reinforcement effect, ensuring the stability of the an-
chorage body.

4.3. Strengthening of the High-Performance Anchorage Body
Strength. The rock bolt surrounding rock mass strength
strengthening theory assumed that installing the high pre-
tensioned rock bolts can effectively improve the mechanical
parameters of the anchorage body. Also, the strength of the
anchorage body can be improved. The plastic area, radius of
the fractured zone, and the surface displacement can ef-
fectively be reduced. The stability of the surrounding rock
mass can be maintained [1, 43]. Based on the deformational
failure character of the anchorage body and the energy
dissipating rule in section 4.2, this section explained the
strength strengthening theory from the perspective of en-
ergy. Figure 6 shows the comparison between the peak
strength, residual elastic strain energy, and the damaging
extent of the anchorage body with different pretension forces
after the simulation was finished.

The residual strain energy was the residual energy in
the anchorage body after the simulation was finished.
Figure 6 shows that applying high pretension forces can
improve the residual strain energy of the anchorage body.
This was because installation of high pretensioned rock

bolts improved the mechanical parameters of the an-
chorage body. Meanwhile, the development of the frac-
tures in the anchorage body was restricted. Then, the
energy was dissipated by using two main approaches:
fracture developing friction and plastic deformation. The
residual strain energy had a positive relationship with the
peak strength and a negative relationship with the dam-
aging degree. Therefore, it can be assumed that the high-
performance anchorage body constructed with high
pretension has a high strength anchorage body with a low
extent of damage. This was consistent with the rock bolt
surrounding the rock mass strength strengthening theory.
Therefore, constructing the high-performance anchorage
body can effectively reduce the surface displacement of the
surrounding rock masses.

5. In Situ Tests and Observations

5.1. Profile of Tensile Rock Bolts. Our research group de-
veloped a new rock bolt locking instrument, which changed
the traditional rock bolt locking method. This solved the
problem of low transferring efficiency in the torque and
pretension, which occurred in the traditional torqued pre-
tensioned rock bolts in essence. This effectively improved the
rock bolt pretension and fully developed the active rein-
forcement effect of the rock bolts. The rock bolt locking
instrument was composed of barrel and wedge. The barrel
and wedge was a circular structure. At the middle of it, there
was a cone hole. As for the clamping, there were multiple
pieces. Its external surface radian dimension was matched
with the cone hole. Meanwhile, its internal surface radian
dimension was matched with the outside diameter of the
rock bolts. The clamping was installed between the internal
surface of the anchoring ring cone hole and the rock bolt
(Figures 7(a) and 7(b)). A specially manufactured hydraulic
jack was used to apply pretension. It can apply a pretension
force of 90 kN on threaded rock bolts (HRB 335) with a
diameter of 22mm without damaging, as shown in
Figure 7(d). It reached about 70% of the yielding capacity.

5.2. In Situ Observations. To verify the accuracy of the
numerical simulation, experiments were conducted in the
field. The location of the experiment was the transport
roadway of the working face 6208 in the Wangzhuang Coal
Mine in the city of Changzhi, Shanxi Province, China. The
Working face 6208 was located in the coal seam 3#, with an
average thickness of 6.9 m. The transport roadway of 6208
was tunneled along the gob. The excavation was conducted
along the floor. Two sides of the roadway and the im-
mediate roof were coal (Figure 8(a)). The head entry of the
working face 6208 was excavated along the floor with a
cross section of 5.0m (in width) x3.2m (in height), as
shown in Figure 8(b). In the working face 6208, the tra-
ditional torqued HRB 335 threaded rock bolts were used to
perform the roadway reinforcement. The rock bolt di-
ameter was 22mm and the length was 2400 mm, with
300 Nm applied to provide the pretension. During the
excavation period, the serious problem of surrounding the
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FiGure 6: Comparison of peak strength, residual elastic strain energy, and damaging extent of anchorage body under different pretensions
after the simulation was finished.
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F1GURre 7: The anchoring system components: (a) barrel and wedge; (b) separated barrel and wedge; (c) barrel and wedge installed in the rock
bolt; (d) barrel and wedge installation.
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FIGURE 8: The panel introduction of sampling site: (a) mine position and plan view and (b) section view.

rock mass deformation at two sides of the roadway oc-
curred, as shown in Figure 9. In this roadway, a length of
200 m was selected as the test section. Tensile rock bolts
were installed. The rock bolt locking instrument was
matched with the particularly manufactured hydraulic Jack
to apply pretension on the HRB 335 threaded rock bolts
with a diameter of 22 mm. In the test, a pretension of 90 kN
was applied without damaging the rock bolt. In the torqued
rock bolt section and the tensile rock bolt section, the
surface displacement observation stations were installed to
monitor the convergence of the two sides of the roadway
during the tunneling period. Figure 10 shows the con-
vergence of the two sides of the roadway in the torqued

rock bolt test section and the tensile rock bolt test section
during the tunneling period. With the tunneling face
advancing, the deformation of the roadway surrounding
the rock masses gradually increased. After the distance to
the tunneling face was 100 m, the convergence of the two
sides of the roadway became stable. The maximum con-
vergence of the two sides of the roadway for the torqued
rock bolt test section was 527 mm. As for the tensile rock
bolt test section, the maximum convergence of the two
sides of the roadway was 210 mm. The maximum con-
vergence of the two sides of the roadway was reduced by
60%. Therefore, the tensile anchorage body constructed
with tensile rock bolts can effectively reduce the
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FIGURE 9: Deformation of the roadway surrounding the rock masses.
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F1Gure 10: Convergence of head entry of the working face 6208 during tunneling.

deformation of the rock masses surrounding the roadway.
Furthermore, the roadway surrounding the rock masses
can be guaranteed to be stable.

6. Conclusions

In this study, the UDEC Trigon method was used to study
the influence of pretension on the anchorage body strength
and energy. The anchorage body model was composed of
triangle deformable blocks. According to the standard cal-
ibration procedures, rigid calibration and validation were
conducted on the input character of the anchorage body and
the rock bolts. Then, through the UCS test, the anchorage
body, and the influence of pretension force was studied. The
following conclusions were acquired:

(1) High pretension rock bolts can reduce the extent of
fractures in the anchorage body, especially the tensile
fractures. The damage extent of the anchorage body
was reduced, with a reduction of 16.6% with 90 kN.

Meanwhile, the anchorage body strength can be
improved by 13.7%, which effectively improved the
stability of the anchorage body.

(2) According to the fracture development and energy

dissipation character, the whole failure process of the
anchorage body was composed of three stages:
fracture initiating stage (Phase I), rapid developing
stage of fractures (Phase II) and the post-peak stage
(Phase III). The externally applied work was stored in
the internal area of the anchorage body in the form of
the elastic strain energy. Energy was dissipated
through three approaches: fracture friction, plastic
deformation, and acoustic emission. At the initial
reinforcing period, the active reinforcement effect of
the low pretensioned rock bolts was not apparent. At
the initial reinforcement period, tensile fractures
occurred. The energy was dissipated through ap-
plying work via fracture friction. With the increasing
pre-tension, rock bolts can restrict the fracture
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friction and plastic deformation. This means that
more elastic strain energy was stored in the an-
chorage body, forming the high-performance an-
chorage body.

(3) In the transport roadway of the Working face 6208 in
the Wangzhuang Coal Mine in the city of Changzhi,
Shanxi Province, China, an in situ experiment was
conducted. The monitoring data showed that for the
torqued rock bolt section, the maximum conver-
gence of the two sides of the roadway was 527 mm.
As for tensile rock bolts, the maximum convergence
of the two sides of the roadway was 210 mm. The
maximum convergence of the two sides of the
roadway was reduced by 60%. Therefore, through
constructing high-performance anchorage body, the
surface displacement of the surrounding rock mass
can be effectively reduced.
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