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Various diseases and failures inevitably appear on expressway roadways in water-rich strata under the long-term erosion of water.
It is very difficult to support the surrounding rock of a water-rich roadway because water will corrode the anchorage bond and
weaken the surrounding rock mass. In the process of supporting, damage and fracture of anchor bolt often appear in water-
rich roadway. In order to study the stability analysis of a support anchor bolt in the process of surrounding rock fracture
evolution and the relationship between the prestressed value and the length of the anchor bolt, this paper studied the fracture
evolution law of surrounding rock and the progressive debonding law of the bolt are studied by RFPA3D numerical simulation
and used MATLAB software to calculate and draw several graphs to reveal the mechanism by analytical method. The following
main conclusions were drawn: (1) the change and attenuation of the surrounding rock stress have a certain influence on the
stability of the supporting bolt. The existence of confining pressure (horizontal stress) has a significant impact on the ultimate
pullout force of anchor bolts. (2) With the gradual destruction of the surrounding rock, the shear stress, horizontal stress, and
vertical stress in the surrounding rock are gradually reduced to zero, and the change speed of the surrounding rock is fast at
the shallow surface and slow at the deep. (3) The interface shear stress tends to a low stable value after debonding, which
means the value of friction resistance is relatively stable in different positions. (4) The frictional resistance after interface
debonding is an important condition to maintain the balance of higher anchorage force. If there is no friction resistance, when
the axial force of the anchor bolt reaches the initial critical value, the interface debunking process will develop catastrophically
and cannot be stabilized until complete failure, even if the axial force no longer increases.

1. Introduction

With the large-scale construction of coal mines in China, the
number and mileage of roadways are also developing rapidly.
More and more highway roadways are affected by the
construction environment, construction conditions, and other
factors during roadway operation. Most of the coal mine road-
ways are located in soft and broken-water-rich strata, and the
roadway roof is very prone to instability and collapse under
mining disturbance. Roof accidents account for the highest
proportion of coal mine safety accidents in China, which seri-
ously threaten the life safety of miners and restrict the efficiency

of coal mining. It is very difficult to support the surrounding
rock of water-rich roadway because water will corrode the
anchorage bond and weaken the surrounding rock mass [1–3].

As is known to all, the essence of roadway support is to
maintain the mechanical balance of the surrounding rock mass
within a specified time. In addition, all large deformations and
collapses of surrounding rock masses are caused by mechanical
imbalances. Moreover, the mechanical balance state of the sur-
rounding rock is dynamically changing, and these changes are
related to the rheology time of the surrounding rock mass.
Anchor support is one of the most direct ways to maintain
mechanical balance. Since its invention, the anchor, or cable,
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has been employed to solve challenging support problems in
mining engineering and its related disciplines. Anchors have
the advantages of low cost, good support effect, and flexible
operation, and thus they are widely used [4–6]. The installation
styles for the anchor are divided into partial anchoring and full-
length anchoring, and partial anchoring can be applied to an
anchor prestress. The prestressed anchor support can directly
prevent the premature cracking of the surrounding rock of
the roadway and, at the same time, mobilize the rock mass to
participate in the carried in time. Thus, the anchor support
can greatly slow the deterioration process of the surrounding
rock and keep the roof safe and stable [7, 8]. Although many
researchers have done a lot of research on prestressed anchor,
the method to determine the parameters of prestressed anchor
bolt support is still not mature because its dynamic failure pro-
cess is complex and the corresponding research methods have
various limitations.

The physical model test is an important means to study
the mechanisms and characteristics of an anchor support.
The model test can visually and intuitively simulate the whole
process of force, deformation, and damage of the engineering
structure and can simulate the complex geologymore compre-
hensively and the support structure more realistically [9–11].
Although the physical model can simulate the failure process
of the anchor, it is unfortunate that the damage process inside
the model cannot be seen and captured, and repeating the
physical experiment is difficult. Moreover, the theory of
physical similarity simulation is still immature, especially
regarding the research and selection of similar materials. The
most important issue is that physical model testing is also
difficult and inconvenient when studying the impact of time
on anchor supports.

Numerical calculation is another important method for
studying the mechanisms and characteristics of anchor
supports. Numerical tests are repeatable and flexible. In geo-
technical engineering, common numerical software includes
FLAC3D, 3DEC, PFC3D, ABAQUS, and ANSYS [12–15]. As
engineering challenges continue to escalate and computational
requirements continue to increase, the limitations of these soft-
wares are increasingly exposed. There are twomain limitations.
On the one hand, the number of cells in the calculation model
cannot be excessively divided; otherwise, the calculation speed
may slow, or calculations may cease due to memory require-
ments that exceed the capacity of the computer. For example,
a 3D model with a size of 600m × 300m × 1000m is divided
into millions of cells and takes several days to perform an elas-
toplastic analysis using a finite element method. When the
number of cells exceeds 10 million, the 3D model can barely
be calculated by computer, especially for the related rheological
model. On the other hand, the number of cells in the calcula-
tion model cannot be too small, or the results of the calculation
will be incorrect or not meet accuracy requirements. Although
science, technology, and computer performance are constantly
improving, the speed of computer development is far from
meeting the requirements of certain large engineering projects.
In addition, like the physical model test, it is also difficult to
study the impact of time on anchor supports.

The theoretical analytical method is a supplement to the
numerical simulation method. Combining theoretical analysis

and numerical simulation, the stability of a support anchor
bolt in the process of surrounding rock fracture evolution is
analyzed in this paper.

2. Stress Law in the Process of Fracture
Evolution of Surrounding Rock

The surrounding rock in the process of fracture evolution shows
strong timeliness. Due to the limitation of monitoring technol-
ogy, only the displacement and bearing stress of the surround-
ing rock surface are monitored on site. It is difficult to capture
the law of stress evolution in the surrounding rock. In this
chapter, the stress evolution law in the process of roadway sur-
rounding rock fracture is studied through RFPA-3D numerical
simulation, and the calculation model is shown in Figure 1. The
model size is 40000 × 24 × 14000mm, and the height andwidth
of the roadway are 2800mm and 4800mm, respectively. The
simulation load gradually increases from 2MPa of confining
pressure to 30MPa until the surrounding rock of the roadway
is destroyed and the simulation is terminated.

The mechanical parameters of the numerical model are
shown in Table 1. The material parameters of the similar
model and the numerical model are set according to the
similar proportion of the physical model principle. By
considering the engineering conditions and the frame size,
the geometrical and mechanical similarity ratios were deter-
mined: CL = 1 : 20, Cρ = 1 : 1.6, and C = 1 : 100 (CL is the
constant of geometry similarity, Cρ is the constant of density
similarity, and C is the constant of stress similarity).

The numerical model and the physical model maintain
the consistency of material properties, but there is no uni-
form requirement for the loading force, which is gradually
loaded from zero until the model is destroyed. Figure 2
shows the law of change and evolution of numerical simula-
tion and physical simulation. The maximum displacement
of the physical model after failure is 72mm. Compared with
the initial state of 160mm, the roof subsidence is 45%; How-
ever, the maximum displacement of the numerical model
after failure is 1.24m, which is 44.2% lower than the initial
2.8m. The results show that the roof deformation and
shrinkage rate of both of them reached about 45% in the
roadway. In addition, both of them show fracture arch shape
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Figure 1: The calculation model of failure law.
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after loading failure of the roadway surrounding rock, and
their fracture shape and characteristics are highly consistent.
Therefore, the numerical simulation is consistent with the
physical model failure, and the use of numerical simulation
fracture evolution data information can reveal the stress evo-
lution law in the process of surrounding rock fracture.

Figure 3 shows the failure process and stress evolution law
of the roadway surrounding rock. Figure 3(a) shows the frac-
ture evolution process of the surrounding rock; Figure 3(b)
shows the stress curves of surrounding rock at different posi-
tions within 1m of the roadway roof; Figure 3(c) shows the
stress curves of surrounding rock at different positions within
2.5m of the roadway roof; and Figure 3(d) shows the stress
curves of surrounding rock at different positions within 4m
of the roadway roof. The research results on shear stress show
that, in the initial state, the peak shear stress at 1m of the
above roof is 3MPa, the peak shear stress at 2.5m of the roof
is 1.5MPa, and the peak shear stress at 4m of the roof is
1.0MPa. The peak shear stress in the roof gradually decreases
from the surface to the inside. With the gradual increase of
surrounding rock stress, the peak shear stress also gradually
increases (3MPa to 7.5MPa of the roof 1m). When the peak

shear stress exceeds the shear strength of the surrounding
rock, the surrounding rock will be destroyed, and the peak
shear stress will decrease accordingly. With the progressive
destruction of the surrounding rock, the shear stress value
gradually tends to zero. This trend occurs gradually from the
outside to the inside. The research results of horizontal stress
(X direction) show that, in the initial state, the horizontal
stress (X direction) at different positions of the 1m roof is
evenly distributed, and the horizontal stress at different posi-
tions tends to about 4MPa. The horizontal stress curve of
the roof at 2.5 and 4m inside the roof is basically consistent
with that at 1m. With the gradual increase of surrounding
rock stress, the horizontal stress values at different positions
(1, 2.5, and 4m in the roof) in the vertical direction also grad-
ually increase (4MPa to 10MPa); When the horizontal stress
exceeds the strength of the surrounding rock, the surrounding
rock will be damaged, and the horizontal stress will decrease
accordingly; With the progressive destruction of the sur-
rounding rock, the horizontal stress gradually tends to zero;
This trend occurs gradually from the outside to the inside.
The research results on vertical stress (Y direction) show that
the vertical stress distribution in different layers (1, 2.5, and

Table 1: Mechanical parameters of rock and coal of numerical model.

Rock properties Density (kg·m-3) E (MPa) μ Compressive strength (MPa) Thickness (m) Φ (°)

Sandstone 2760 28000 0.14 105.2 6.7 35

M8 coal 1350 500 0.2 15 0.5 25

Siltstone with mud 2690 18000 0.16 41.4 6 32

Carbonaceous mudstone 1650 600 0.24 16 0.5 25

Siltstone with mud 2 2680 4000 0.18 35 4.5 30

M9 coal 1800 1440 0.20 20 2.8 25

Siltstone 2800 8000 0.14 95.2 6 35

(a) Before loading the numerical model roadway (b) After loading the numerical model roadway

(c) Before loading similar model roadway (d) After loading similar model roadway

Figure 2: Comparison test of numerical model and similar model results.
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4m in the roof) is obviously different from the horizontal
stress. In the initial state, at the 1m layer of the roof, the ver-
tical stress in the middle of the roadway is close to zero, and
the vertical stress on both sides of the roadway gradually
increases. Compared with 1m in the roof, the minimum ver-
tical stress at 2.5m in the roof becomes 1.8MPa, and the min-
imum vertical stress at 4m in the roof becomes 2.2MPa. With
the progressive destruction of the surrounding rock, the verti-
cal stress decreases as a whole, and the vertical stress at differ-
ent positions in the horizontal direction gradually tends to
zero from the middle to both sides. This trend occurs gradu-

ally from the outside to the inside. In a word, with the gradual
destruction of the surrounding rock, the shear stress, horizon-
tal stress, and vertical stress in the surrounding rock are grad-
ually reduced to zero, and the change speed of the surrounding
rock is fast at the shallow surface and slow at the deep. Before
the failure of the surrounding rock, the stress of the surround-
ing rock will increase with the increase in buried depth. In the
process of progressive failure and damage of the surrounding
rock, the stress field gradually shifts to the deep part and both
sides of the roadway. The values of vertical stress, horizontal
stress, and shear stress of the surrounding rock within the

(a) (b) (c) (d)

Tme-step-1 

Tme-step-84 

Tme-step-90 

Tme-step-95 

Tme-step-103 

12
8
6
4
2
0

St
re

ss
 (M

Pa
)

–2
–4
–6

8

6

4

2

0

St
re

ss
 (M

Pa
)

–2

8

6

4

2

0

St
re

ss
 (M

Pa
)

–2

25

20

15

10

5

0

St
re

ss
 (M

Pa
)

–5

25
20
15
10

5
0

–5

St
re

ss
 (M

Pa
)

–10

25
20
15
10

5
0

–5

St
re

ss
 (M

Pa
)

–10

25
20
15
10

5
0

–5

St
re

ss
 (M

Pa
)

–10

25
20
15
10

5
0

–5
St

re
ss

 (M
Pa

)
–10

25
20

30

15
10

5
0

–5

St
re

ss
 (M

Pa
)

–10

25
20

20

10

0

30

15
10

5
0

–5

St
re

ss
 (M

Pa
)

30
St

re
ss

 (M
Pa

)

–10

–10

20

30

10

0

40

St
re

ss
 (M

Pa
)

–20

–10

14 16 18 20
Position (m)

SGMAx-horizontal stress
SGMAy--vertical stress, Txy--shear stress

SGMAx-horizontal stress
SGMAy--vertical stress, Txy--shear stress

SGMAx-horizontal stress
SGMAy--vertical stress, Txy--shear stress

SGMAx-horizontal stress
SGMAy--vertical stress, Txy--shear stress

SGMAx-horizontal stress
SGMAy--vertical stress, Txy--shear stress

SGMAx-horizontal stress
SGMAy--vertical stress, Txy--shear stress

SGMAx-horizontal stress
SGMAy--vertical stress, Txy--shear stress

SGMAx-horizontal stress
SGMAy--vertical stress, Txy--shear stress

SGMAx-horizontal stress
SGMAy--vertical stress, Txy--shear stress

SGMAx-horizontal stress
SGMAy--vertical stress, Txy--shear stress

SGMAx-horizontal stress
SGMAy--vertical stress, Txy--shear stress

SGMAx-horizontal stress
SGMAy--vertical stress, Txy--shear stress

SGMAx-horizontal stress
SGMAy--vertical stress, Txy--shear stress

SGMAx-horizontal stress
SGMAy--vertical stress, Txy--shear stress

SGMAx-horizontal stress
SGMAy--vertical stress, Txy--shear stress

SGMAx-horizontal stress
SGMAy--vertical stress, Txy--shear stress

SGMAx-horizontal stress
SGMAy--vertical stress, Txy--shear stress

SGMAx-horizontal stress
SGMAy--vertical stress, Txy--shear stress

SGMAx

SGMAy

Txy

SGMAx

SGMAy

Txy

SGMAx

SGMAy

Txy

SGMAx

SGMAy

Txy

SGMAx

SGMAy

Txy

SGMAx

SGMAy

Txy

SGMAx

SGMAy

Txy

SGMAx

SGMAy

Txy

SGMAx

SGMAy

Txy

SGMAx

SGMAy

Txy

SGMAx

SGMAy

Txy

SGMAx

SGMAy

Txy

SGMAx

SGMAy

Txy

SGMAx

SGMAy

Txy

SGMAx

SGMAy

Txy

SGMAx

SGMAy

Txy

SGMAx

SGMAy

Txy

SGMAx

SGMAy

Txy

22 24 26 28 30 12 14 16 18 20
Position (m)

22 24 26 28 30 12 14 16 18 20
Position (m)

22 24 26 28 30

12 14 16 18 20
Position (m)

22 24 26 28 3012 14 16 18 20
Position (m)

22 24 26 28 3012 14 16 18 20
Position (m)

22 24 26 28 30

12 14 16 18 20
Position (m)

22 24 26 28 30 12 14 16 18 20
Position (m)

22 24 26 28 30 12 14 16 18 20
Position (m)

22 24 26 28 30

12 14 16 18 20
Position (m)

22 24 26 28 3012 14 16 18 20
Position (m)

22 24 26 28 3012 14 16 18 20
Position (m)

22 24 26 28 30

12 14 16 18 20
Position (m)

22 24 26 28 30 12 14 16 18 20
Position (m)

22 24 26 28 30 12 14 16 18 20
Position (m)

22 24 26 28 30

12 14 16 18 20
Position (m)

22 24 26 28 3012 14 16 18 20
Position (m)

22 24 26 28 3012 14 16 18 20
Position (m)

22 24 26 28 30

25
20
15
10

5
0

–5St
re

ss
 (M

Pa
)

–10
–15

25
20
15
10

5
0

–5

St
re

ss
 (M

Pa
)

–10

25

20

15

10

5

0

–5

St
re

ss
 (M

Pa
)

25

20

15

10

5

0

–5

St
re

ss
 (M

Pa
)

25

20

15

10

5

0

–5

St
re

ss
 (M

Pa
) 25

20

30
35
40

15
10

5
0

–5

St
re

ss
 (M

Pa
)

–10

Figure 3: The failure law and stress changing law of the surrounding rock.
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scope of damage gradually decrease. This law is helpful to ana-
lyze the stress state of anchor bolts at different stages and to
guide the safety control of anchor support.

3. The Progressive Debonding Process of
Anchor Based on Numerical Simulation

The change and attenuation of the surrounding rock stress
have a certain influence on the stability of the supporting
anchor bolt. In this chapter, RFPA-3D software is used to
study the evolution law of the anchor drawing fracture pro-
cess. The matrix size of the numerical model concrete is 180
mm× 180mm× 400mm, the diameter of the bolt is 20mm,
the length is 330mm, the exposure is 30mm, and the interface
thickness of the anchorage agent is 2mm. The loading mode
takes displacement as a variable, and the loading step is
0.01mm. The strength of the rock matrix is 50MPa, and the
elastic modulus is 10000MPa. The strength and elastic modu-
lus of the anchorage agent are 30MPa and 7000MPa, respec-
tively. The strength and elastic modulus of the bolt are
1400MPa and 210000MPa, respectively. The bottom end of
the model matrix was fixed, and the anchor rod was pulled
by external force, as shown in Figure 4 for the specific model.

3.1. Failure Analysis of Anchor Drawing Process. The fracture
process of the anchorage interface is shown in Figure 5. The
step in the figure represents the load step in the finite
element calculation. It can be seen from Figure 5(a) that, at
the initial stage of loading (step 1, 18kN), no obvious failure
occurs in the model, and the drawing stress of the anchor is
mainly concentrated in the outcrop of the anchor. With the
increase in load (step 2, Figure 5(b)), the damage element first
appears at the embedded end of the bolt (that is, the exposed
end of the bolt is in the rockmatrix) and the nearby anchorage
interface, and the anchorage interface is partially disbonded
and fails. This is because the stiffness, strength, and other
mechanical parameters of the anchor-interface-matrix differ
greatly, which leads to the uncoordinated deformation. Then,
the anchorage interface unit will be damaged immediately
after its strength exceeds the damage threshold. As the load
continues to increase (step 3~step 12, Figures 5(c)–5(j)), the
cracks in the anchorage interface continue to expand from
the surface to the inside until the interface is completely
debonded. When the anchor is completely debonding failure,
the ultimate drawing force of the anchor bolt is about 220kN.

3.2. Evolution Analysis of Acoustic Emission. Acoustic emis-
sion (AE) is a nondestructive detection method, which can
effectively locate the position of material during damage
and detect the energy release of components during damage.
By studying the evolution process of acoustic emission, the
evolution law of crack propagation in the material can be
effectively revealed. Figure 6 clearly shows the acoustic emis-
sion spatiotemporal evolution diagram of the RFPA3D soft-
ware, and the pink bubbles represent shear failure and the
blue bubbles represent tensile failure. At the initial stage of
loading, the pulling force is small and no AE occurs in the
model (step 1), indicating that the anchorage interface is
stable and no damage occurs. With the gradual increase of

the pulling force, the acoustic emission first appeared near
the outcrop of the anchor, and no obvious acoustic emission
bubbles were generated inside the model. At this time, the
anchoring interface of the acoustic emission position is
debonded and destroyed. The type of damage includes ten-
sile failure and shear failure, but the tensile failure is signifi-
cant at the initial stage of loading (step 2). As the loading
continues, the AE bubbles along the interface of the anchor
appear continuously. Compared with the AE bubbles near
the outcrop, the AE bubbles at the internal interface are
small and dense; at this time, the shear failure gradually
dominates (step 3-step 12). At the later stage of loading,
AE bubbles have been filled all around the anchorage inter-
face, indicating that the interface is all debonded. The results
show that AE evolution is a gradual process during anchor
drawing, and so is bubble development. The main cause of
interface debonding is shear failure, followed by tensile fail-
ure; however, it is worth noting that the essence of shear
debonding is tensile failure on the maximum shear plane.

3.3. Evolution Law of Axial Force and Interface Shear Stress
of Anchor. Figure 7(a) shows the changes in the anchor axial
force at different positions and loading steps. In this part, the
variation law of shear stress during anchor bolt drawing is
studied. At the early stage of loading, the axial force curve of
the bolt is relatively gentle (step 1), and the pulling force of
the anchor bolt is about 18kN. As the loading step goes on,
the drawing force of the experiment increases gradually, and
the axial force of the bolt at different positions also increases
(step 2~step 12). The variation of axial force also reflects the
debonding process of the anchorage interface. During the
experiment, the sum of shear force and frictional resistance
at the debonding position of the anchorage interface should
be balanced with the pulling force of the anchor. Anchorage
interfaces without debonding provide shear resistance. The
debonded anchorage interface provides friction resistance.
Therefore, the difference between shear resistance or friction
resistance and the anchor bolt drawing force is the anchor
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Figure 4: 3D section view of drawing model of anchor.
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axial force at different positions. The continuous increase in
drawing force leads to the constant debonding of the interface.
At the same time, the axial force of the anchor bolt is constantly
adjusted, and the shear force and frictional resistance of the
anchorage interface continue to increase until the anchor bolt
is completely debonded and fails. Figure 7(b) shows the shear
stress variation law of anchorage interface and surrounding
rock interface. Similarly, the shear stress without the debonding
part is shear resistance, while the shear stress of the debonding
part is friction resistance. In the shear stress curve, the position
near the peak value is the debonding position. The right side of
the peak represents debonding, and the left side represents
undebonding. The shear stress curve also vividly shows the
progressive debonding process of the anchor (step 1~step 12).
The results show that the interface shear stress tends to a low
stable value after debonding, which means the value of friction
resistance is relatively stable in different positions.

3.4. The Relationship between Surrounding Rock Stress and
Anchorage Interface Debonding. Based on the anchor bolt
pullout model above, the failure process and ultimate pullout
force of the bolt under four different confining pressures of 0,
0.1, 0.6, and 1.1MPa are studied. Figure 8 shows the displace-
ment change curve of the anchor bolt and anchorage interface
under different confining pressures; when the displacement dif-
ference between the two is large, it is considered that the
anchorage interface debonding failure. When the pullout force
is 18KN, the anchorage interface under the four surrounding
rock conditions is not debonded; when the pull-out force is
118kN, the anchorage interface with a confining pressure of
0MPa is about 100mm debonded, the anchorage interface with
a confining pressure of 0.1MPa is about 60mm debonded, the
anchorage interface with a confining pressure of 0.6MPa is
about 45mm debonded, and the anchorage interface with a
confining pressure of 1.1MPa is about 30mmdebonded;When
the pull-out force is 220kN, the anchorage interface with a con-
fining pressure of 0MPa is completely debonded (300mm), the
anchorage interface with a confining pressure of 0.1MPa is

about 170mm, the anchorage interface with a confining pres-
sure of 0.6MPa is about 120mm, and the anchorage interface
with a confining pressure of 1.1MPa is about 80mm. The
results show that the existence of confining pressure (horizon-
tal stress) has a significant impact on the ultimate pullout force
of anchor bolts, and the higher the confining pressure is, the
greater the ultimate pullout force is.

3.5. The Influence of Surrounding Rock Fracture Process on
Bolt Support. With the change of time, the surrounding rock
of the roadway will gradually damage and fracture [16–20],
leading to gradual debonding of the anchorage interface. The
gradual debonding of the anchorage interface will affect the
stability of the bolt support and endanger the safety of the sup-
port. With the increase in mine burial depth, the fracture
range of surrounding rock will increase, leading to a large
range of debonding and full debonding of the anchorage inter-
face, with a higher hazard level. Because of the heterogeneity of
the surrounding rock and the asymmetry of the load, the frac-
ture process of the surrounding rock also presents an irregular
shape, and the anchoring interface debonding law is difficult
to unify. This aspect needs to continue to be studied through
statistical mechanics and other methods. Bolt prestress is one
of the effective ways to eliminate or alleviate this problem.
Selecting appropriate bolt prestress is of great help to the sta-
bility of supporting surrounding rock. Prestress can slow
down the damage and destruction speed of surrounding rock,
thereby slowing down the debonding speed of the anchor
interface and maintaining the safety of the roadway roof.
The appropriate prestress parameters will be discussed below.

4. The Key Support Indexes Analysis of Anchor
Based on Analytical Solution

The analytical solution for the anchor consists of two parts:
the bonding part and the tray part [21], as shown in
Figure 1. The analytical solution for a single anchor on the
surrounding rock is as follows [22–25]:

σA
z x, y, zð Þ = P zð Þ

8πd2 − 2π2r2b
arctan x + dð Þ y + dð Þ

z
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x − dð Þ2 + y + dð Þ2 + z2

q + z x + dð Þ y + dð Þ x + dð Þ2 + y + dð Þ2 + 2z2
Â Ã

x + dð Þ2 + z2
Â Ã

y + dð Þ2 + z2
Â Ã ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x + dð Þ2 + y + dð Þ2 + z2
q z x + dð Þ y − dð Þ x + dð Þ2 + y − dð Þ2 + 2z2

Â Ã

x + dð Þ2 + z2
Â Ã

y − dð Þ2 + z2
Â Ã ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x + dð Þ2 + y − dð Þ2 + z2
q

+ z x − dð Þ y − dð Þ x − dð Þ2 + y − dð Þ2 + 2z2
Â Ã

x − dð Þ2 + z2
Â Ã

y − dð Þ2 + z2
Â Ã ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x − dð Þ2 + y − dð Þ2 + z2
q z x − dð Þ y + dð Þ x − dð Þ2 + y + dð Þ2 + 2z2

Â Ã

x − dð Þ2 + z2
Â Ã

y + dð Þ2 + z2
Â Ã ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x − dð Þ2 + y + dð Þ2 + z2
q

9>=
>;

+ P0α

8π 1 − μsð Þ
ðz0+L
z0

1 − 2μð Þ ω − zð Þ eαω−αz0 + eαz0−αω+2αL
À Á

1 − e2αLð Þ x2 + y2 + z − ωð Þ2Â Ã5/2 dω
ðz0+L
z0

1 − 2μð Þ z − ωð Þ eαω−αz0 + eαz0−αω+2αL
À Á

1 − e2αL
À Á

x2 + y2 + z + ωð Þ2Â Ã5/2
dω

(

−
ðz0+L
z0

3 z − ωð Þ3 eαω−αz0 + eαz0−αω+2αL
À Á

1 − e2αLð Þ x2 + y2 + z − ωð Þ2Â Ã5/2 dω −
ðz0+L
z0

3 3 − 4μð Þz z + ωð Þ2 eαω−αz0 + eαz0−αω+2αL
À Á

1 − e2αLð Þ x2 + y2 + z + ωð Þ2Â Ã7/2 dω +
ðz0+L
z0

3ω z + ωð Þ 5z − ωð Þ eαω−αz0 + eαz0−αω+2αL
À Á

1 − e2αLð Þ x2 + y2 + z + ωð Þ2Â Ã3/2 dω

−
ðz0+L
z0

30zω z + ωð Þ3 eαω−αz0 + eαz0−αω+2αL
À Á

1 − e2αLð Þ x2 + y2 + z + ωð Þ2Â Ã3/2 dω

)
,

ð1Þ
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where d is the side length of the tray, P0 is the prestress of
the anchor, z0 is the length of the free section of the anchor,
and L is the length of the bonding section of the anchor. The
corresponding analytical solutions have been given [26, 27],
and the results are as follows:

P zð Þ = P0 eαω−αz0 − eαz0−αω+2αL
À Á

1 − e2αL
À Á−1, ð2Þ

where PðzÞ is the anchor axial force of the bonding part at
the z position, and P0 is the initial prestress of the anchor.
Using the shear-lag method [28] and the related test results
[29], the analytical expression for α is organized as follows:

α =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EmEg

Em 1 + μg

� �
ln rg/rb

À Á
+ Eg 1 + μmð Þ ln 20Ebrb/ Eb + Emð Þrg

À ÁÀ Áh i
rbEb

vuut ,

ð3Þ

where Eg is the elastic modulus of the surrounding rock, Em

is the elastic modulus of the anchoring agent, Eb is the elastic
modulus of the anchor, rb is the radius of anchor, rg is the
radius of the anchor mounting hole, μm is Poisson’s ratio
of the surrounding rock, μg is Poisson’s ratio of the anchor-
ing agent, and μb is Poisson’s ratio of the anchor.

Based on equation (1), the vertical and horizontal stress
matrices of the anchor are as follows:

(a) Step 1 (b) Step 2

(c) Step 3 (d) Step 4

(e) Step 5 (f) Step 6

(g) Step 7 (h) Step 8

(i) Step 9 (j) Step 10

Figure 5: Debonding failure process of anchor rod drawing.
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where At is the vertical distance from the t-th anchor to the
yoz plane and Bw is the vertical distance from the w-th
anchor to the xoz plane in the Cartesian coordinate system.

When some Man are superimposed, the coupling stress
matrix of anchors on the surrounding rock can be obtained,
and its calculation equation is as follows.

Mto of the vertical stress matrix is

MV
to =MV

su x, y, zð Þ +MV
σ x, y, z, B1ð Þ +MV

σ x, y, z, B2ð Þ
+⋯+MV

σ x, y, z, Bwð Þ:
ð4cÞ

Mto of the horizontal stress matrix is

MH
to =MH

su x, y, zð Þ +MH
σ x, y, z, A1ð Þ +MH

σ x, y, z, A2ð Þ
+⋯+MH

σ x, y, z, Atð Þ,
ð4dÞ

where MV
suðx, y, zÞ and MH

suðx, y, zÞ are the stress matrices of
the surrounding rock self in the vertical and horizontal
directions, respectively. Based on equation (6), their matrix

AE-step1 AE-step2 AE-step3 AE-step4 

AE-step5 AE-step6 AE-step7 AE-step8 

AE-step9 AE-step10 AE-step11 AE-step12

X

Z

Y

X

Z

Y

X

Z

Y

X

Z

Y

X

Z

Y

X

Z

Y

X

Z

Y

X

Z

Y

X

Z

Y

X

Z

Y

X

Z

Y

X

Z

Y

Figure 6: Acoustic emission process of anchor rod drawing.
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(b) The shear stress variation law of anchorage interface and surrounding rock interface

Figure 7: Stress change analysis of bolt drawing model.

MH
an x, y, z, Atð Þ =

σA
z x1 − At , y1, z1ð Þ σAz x2 − At , y1, z1ð Þ ⋯ σAz xn − At , y1, z1ð Þ

σA
z x1 − At , y2, z1ð Þ σAz x2 − At , y2, z1ð Þ ⋯ σAz xn − At , y2, z1ð Þ

⋮ ⋮ ⋱ ⋮

σA
z x1 − At , ym, z1ð Þ σAz x2 − At , ym, z1ð Þ ⋯ σA

z xn − At , ym, z1ð Þ

2
666664

3
777775
, ð4aÞ

MV
an x, y, z, Bwð Þ =

σA
z x1, y1 − Bw, z1ð Þ σAz x2, y1 − Bw, z1ð Þ ⋯ σA

z xn, y1 − Bw, z1ð Þ
σA
z x1, y1 − Bw, z2ð Þ σAz x2, y1 − Bw, z2ð Þ ⋯ σA

z xn, y1 − Bw, z2ð Þ
⋮ ⋮ ⋱ ⋮

σAz x1, y1 − Bw, zlð Þ σA
z x2, y1 − Bw, zlð Þ ⋯ σAz xn, y1 − Bw, zlð Þ

2
666664

3
777775
, ð4bÞ
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expressions are as follows:

MV
su x, y, zð Þ =

σs
z x1, y1, z1ð Þ σsz x2, y1, z1ð Þ ⋯ σs

z xnt, y1, z1ð Þ
σs
z x1t , y2, z1ð Þ σsz x2, y2, z1ð Þ ⋯ σsz xn, y2, z1ð Þ

⋮ ⋮ ⋱ ⋮

σsz x1, ym, z1ð Þ σsz x2, ym, z1ð Þ ⋯ σsz xn, ym, z1ð Þ

2
666664

3
777775
,

ð4eÞ

MH
su x, y, zð Þ =

σs
z x1, y1, z1ð Þ σsz x2, y1, z1ð Þ ⋯ σs

z xn, y1, z1ð Þ
σs
z x1, y1, z2ð Þ σsz x2, y1, z2ð Þ ⋯ σs

z xn, y1, z2ð Þ
⋮ ⋮ ⋱ ⋮

σs
z x1, y1, zlð Þ σsz x2, y1, zlð Þ ⋯ σs

z xn, y1, zlð Þ

2
666664

3
777775
,

ð4fÞ

When the matrix of surrounding rock self is zero, the
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Figure 8: Drawing process curve of anchor rod under different confining pressure.

Table 2: Pending parameters for the calculation equation.

Name Lt = z0 + L d z0 L P01 P02 P03 P04 P05
Anchor 4m 0.25m 2m 2m 200 kN 500 kN 1000 kN 1500 kN 2000 kN

Anchor 5m 0.25m 2m 3m 200 kN 500 kN 1000 kN 1500 kN 2000 kN

Anchor 6m 0.25m 2m 4m 200 kN 500 kN 1000 kN 1500 kN 2000 kN

Name rb rg Eg Em Eb μm μg μb

Anchor 0.015m 0.0225m 35MPa 45MPa 210MPa 0.25 0.25 0.3
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Figure 9: Continued.
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above results are simplified as follows.

MV0
to =MV

σ x, y, z, B1ð Þ +MV
σ x, y, z, B2ð Þ+⋯+MV

σ x, y, z, Bwð Þ,
ð5Þ

MH0
to =MH

σ x, y, z, A1ð Þ +MH
σ x, y, z, A2ð Þ+⋯+MH

σ x, y, z, Atð Þ:
ð6Þ

Based on equations (5) and (6), the stress contour map
of the interaction between the support bolt and the sur-
rounding rock can be calculated. There are three key sup-
porting mechanical parameters of a prestressed anchor: the
initial prestress, P0; the anchor length, L; and the free section
length, z0. This section calculates and analyzes the stressed
states of the roof under varying prestresses, P0, and free
lengths, L. The test parameters for the anchor are shown in
Table 2.

Based on the above equations (1) and (5), the stress
contour of the roof with different prestresses, P0, can be
obtained, as shown in Figure 9. For ease of analysis, the
range in which the compressive stress is greater than
0.05MPa is defined as the effective compressive stress zone
(ECSZ), and the range in which the stress is less than
0MPa is defined as the special zone (SZ). The results show
that there are two different ECSZs (Figures 9(a)–9(f), 9(h),
9(i), 9(k), 9(l), and 9(o)). One ECSZ is located in the anchor-
ing section (this part is called AECSZ), and the other ECSZ
is located in the free section (this part is called FECSZ). In
addition, there are two different SZs. One SZ is located
below the anchoring section (this part is called ASZ), and
the other SZ is located near the surface of the surrounding
rock (this part is called SSZ or dead zone). Among these
SZs, the SSZ has a limit borderline inside the surrounding
rock (Figures 9(a)–9(o)). When the free length, L, becomes
longer, the borderline moves or expands slowly towards
the inside of the roof, and the range of SSZ gradually
becomes larger (Figures 9(a)–9(c), (Figures 9(g)–9(i), etc.).
When the free length, L, is constant, it is interesting that

the position of the limit borderline and the range of the
SSZ are constant regardless of the prestress. As the prestress
of the anchor increases, the ranges of FECSZ, AECSZ, and
ASZ gradually become larger, and the ranges of FECSZ
and AECSZ get closer and finally blend (Figures 9(g), 9(j),
9(m), and 9(n)). In addition, the results show that the width
of the ECSZ reduces in the X direction and the height of the
FECSZ increases in the Z direction as the free length, L,
increases. In this paper, the prestress of the anchor is called
the ultimate prestress when the FECSZ and AECSZ are
about to blend. Then, the critical prestresses of the 4m and
5m anchors are approximately 500 kN and 1500 kN, respec-
tively (Figures 9(d) and 9(k)).

In this chapter, the key supporting parameters of a pre-
stressed anchor bolt are studied by the analytical method,
which provides the design basis for the support of deep, dif-
ficult surrounding rock. Unfortunately, the shear stress in
the anchorage zone in the analytical method is fixed; in fact,
the shear stress is variable in engineering, especially in the
process of interface debonding. RFPA numerical simulation
of shear stress variation can provide the basis for an analyt-
ical solution for anchor bolts. The in-depth integration anal-
ysis of the analytical method and the numerical simulation
will continue in future work, which will provide references
for improving the analytical method.

5. Conclusions

Most of the coal mine roadways are located in soft and broken-
water-rich strata, and the roadway roof is very prone to instabil-
ity and collapse under mining disturbance. This paper studies
the law of stress evolution in the process of surrounding rock
fracture and the relationship between surrounding rock fracture
and prestressed anchor support. It also analyzes the mechanical
properties of prestressed anchor bolt by analytical method and
numerical simulation. Some conclusions are given below:

(1) The change and attenuation of the surrounding rock
stress have a certain influence on the stability of the
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Figure 9: The results analysis of varying anchor length and prestress.
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supporting bolt. The existence of confining pressure
(horizontal stress) has a significant impact on the ulti-
mate pullout force of anchor bolts. The higher the
confining pressure stress, the greater the ultimate pull-
out force. When the confining stress of the surround-
ing rock reaches about 1MPa, compared with the
condition of 0MPa, the ultimate bearing capacity of
the anchor increases by about one time. The author
believes that when the confining stress perpendicular
to the anchor reaches about 1MPa, the anchoring per-
formance of the anchor can be well exerted

(2) There is a critical, optimal value for the prestress of
the anchor. For example, the anchor of a 4m length
(2m free length) has a critical value of approximately
500 kN. In the anchor support design, the initial pre-
stress of the anchor is recommended to be 40% of
the critical value

(3) When the prestressed anchor acts in the surrounding
rock, there is a limit borderline, which is mainly
related to the free length and the bonding length of
the anchor and is not related to the prestress of the
anchor. This result can predict the extent of the dead
zone (SSZ) in roadway support

(4) As the load increases, the de-bonded cracks in the
anchorage interface expand continuously from the
surface to the inside. After debonding, the interface
shear stress tends to a low stable value, which means
the value of friction resistance is relatively stable in
different positions. In the numerical experiment
(the bonding length is 300mm), the ultimate draw-
ing force of the anchor bolt is about 220 kN

(5) The frictional resistance after interface debonding is
an important condition to maintain the balance of
the higher anchorage force. If there is no friction
resistance, when the axial force of the anchor bolt
reaches the initial critical value, the interface
debunking process will develop catastrophically and
cannot be stabilized until complete failure, even if
the axial force no longer increases
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