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Due to the influence of the ground stress, mining disturbance, and other factors, the roadway surrounding rock in deep
underground engineering such as mines, tunnels, and underground caverns is prone to looseness and deformation with the
excavation of roadways. In such engineering, the bolt support is frequently employed to stabilize the surrounding rock. In this
work, a part of the anchor and the surrounding rock were taken as a simplified model of the anchorage rock mass, and the
laboratory compression test was performed on the similitude model. Then, the FLAC3D software was used to simulate varying
numbers of bolts and different lateral pressure conditions, and the peak stress, the maximum principal stress field, and the
anchor stress field distribution of the anchorage rock mass were obtained. The influence of bolt pretightening force and row
spacing on the stability of surrounding rock was discussed using the combined arch theory. The results show that increasing
the number of bolts and lateral pressure in the anchorage rock mass can significantly improve the stress value and distribution
range of the maximum principal stress field and the anchorage stress field. The fluctuation of the anchorage stress field at
different anchorage distances can be lessened by increasing the number of bolts (bolt density). When the lateral pressure
exceeds 3MPa, the anchorage mechanical characteristics of the anchorage rock mass tend to remain stable. The coverage of
the effective anchorage stress field and the thickness of the surrounding rock anchorage composite arch can be increased by
increasing the bolt pretightening force and decreasing row spacing, consequently improving the anchorage mechanical
characteristics of the anchorage rock mass. The research results can be used as a theoretical reference for choosing appropriate
bolt support parameters for the roadway surrounding rock.

1. Introduction

The surrounding rock of the roadway in deep engineering
such as mines, tunnels, and underground caverns is prone
to deformation due to the high ground stress, mining distur-
bance, and other factors [1, 2]. The excessive deformation of
the surrounding rock structure may cause the floor heave,
rib spalling, roof leakage, roof fall, and other phenomena
[3–5], which manifests as the formation of a loose fracture
structure with fully developed fractures in the rock mass
around the roadway [6]. To ensure that roadways can be
used normally, timely support is required from the start of

excavation to limit deformation and displacement of the sur-
rounding rock. It is critical to effectively strengthen the bear-
ing capacity of the surrounding rock structure and the
stability of the surrounding rock after support.

Bolt support, the most commonly used support measure
in rock engineering, may effectively stabilize the surround-
ing rock by improving and making full use of the bearing
capacity of the rock mass. Currently, research on bolt sup-
port can be roughly divided into three categories according
to the main focus: (i) study on the effects of the properties
of the anchored rock mass (surrounding rock), such as the
lithology of the surrounding rock, the strength of the
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surrounding rock, joints, cracks, and weak interlayer [7–10];
(ii) study on the effects of external load, that is, considering
the stress state (tension, compression, shear), loading,
unloading, and the creep of the bolt according to the engi-
neering site [11, 12]; (iii) study on the effects of the nature
of the bolt itself, such as type, size (diameter, length), row
spacing, pretightening force, and the spatial distribution
position of multiple bolts [13–18]. Some contributed results
have been obtained: in terms of the bolting mechanisms,
Kang [19, 20] considered that the main function of bolt sup-
port on surrounding rock is to control the separation, slid-
ing, cracking, and dilatancy deformation of rock mass in
the anchorage zone and put forward the corresponding key
bearing ring theory. Cao et al. [21] investigated the load
transfer mechanism of the bolt support system, deduced
the two-stage failure mode of the bolt anchorage system,
and discussed the failure mode of the bolt by using a bond
strength model and the iterative method. Song and Mu
[22] discussed the theoretical calculation of the bearing
capacity and supporting load of the bolt combination arch,
the reasonable thickness of the combined arch, and the rea-
sonable length of the anchor bolt and put forward relevant
reasonable calculation formulas, based on the analysis of
bolt-shotcrete support mechanism and failure characteristics
of soft rock. In terms of anchorage mechanical properties,
Guo et al. [23] established the mechanical model (consider-
ing the tray effect) of anchorage surrounding rock based on
the elastic theory, believing that the influence of the tray on
the stress of the surrounding rock supported by the bolt axis
can be ignored except near the surface of the surrounding
rock. Based on the self-developed test system of the compos-
ite bolt-rock bearing structures, Zhang et al. [24] investi-
gated the influence of bolt support density on the bearing
characteristics of anchor composite bearings, obtained the
strength and failure characteristics of anchor composite
bearings, and found the variation law of central stress and
surrounding rock displacement of the composite bolt-rock
bearing structure. Zong et al. [25] found that the number
of bolts and the pretightening force would affect the failure
mode. The failure mode of fractured sandstone changes
from the tensile failure to tensile-shear mixed failure with
the increase in bolts. The pretightening force can inhibit
the formation and evolution of the tensile crack, delay the
failure process of fractured sandstone under anchorage,
and promote its transformation from the brittle failure to
plastic failure. Du et al. [26] studied the effect of bolts on
the stress redistribution of roadway surrounding rock and
believed that the bolt could improve the strength of the
roadway by increasing the minimum main force around
the roadway. A comprehensive ground arch that is crucial
to the stability of the roadway will be formed around the
roadway under appropriate supporting conditions.

With the excavation of the roadway, the stress environ-
ment of the surrounding rock changes, and the plastic zone
forms in the surrounding rock of the roadway. The stress is
redistributed, and large stress appears in the roadway side
area, which often causes the two sides to break and swell.
The role of the bolt support is to keep the broken rock mass
from separating, sliding, cracking, and deforming. There-

fore, this work took the bolt support of the roadway sur-
rounding rock in Gubei coal mine as the background. The
surrounding rock of the roadway sidewall area under the
anchorage effect of the bolt was taken as the research area
(Figure 1), which was simplified as the model of the anchor-
age rock mass. Laboratory tests and FLAC3D numerical
simulation tests were carried out to study the mechanical
properties of the surrounding rock anchorage under varied
bolt numbers (bolt density) and different lateral pressures.
In addition, the influence of bolt pretightening force and bolt
row spacing on the anchorage effect of the surrounding rock
was discussed based on the combined arch theory.

2. Experimental Study of Anchorage Effect of
Surrounding Rock Mass

2.1. Experimental Method and Procedure. A similitude
model was poured according to the real mechanical proper-
ties of the surrounding rock mass in the Gubei coal mine,
Huainan mining area, China. To simulate the anchorage
rock mass in line with the actual state of the site to a large
extent, the aggregate of the pouring model (the aggregate
gradation was 8~10 cm) was picked from the rock of the
actual roadway site in the test process. Quartz sand, cement,
and gypsum combined with a certain amount of water were
selected as the anchorage rock mass model cementing mate-
rials. Through many comparative tests, the mass ratio of the
quartz sand, cement, gypsum, and water was chosen as
0.5 : 1 : 0.2 : 0.6. The size of the rock specimen is frequently
chosen as large as feasible in the rock mechanics tests using
a physical similarity model, and the ideal state is to construct
a model that is close to the real size, because the larger the
rock sample size, the more accurately the test findings can
reflect the actual engineering properties. However, the test
devices and other factors limit the size of the specimen. After
careful consideration of the above issues, the actual
anchored surrounding rock mass was adequately simplified.
The cubic anchorage rock mass specimen with a size of
200mm∗ 200mm∗ 200mm was poured in this work utiliz-
ing the above ingredients and ratios, as indicated in
Figure 2(a) [27, 28]. After pouring in the mold, the specimen
was left for 24 hours in its natural state and then removed.
Then, the specimen was put into the maintenance water tank
at a constant temperature for 7 days and, finally, made it
naturally air dried and wrapped with preservative film to
maintain moisture content. At the same time, the specimens
without bolt reinforcement were also prepared for compara-
tive analysis.

The anchor bolt was placed after the anchorage rock
specimen was poured, as shown in Figure 2(b). First, a
12mm diameter prefabricated bolt hole was bored in the
center of the specimen. Then, the bolt was mounted, as illus-
trated in Figure 2(c), with bolts, pallets, nuts, and gaskets as
its primary components. A torsion wrench was used to apply
a pretightening force of 15.59 kN to the bolt. The 7075-T6
aluminum alloy rod with a diameter of 10mm was chosen
to simulate the body of the anchor bolt. To determine the
mechanical properties of the anchor bolt, a tensile test of
the aluminum alloy metal rod was performed prior to the
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start of the test. The elastic modulus, yield strength, yield
strain, and peak stress of the aluminum alloy metal rod were
70.65GPa, 426.59MPa, 7:69∗10−3, and 559.9MPa, respec-
tively. The tray was a square steel plate with a size of 70m
m∗70mm∗10mm and a middle hole diameter of 12mm.

The YNS2000 servo test system, with a maximum test
force of 2000 kN, was used to perform the compression tests.
During the loading operation, the test system will automati-
cally collect data on the axial displacement and axial force of
the loaded specimen. In the test, a loading rate of 0.5mm/
min was used. Before the test, a reasonable amount of Vase-
line was evenly placed over the upper and lower ends of the
specimen to reduce the influence of end-face friction on the
test findings.

2.2. Experimental Result and Analysis. Figure 3 shows the
axial stress-strain curves of the anchored and unanchored
rock mass model specimens. The compaction stage (oa),
the linear elastic growth stage (ab), the plastic deformation
stage (bc), and the strain softening stage (cd) are all found
in the axial loading curves of the two models, according to
the test results. The peak strength and elastic modulus of
the specimen after anchorage have increased by 36.65%
and 28.33%, respectively, from 9.25MPa and 1.20GPa to
12.64MPa and 1.54GPa. Furthermore, following anchorage,

the residual strength of the surrounding rock model speci-
men is much higher than that before anchorage.

Three states (the initial failure state, axial stress peak
state, and final state) of the specimen were chosen to com-
pare the failure characteristics of the anchored and unan-
chored rock mass model specimens, as shown in Figure 4.
Compared with the anchored, the broking degree of the
unanchored surrounding rock model sample is relatively
lower. The number of cracks propagating on the surface of
the specimen is noticeably lower at the peak state and final
state, and the specimen is eventually destroyed by multiple
massive cracks. When the anchorage surrounding rock
model specimen ultimately breaks, many cracks appear
inside the specimen, and the degree of fracture is substan-
tially greater than that of the model specimen without
anchorage. In summary, the surrounding rock interacts with
the bolt to generate an anchorage rock mass under the action
of bolt support. The bolt has strong supporting ability, which
can effectively improve the bearing capacity of the surround-
ing rock while reducing deformation and failure [29, 30].

3. Numerical Simulation of Anchorage
Mechanical Properties of Surrounding
Rock Mass

3.1. Establishment of the Numerical Model. The numerical
calculation method has been widely and rapidly applied in
the study of geotechnical engineering problems with the
rapid development of computer technology, which tremen-
dously promotes the development of geotechnical mechan-
ics. It is becoming increasingly significant in numerous
domains of modern science and technology due to its
remarkable benefits of high reproducibility, fast cycle time,
and low cost. FLAC3D is a three-dimensional fast Lagrang-
ian analysis program developed by Itasca in the United
States that can better simulate the mechanical behavior of
geological materials when reaching the strength or yield
limit and makes complex geotechnical engineering or
mechanical problems easy to simulate [31, 32]. Due to the
influence of test conditions and other factors, it is difficult
to obtain the distribution characteristics of parameters such
as the stress field in the physical model. Therefore, this work
used the FLAC3D numerical software to study and analyze
the surrounding rock anchorage model.

As shown in Figure 5, the FLAC3D numerical model
was built as a cube with a side length of 200mm, which
mainly includes the model body, anchor bolt, and tray
(70mm∗70mm∗10mm) based on the physical model test
of the surrounding rock anchorage. The center of the model
was symmetrically arranged and positioned at the origin of
the coordinates. The model contained 64784 units and
70271 nodes after meshing. To better understand the interac-
tion mechanism between nearby bolts, the internal stress dis-
tribution of the anchorage model was obtained by numerical
model experiments with various bolt densities. On the basis
of controlling the tray size of the model, five numerical sim-
ulation models with anchor density of 0, 1, 2, 3, and 4 are
established. As illustrated in Figure 5(a), each bolt was
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Figure 2: (a) Rock mass specimen, (b) schematic diagram of
anchorage method, and (c) bolt and auxiliary appliances.
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Figure 1: Research object of surrounding rock mass in a roadway.
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Figure 3: Axial stress vs. axial strain curve of rock mass specimen under uniaxial compression.
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Figure 5: Numerical simulation mode of rock mass specimen with different (a) bolt number and (b) lateral pressure, respectively.
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preloaded at 15 kN. The front and back sides of the model
were configured as free surfaces (vertical x direction), and
varied lateral pressure could be added to the simulation to
simulate the lateral restricting pressure of the actual surround-
ing rock mass. As indicated in Figure 5(b), the left and right
sides of the model were anchorage surfaces (vertical y direc-
tion), whereas the upper and bottom sides were displacement
loading surfaces (vertical z direction). The quantitative test
findings revealed that when deformation increased in the post-
peak loading stage, the mechanical properties of rockmaterials
deteriorated gradually, exhibiting strain softening characteris-
tics, which was consistent with the physical model test results
in Section 2.2. Therefore, combined with the characteristics of
the constitutive relations in the numerical simulation software,

the strain softening constitutive relation was picked for the
simulation calculation. The selection of the basic mechanical
parameters of the model: the prepeak linear elastic stage
parameters of the model were determined by the previous lab-
oratory physical model test. The postpeak strain softening
parameters of the model were investigated by comparing the
stress-strain curves of the physical model with those deter-
mined by the inversion method. As illustrated in Figure 6,
the axial stress-strain curves of the specimens of unanchored
and anchored with a single anchor obtained through numeri-
cal simulation were compared to those acquired from the
physical model test in Section 2.2. The peak strength and elas-
tic modulus of the unanchored model were 9.25MPa,
1.20GPa (laboratory test results) and 9.25MPa, 1.19GPa
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Figure 6: Axial stress vs. axial strain curve comparison between experiment and numerical simulation results of rock mass specimen with
(a) no bolt and (b) one bolt reinforced, respectively.
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(numerical simulation results), respectively, and the values
after anchorage were 12.64MPa, 1.54GPa (laboratory test
results) and 12.53MPa, 1.51GPa (numerical simulation
results), respectively. The fitting degree of the surrounding
rock mass model’s axial stress-strain curve was high in both

the prepeak and postpeak stages, regardless of whether the
surrounding rock was anchored or not, implying that the
selected model’s postpeak strain softening parameters were
well in line with the test requirements, ensuring the reliability
of the subsequent test results.
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3.2. Influence of Bolt Number on the Mechanical Behaviors of
Rock Mass. According to the axial peak strength of speci-
mens under different bolt numbers calculated by numerical
simulation, the relationship between axial peak strength
and the bolt number was obtained, as shown in Figure 7. It
can be seen that the peak strength and bolt number show a
significant positive linear relationship. As the bolt number
changes from 0 to 1, the peak strength of the model rises
from 9.25MPa to 12.53MPa, with a change extent of
35.46%. As the bolt number increases, the axial peak
strength of the surrounding rock anchorage model sample
gradually rises. In the bolt number range of 0~3, the axial
peak strength of the model sample increases by about
36.49%. When the bolt number increases from 3 to 4, the
increasing rate is 8.29% of the axial peak strength, and the
increasing rate decreases significantly. It can be discovered

that a reasonable density of the bolt provides the optimal
stability control effect on the rock mass.

Figure 8 depicts the model’s internal maximum primary
stress field at peak time as well as the anchorage stress field.
The maximum primary stress, which was commonly stated
as the vector sum of normal and shear stresses, was a widely
used metric for assessing the stability of a structure’s interior
parts. Two mutually perpendicular planes were selected as
monitoring planes in the model to explore the stress features
of internal space and the action mechanism of the bolt with
varying bolt numbers in the loading process of the anchor-
age surrounding rock mass model. For the single bolt
anchorage surrounding the rock mass model, there was a
noticeable stress rise zone from the connection between the
bolt and the tray along the z direction of compression to
the inclined direction of the two loading ends. In the
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multibolt anchorage surrounding rock mass model, the side
of the bolt facing the loading end also showed this clear
inclined stress rise zone. The difference is that, for the multi-
bolt anchorage surrounding rock mass model, in the z direc-
tion, the stress rise zone is also formed in the area between
bolts. It is noteworthy that the opposite stress reduction zone
is formed in the area between bolts in the x direction. The

same is that, whether in the x direction or in the z direction,
the maximum principal stress is relatively small in the vicin-
ity of the bolt.

The bolt primarily enhances the mechanical properties
of the anchorage rock mass through anchorage stress. There-
fore, the stress field of bolt action is a key indicator for ana-
lyzing the effect of the bolt. The anchorage stress and the
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distribution range of the anchorage stress in the anchorage
model rise dramatically when the bolt number increases, as
shown in Figure 8. In other words, the anchorage model’s
mechanical characteristics continue to rise as the bolt den-
sity rises. Furthermore, the anchorage stress between bolts
of the multibolt anchorage surrounding rock mass model
significantly decreases in the x direction.

3.3. Influence of Lateral Pressure on the Mechanical
Behaviors of Rock Mass. Affected by the geological tectonic
movement, the distribution laws of ground stress are com-
plicated and changeable, and high-level tectonic stress exists
in some regions. Therefore, a variety of model tests with var-
ied lateral pressures (0MPa, 0.5MPa, 1.5MPa, 3MPa,
6MPa, and 9MPa) were carried out, and the effect of lateral
pressure on the mechanical properties of the anchorage
model and internal stress distribution was studied. The rela-
tionship between the peak strength and varied lateral pres-
sures in the anchorage surrounding rock mass model is
shown in Figure 9. As the lateral pressure level rises, the peak
strength of the model shows a gradual increasing trend, but
the reduction extent gradually decreases. When the lateral
pressure level changes from 0MPa to 3MPa, the peak
strength of the model increases dramatically. However,
when the lateral pressure is greater than 3MPa, the peak
strength of the model rises slowly with the increase in the
lateral pressure. The nonlinear relationship between the
axial peak strength and the lateral pressure in the anchorage
model is obtained by nonlinear fitting. As shown in Figure 9,
the fitting results are accurate, which can provide a useful
basis for future research.

Four lateral pressure conditions were designed in this
experiment to investigate the impact rule of lateral pressure
on the internal spatial stress distribution characteristics in

the anchorage surrounding rock mass model: 0MPa,
0.5MPa, 1.5MPa, and 6MPa. Two mutually perpendicular
planes were chosen as monitoring planes for the model in
each working state. The maximum principal stress and the
anchorage stress distributions on the monitoring plane for
each working state under the peak strength are shown in
Figure 10. The maximum principal stress around the bolt
is relatively low for the anchorage rock mass model without
lateral pressure. The stress in the middle part of the bolt rises
in the model, and the size of this region grows gradually as
the lateral pressure increases. The area with large stress
expands in the x direction as the lateral pressure increases,
from the central area where anchorage stress increases to
the two ends where lateral pressure is applied. From the
loading end to the bolt region, an obvious stress concentra-
tion zone exists in the z direction, and the stress concentra-
tion zone grows as the confining pressure rises. The
anchorage stress and the maximum principal stress have
similar distribution characteristics: the anchorage stress is
higher in the vicinity of the bolt, and the area connected
between the bolt and the tray has a noticeable stress increase
zone. The area of the stress field around the bolt in the peak
period gets bigger as the lateral pressure increases.

4. Discussion

According to previous research, the stress field analysis of
the bolting support is an important tool for understanding
bolt action processes. The peak states of anchorage models
with two bolts were chosen to explore the variation law of
the anchorage stress field (syy) in the anchorage rock mass
model quantitatively, as shown in Figure 11. Considering
the symmetry, the monitoring plane was chosen to be in
the center of the model (over the coordinate origin, vertical
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z axis, and in the same plane as the bolt), as illustrated in
Figure 11(a). Eight monitoring lines (l1~l8) were uniformly
distributed across the middle plane of two bolts, with 19
monitoring points spread on each monitoring line. As illus-
trated in Figure 11(b), the area connected between the bolt

and the tray has a noticeable stress concentration zone of
the anchorage stress. The anchorage stress decreases slowly
along its route, whereas the anchorage stress perpendicular
to the bolt’s direction decreases rapidly. The changing law
of syy stress on the monitoring line in the axial direction
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of the bolt at peak state is depicted in Figure 11(c). When the
monitoring line is close to the bolt (l1~l3 and l6~l8), the syy
stress of the monitoring points changes from dropping to
increasing in the direction of the bolt. However, the syy
stress on the monitoring lines l4 and l5 displays the change
characteristics of a “crest shape” with a symmetrical increase
from both ends to the middle.

According to the composite arch theory [33, 34], a single
bolt can squeeze the surrounding rock and create a conical
compression zone on both sides of the bolt under pretigh-
tening force. When the bolts are suitably spaced, the com-
pression zones formed by each individual bolt can be
layered on top of one another, resulting in a homogeneous
compression zone of a definite thickness. Bolt reinforcement
forms a combined reinforcement arch with a defined thick-
ness around the roadway. The arch has a high bearing capac-
ity and compressibility, allowing it to sustain the roadway
well. The thickness of a rock-soil anchored composite arch
is frequently linked to the bolting support parameters,
according to a substantial quantity of study expertise. There-
fore, the numerical simulation method was utilized to inves-
tigate the stress distribution in the anchorage rock mass and
its influence on the thickness of the composite arch under
different pretightening forces and bolt row spacings.

Figure 12 shows the distribution of the internal anchor-
age stress field in the model with five different pretightening
forces (0, 15, 30, 60, and 90 kN). Based on the fluctuation of
peak strength with lateral pressure in Section 3.3, the
0.2MPa criteria were defined, implying that the anchorage
area is recognized as the area where the anchorage stress is
greater than 0.2MPa. In the model, the anchorage stress field
(middle symmetry plane) is shown under various pretigh-
tening forces. As the pretightening force increases, the
anchorage strengthening area steadily rises, and the stress

value in the anchorage strengthening region also climbs
drastically. The axial force of the bolt causes the surrounding
rock to convert from a uniaxial compression state before
anchorage to a triaxial compression state. Thus, the lateral
compressive strength of the surrounding rock is improved,
and the rock is compacted and reinforced.

The variation of the thickness of the composite arch with
the bolt pretightening force is obtained (in Figure 13). When
the pretightening force rises from 0kN to 15 kN, the thick-
ness of the composite arch in the model increases from
155mm to 179mm, which is an increase of 15.48%. As the
pretightening force changes from 15 kN to 30 kN, the thick-
ness of the composite arch in the model changes from
179mm to 188mm, with a change extent of 5.03%. With
the pretightening force raised from 30 kN to 60 kN, the
thickness of the composite arch in the model increased by
2.13%, from 188mm to 192mm. When the pretightening
force changes from 60 kN to 90 kN, the thickness of the
composite arch in the model changes from 192mm to
195mm, which is increased by 1.56%. As the pretightening
force increases, the thickness of the composite arch between
bolts steadily increases. When the pretightening force
exceeds 30 kN, the thickness of the composite arch is drasti-
cally reduced, indicating that there is a reasonable bolt pre-
tightening force to achieve the required anchorage effect.

Figure 14 depicts the distribution of the internal anchor-
age stress field in the model for five different bolt row spac-
ings (90, 120, 150, 180, and 200mm). When the bolt row
spacing is increased, the anchorage reinforcement area gradu-
ally shrinks, and the stress value in the anchorage reinforce-
ment region also decreases considerably. Simultaneously, as
the bolt row spacing rises, the area with insufficient anchorage
stress between bolts grows, and the area has a conical symmet-
ric distribution. As shown in Figure 15, the variation of the
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Figure 15: Effect of bolt spacing on the thickness of combined arch.
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thickness of the composite arch with the bolt row spacing is
obtained. When the bolt row spacing changes from 90mm
to 120mm, the thickness of the composite arch in the model
decreases from 179mm to 157mm, which is reduced by
12.29%. As the bolt row spacing rises from 120mm to
150mm, the thickness of the composite arch in the model
changes from 157mm to 130mm, with a change extent of
17.20%. The thickness of the composite arch in the model
reduces by 32.31%, from 130mm to 88mm, when the bolt
row spacing changes from 150mm to 180mm. The thickness
of the composite arch in the model decreases from 88mm to
32mm as the bolt row spacing increases from 180mm to
200mm, with a change extent of 63.64%. As the bolt row spac-
ing is increased, the thickness of the composite arch between
bolts steadily decreases. The anchorage strengthening area of
bolts and the thickness of the composite arch are reduced
when the bolt row spacing exceeds 150mm, indicating that
the recommendedmaximum bolt row spacing should be spec-
ified to enable efficient anchorage in actual engineering.

5. Conclusions

This work, which was based on the bolting support of road-
way surrounding rock at Gubei coal mine, simplified the
sidewall region of the roadway’s surrounding rock influ-
enced by the bolt anchorage to the anchorage rock mass
model. The mechanical properties (such as peak strength,
the principal stress, and the anchorage stress) of the anchor-
age rock mass under various bolt numbers (bolt density) and
lateral pressures were determined using laboratory compres-
sion tests and the FLAC3D numerical simulation tests. The
impacts of pretightening force and bolt row spacing on the
total anchorage effect of bolts were explored using the com-
posite arch theory. The following are the primary conclusions:

(1) The internal anchorage stress field of the specimen
shows the following law as a whole: the near-point
anchorage stress in the end area of the bolt is large,
and the far-point anchorage stress is small. The
near-point anchorage stress is small, and the far-
point anchorage stress is large in the middle area of
bolt. As the number of bolts (bolt density) in the
anchorage rock mass model grows, the anchorage
stress and distribution range increase considerably.
The fluctuation of the anchorage stress field at differ-
ent distances can be decreased by increasing the bolt
number (bolt density)

(2) The maximum principal stress field stress of the
anchorage rock mass improves as lateral pressure
increases, the coverage region with larger stress
expands, and the anchorage stress field expands as
well. The anchorage mechanical properties of the
anchorage rock mass, on the other hand, tend to be
stable when the lateral pressure level is greater than
3MPa

(3) Increased pretightening force and decreased bolt row
spacing can improve the coverage range of the
anchorage stress field and the thickness of the

anchorage rock mass composite arch within a rea-
sonable range. Thus, the appropriate pretightening
force and bolt row spacing can improve the mechan-
ical properties of the anchorage rock mass, making it
more stable
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