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In order to reveal the impact mechanical properties and their key influencing factors of the bolted rock under the lateral impact
load, through the lateral drop hammer impact test, the time-history curve of impact force, axial force of the bolt, and surface strain
of the sample under different combination types of influencing factors is obtained, and the whole process of deformation and
failure of the bolted rock is recorded. *e test results show that the material of the bolt has a significant influence on the impact
force and axial force of the bolt.*ere is a positive correlation between bolt strength and impact peak and impact attenuation slope
and a negative correlation between bolt strength and impact action time. *e effect of prestress on the impact resistance of the
bolted rock was also evaluated by the test which suggested that prestress of the bolt can significantly reduce both impact time and
bolt axial force of the bolted rock but has limited effect on the impact force. It was also found that the time-history curve of the
impact force of anchoring rock mass had significant difference with full-length anchoring and nonanchoring. Compared with the
nonanchoring bolt, the full-length anchored rock mass has a larger impact peak and shorter action time, which means that the
impact resistance of the full-length bolted rock has a certain degree of weakening. *rough scientific research, determining the
reasonable bolt material, prestress value, and anchorage style can improve the impact resistance of the sample.

1. Introduction

With the increase of the intensity and depth of coal mining,
accidents due to coal mine rock burst occurred more fre-
quently in China, in recent years. According to incomplete
statistics, there are more than one hundred and eighty rock
burst mines in China which are mainly distributed in
Shandong, Henan, Heilongjiang, and other twenty-five
provinces by 2019 [1, 2]. Rock burst will cause roadway
collapse, casualties, equipment damage, gas outburst, and
other secondary disasters, which have become one of the
major disasters that restrict mine safety production seriously
[3–5].

Rock burst was a dynamic phenomenon of the sharp
brittle failure of the wall rock with giant sonic thrown out of

large quantity of rock or coal. In order to solve the problem
of rock burst disaster in the mining roadway, microseismic
monitoring, acoustic monitoring, electromagnetic moni-
toring, coal pillar stress, optimizing the layout, crisis relief,
and support have been developed to deal with the early
warning and prevention of disasters, respectively [6–10].
However, these methods are difficult to be carried out for
controlling rock burst effectively because the mechanism,
place, and time of rock burst cannot be predicted in advance.

For the roadway support as the last line of defense
against rock burst in the mining roadway, a reasonable
support scheme was determinated which can effectively
reduce the degree of damage to the roadway caused by rock
burst, which in turn ensures the safety of life and property in
the excavation space. It advocates that the main means of
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defense against rock burst in the mining roadway are high-
strength bolt support, U-shaped shed, anti-impact support,
etc [11–14]. Compared with other support methods, rock
bolting has many advantages, such as convenient con-
struction, preload, and penetrable surrounding rock, which
has become the main supporting method of surrounding
rock control in the rock burst roadway at present.

Based on the special requirements for support materials
in rock burst roadways, experts and scholars from home and
abroad have successively developed many new supporting
materials, such as high-impact ductile bolt, constant-resis-
tance large deformation bolt, prestressed yield bolt, Garford
bolt, Durabar bolt, yielding Secura bolt, and Roofex bolt,
which solve the problem of deformation and failure of the
rock burst roadway to a certain extent [15–21].

In recent years, the research results of the physical
properties of the prestressed bolted rock by experts at home
and abroad show that the prestressed bolted rock has a
stronger carrying capacity. Prestressed bolted rock is affected
not only by static loads but also by dynamic loads frequently
in a rock burst roadway, in which failure mechanism and
characteristics must be significantly different from those
under a single static load [22]. However, the research on the
bearing capacity of the prestressed bolted rock is mainly
focused on the static load conditions, while little research is
focused on the dynamic load conditions in the rock burst
roadway for the moment.

It is understood that the prestress, anchoring methods,
and material quality of the bolt have an impact on rock bolt
support design for the rock burst roadway but that the
influence laws of the above supporting parameters on the
impact resistance of the bolted rock are not clear yet. In this
paper, the lateral drop hammer impact tests of the bolted
rock with different materials, different prestress levels, and
different anchorage styles are tested by using the drop
hammer impact test device to study the dynamic mechanical
response laws of the bolted rock under different impact
loads, the research results of which can be used to provide
test data for the parameter selection of rock bolt support in
the rock burst roadway.

2. Energy Dissipation Mechanism of the Bolted
Rock under Impact Load

When rock burst occurs, the energy generated by rock burst
is propagated in the form of stress wave in the surrounding
rock, which appears in the form of rock failure, coal cannon,
and impact in the roadway facing surface. *e dynamic load
generated by impact ground pressure can be expressed by
the following formula:

σdP � ρCP]Pp

σds � ρCS]Sp

⎧⎨

⎩

⎫⎬

⎭, (1)

where σdp and σds represent the normal and tangential
stresses at the source of rock burst, respectively, Pa, ρ is the
density of the medium, kg/m3, Cp and Cs are the propa-
gation velocity of the P wave and S wave in the medium,

respectively, m/s, and Vpp and Vsp are the particle vibration
velocity of the P wave and S wave, respectively, m/s.

Field measurement shows that the propagation of the
stress wave in coal and rock mass is the attenuation law of
power function, and the attenuation law of particle vibration
velocity can be expressed as

] � ]0L
−η

, (2)

where ] is the peak vibration velocity of the particle at the
propagation of the vibration wave, m/s, ]0 is the peak vi-
bration velocity of the particle at the source boundary, m/s, L
is the distance from the source boundary, m, and η is the
attenuation coefficient of peak velocity, which is related to
the propagation medium.

As shown in Figure 1, the energy dissipation model of
the anchor bolt anchorage structure under impact load was
established based on the research results of previous scholars
[23–25].

It can be seen from Figure 1 that the bolted rock moves
instantaneously towards the free space of the roadway after
being subjected to the impact load.

Assume that point C on the internal surface of the bolted
rock moves to point C1 with a displacement of Δr(t), and
point B at the end of the bolted rock moves to B1 with a
displacement of ΔR(t); then, the internal deformation of the
bolted rock is Vr(t) − VR(t). *e proximities ΔR(t) and
Δr(t) are the function of the impact acting time t. Set the
working resistance of the bolted rock as F(t), which is
mainly related to the mechanical properties of surrounding
rocks, the strength of the support system, the prestress, and
other relevant parameters.

*e energy absorbed by surrounding rocks within the
bolted rock mainly consists of two parts: part one is Em1
which is the energy absorbed by the bolted rock moving
towards the free space as a whole, and part two is Em2 which
is the energy absorbed by the plastic deformation of the
bolted rock.

*e total energy absorbed by surrounding rocks within
the support range can be expressed as follows:

Em � Em1 + Em2,

Em1 � 
t

0
dt 

VR(t)

0
F(t)dr,

Em2 � 
t

0
dt 

Vr(t)−VR(t)

0
F′(t)dr.

(3)

It can be concluded that the total energy absorbed by
surrounding rocks within the support range is mainly related
to the working resistance of the support system, the in-
stantaneous deformation, and other factors based on the
above theoretical analysis. Further analysis shows that the
working resistance of the support system is related to the
mechanical properties of the support materials, the prestress,
and the geological conditions of surrounding rocks.

*erefore, the lateral drop hammer impact tests of the
rock mass are carried out for obtaining the effect of the key
supporting parameters of the rock burst roadway on the
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impact resistance of the bolted rock, such as bolt material,
prestress class, and anchorage mode.

3. The Lateral Drop Hammer Impact
Tests of the Bolted Rock

3.1. Sample Preparation. As can be seen from Figure 2, the
rock samples with a size of 150mm× 150mm× 1 000mm
were simulated with cement mortar, in which the ratio of
cement, sand, and water is 1 : 2 : 0.5. *e average uniaxial
compressive strength of the standard sample was 65MPa
after 28 days of curing. A borehole with a diameter of 20mm
and a length of 1000mm was reserved in the middle lower
part of the rock sample for the installation of bolts. *e bolts
used in the test were left-handed nonlongitudinal ribbed
steel bolts, in which reinforcement types were HRB (hot-
rolled ribbed bar) 400, HRB (hot-rolled ribbed bar) 500, and
CRM (crescent ribbed bars) 700, respectively. *e bolt
length and diameter are 1200mm and 10mm, and the steel
tray size is 50mm× 50mm× 10mm.

In order to obtain the mechanical properties of the test
bolt, the mechanical properties of HRB500 bolt, HRB500
bolt, and CRM700 bolt with a diameter of 10mm were
tested, respectively.*e test results of the physical properties
of the bolt are shown in Table 1.

It can be seen from the mechanical property test results
that the maximum load, yield strength, breaking strength,
and elastic modulus of the CRM700 bolt are significantly
greater than the other two types of bolts. *e impact ab-
sorbing energy of HRB400 bolt, HRB500 bolt, and CRM700
bolt is 111, 130, and 166 J, respectively, and the impact
absorption work of the CRM700 bolt is 1.50 and 1.28 times
higher than HRB400 bolt and CRM700 bolt, respectively.

3.2. Experiment Schemes and Design. As shown in Table 2,
the experiment scheme is put forward through the or-
thogonal test method; seventeen models were used to

analyze and study the dynamic mechanical response laws of
the bolted rock with different materials, different prestress
levels, different anchorage styles, and different impact loads,
respectively.

3.3. Testing System. *e height of the testing machine, ef-
fective impact height, maximum impact velocity, and
hammer head weight are 13.37m, 12.6m, 15.70m/s, and
210.69 kg, respectively, and the overall error of the test
system is not more than 2%.*e impact force of the hammer
head is collected by a force sensor installed in the middle of
the hammer head, and the axial force of the bolt is collected
by a dynamic force sensor installed at the end of the bolt.*e
time-history curve of impact force, axial force, and strain of
the bolted rock is monitored during the test.

*e experiment steps are as follows: firstly, the sample is
placed on the support, and the center of the sample is ad-
justed to align with the hammer head; secondly, the bolt and
the sensor are installed; and finally, the data acquisition
system is installed and debugged normally. Figure 3 shows
the details of the overall spatial arrangement of the test.

4. Lateral ImpactTestResults of theBoltedRock

4.1. Deformation and Failure Characteristics. *e overall
impact failure state of each sample is basically the same, in
which fracture failure is radially distributed with the impact
point as the center. *e fractured bolted rock fractures are
mainly shear and tensile fractures. *e width of bottom
fractures is generally greater than 2mm and less than 1mm
near the impact point. *e crack density near the impact
point and the crack opening at the bottom are directly
proportional to the impact energy, as shown in Figure 4.

It is shown that the prestress, material, and anchorage
style of the bolt have large effect on the impact failure of the
bolted rock. *e impact resistance of the anchor solid is
significantly improved with the increase of the strength and
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Figure 1: Energy dissipation model of the bolted rock under impact load in the roadway.

Shock and Vibration 3



toughness of the bolt, which manifested that the number and
opening of penetration cracks of the bolted rock are reduced
significantly. *e bending moment of the bolt rock increases
with the increase of bolt prestress and so does the number of
nonpenetrating cracks. However, when the bolt prestress
exceeds the yield strength of the bolt, the bolt rock will be

broken under low impact energy. It is anchorage style that
can influence the impact resistance performance of the bolt
rock to some extent. When the bolt and rock mass are not
anchored, the rock mass with anchor has better impact
resistance, and the number of fractures is relatively reduced.
*e anchor solid is easy to fracture and fail under the

Table 1: Test results of bolt materials.

Serial
number Bolt type Maximum

load

Strength (MPa)
Elasticity

modulus (GPa)
Ultimate

elongation (%)
Reduction of
area (%)

Impact absorbing
energy (J)Yield

strength
Breaking
strength

1 HRB400 43.1 378 550 200 28.5 65.0 111
2 HRB500 50.2 500 640 200 25.5 63.0 130
3 CRM700 68.7 748 876 200 20.5 67.0 166

Bolt
Size: φ × l = 10mm × 1200mm

Bolt tray
Size: 50mm × 50mm × 10mm

Screw nut

15
0m

m

150m
m

1000mm

50
m

m
φ20mm

Rock sampleReserve bolt hole

Figure 2: *e size of the rock sample and bolt.

Table 2: Experiment scheme and design.

Sample number Impact velocity (m/s) Impact energy (J) Ps (kN) Pd (kN)
M400-0-0-1000 3.08 1000 25.79 16.24
M400-0-0-2000 4.36 2000 22.97 20.83
M400-0-0-3000 5.34 3000 20.14 22.24
M500-0-0-1000 3.08 1000 24.45 20.45
M500-0-0-2000 4.36 2000 25.79 21.53
M500-0-0-3000 5.34 3000 31.53 31.12
M700-0-0-1000 3.08 1000 31.52 38.31
M700-0-0-2000 4.36 2000 33.02 45.65
M700-0-0-3000 5.34 3000 30.87 28.18
M500-0-15-2000 4.36 2000 23.13 31.71
M500-0-25-2000 4.36 2000 23.10 20.97
M500-0-35-2000 4.36 2000 23.15 18.06
M500-0-45-2000 4.36 2000 22.46 15.84
M400-1-0-2000 4.36 2000 71.80 —
M400-1-0-3000 5.34 2000 77.40 —
M500-1-0-2000 4.36 2000 83.60 —
M500-1-0-3000 5.34 2000 93.41 —
*e impact velocity v �

����
2gh


, the impact energy is mgh, h is the height of the hammer head, and the mass of the hammer head is 210.69 kg. Ps and Pd are the

measured laboratory furniture value of the drop hammer impact force and the peak value of the bolt axial force, respectively. Ps is the second peak value under
the full-length anchorage style, and the dynamic axial force of the bolt under full-length anchoring is 0.3. M400-0-0-1000 means that the bolt is HRB400, the
first 0 means no anchoring, 1 means full-length anchoring, the second 0 means prestress value, and 1000 means impact energy.
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condition of full-length anchoring of the bolt and rock mass.
*e bending degree of the bolt rock decreases obviously, and
a large number of dense fractures appear at the rock impact
after the failure.

4.2. 1e Impact Force-Time History Curves of Different Ma-
terial Bolts. *e time-history curves of bolted rock impact
force under different strength bolts and prestress levels are
obtained by the experimental results, as shown in Figure 5.

*e following conclusions can be drawn from Figure 5:

(1) *e time-history curve of the impact force has two
wave peaks within 0–0.005 s, which are mainly
positively correlated with the stiffness of the contact
surface of rock mass and the falling hammer head.
*e curve in this period reflects the mechanical
interaction between the falling hammer and the rock
mass, which have little significance to analyze the
dynamic mechanical properties of the bolted rock.

(2) *e time-history curves of the impact force of the
bolted rock of three types of strength bolts are ba-
sically the same. With the increase of the impact
velocity, the peak value of the impact force of the

samples increases with different amplitudes. When
the impact energy is constant, the peak value of the
impact force increases with the increase of bolt
strength.

(3) *e impact time has obvious difference before and
after the bolt broke; the action time of the impact
force increases with the increase of impact velocity
before the bolt broke and decreases sharply after the
bolt broke. *e impact force action time of sample
M400 is obviously greater than that of sample M500.
*e impact effect time of sample M400 is obviously
greater than that of sample M500. All CRM700 test
bolts are not broken indicating that sample CRM700
has the strongest impact resistance. *e main reason
for this phenomenon is that the CRM700 bolt has
high strength and toughness, and its impact peak
value and action time are larger, which significantly
improves the impact resistance performance of the
bolted rock.

(4) Due to the difference of strength and toughness of
the three types of bolts, the slope of the impact force
is HRB400, HRB500, and CRM700 in order from
small to large in the attenuation stage. Due to the
relatively low strength and toughness of HRB400 and
HRB500 bolts, all HRB400 and HRB500 bolts were
broken when the impact energy exceeded 3000 J,
resulting in the phenomenon that the impact force
fell to 0 quickly. CRM700 bolts showed good impact
resistance. *e CRM700 bolts of all the bolted rock
samples showed good impact resistance without
broken bolts, and their impact force attenuated to 0
slowly.

4.3. Time-History Curves of the Axial Force of Different Ma-
terial Bolts in the Bolted Rock. Time-history curves of the
axial force of different material bolts in the bolted rock are
shown in Figure 6.

As can be seen from Figure 6,

(1) *e axial force curve of three types of bolts is ba-
sically the same with an impact energy of 1000 J in
the bolted rock. *e axial force of the HRB400 rock

Figure 4: Typical deformation and failure characteristics of
samples under impact load.

Impact hammer

Rock sample

Bolt

100mm800mm

Strain gage

100mm200mm100mm

Fulerum

Figure 3: Schematic and physical drawings of the overall spatial arrangement of the test.
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bolt, HRB500 rock bolt, and CRM700 rock bolt is
16.24 kN, 20.45 kN, and 38.31 kN, respectively. *e
axial force peak and action time are positively cor-
related and negatively correlated with bolt strength,
respectively.

(2) *e peak axial force of the three kinds of bolts was
significantly different with the impact energy 2000 J
in the bolted rock. *e axial force of the CRM700
bolt reached 45.65 kN, which was significantly higher
than that of HRB400 and HRB500 bolts, while the
axial force of HRB400 and HRB500 bolts was not
significantly different. *e axial force action time

decreases with the increase of bolt strength, and the
axial force action time of the three kinds of bolts
shows obvious difference.

(3) HRB400 and HRB500 bolts were broken with the
impact energy of 3000 J, and the axial force action
time of HRB500, HRB400, and CRM700 bolts was
0.035 s, 0.055 s, and 0.066 s, respectively. *e peak
axial force of the CRM700 bolt is basically the same
as that of the HRB500 bolt, which indicates that the
high-strength and high-toughness bolt also absorbs
energy mainly through deformation under the
condition of high impact energy.
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Figure 5: *e time-history curves of bolted rock impact force with different strength bolts. (a) M400-0-0-1000. (b) M400-0-0-2000. (c)
M400-0-0-3000. (e) M500-0-0-1000. (f ) M500-0-0-2000. (g) M500-0-0-3000. (h) M700-0-0-1000. (i) M700-0-0-2000. (j) M700-0-0-3000.
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5. The Impacts of Prestress and Anchorage
Style on the Impact Resistance of the
Bolted Rock

5.1. Time-History Curve of Bolted Rock Impact Force under
Different Prestresses. Lateral impact tests of the bolted rock
with four levels of prestress were carried out for analyzing
the influence of prestress on dynamic mechanical properties
of the bolted rock. Due to a large number of test data and
limited space, only the time-history curve of HRB500 bolted
rock impact force is listed as shown in Figure 7.

*e following conclusions can be drawn from Figure 7:

(1) *e impact force action time decreases from 0.054 s
to 0.025 s with the increase of bolt prestress from
15 kN to 45 kN, and the impact force decreases from
22.47 kN to 21.8 kN. *e impact force changes little,
while the impact force action time changes more
significantly.

(2) When the prestress of the bolt is lower than the yield
load 39.2 kN of HRB500, the action time and peak
value of the impact force of the bolted rock change
little, which indicates that the impact resistance of
the bolted rock under low-grade prestress has a little
change. *e whole anchor solid is broken, and the
impact force action time is obviously shortened
under the prestress of 45 kN, which indicates that the
impact resistance of the anchor solid is reduced.

(3) *e level of prestress has a certain effect on the impact
resistance of the bolted rock. *e prestress exceeding
the yield strength of the bolt will reduce the impact
resistance of the bolted rock. *is is mainly due to the
excessively high prestress which results in the plastic
deformation of the bolt, and the plastic deformation
capacity under the dynamic load is greatly reduced.
*is is mainly because the excessive prestress will
cause the plastic deformation of the bolt, which will
result in the decrease of the plastic deformation ca-
pacity under the dynamic load.

5.2. Time History-Strain Curve of the Bolted Rock under
Different Prestresses. *e strain value on the surface of the
bolted rock changes less as the distance from the impact
point increases under the action of impact load. *erefore,
only the strain-time history curve of the lower surface of the
sample at 100mm from the impact point is listed in this
paper, as shown in Figure 8.

As can be seen from Figure 8,

(1) *e positive strain-time history curve belongs to
tensile strain, which indicates that the strain on the
lower surface of the sample is in the tensile state. *e
tensile strain is generated due to the fracture of the
bolted rock in the time range of 0–0.005 s, which
increases sharply and reaches the peak value in a very
short time. *e tensile strain value drops sharply
from the peak after 0.005 s, then increases gradually,
and finally decreases slowly. *e overall shape of the
strain curve is the same as that of the bolt tensile
curve, which indicates that the bolt improves the
tensile strain state on the surface of the bolted rock,
makes the bolt show the dynamic mechanical
properties, and thus improves the impact resistance
of the samples.

(2) *e surface strain of the bolted rock is different with
different prestresses. When the prestress increases
from 15 kN to 45 kN, the strain peak first increases
and then decreases and reaches the maximum at
25 kN, indicating that reasonable prestress can im-
prove the tensile strain state of the rock surface and
the impact resistance of the sample. Excessively low
prestress cannot significantly improve the impact
resistance of the anchor solid, and excessively high
prestress will cause the bolt to be broken easily. Too
high prestress has poor effect on improving the strain
state of the sample surface.

5.3. Time-HistoryCurves of the Impact Force of theBoltedRock
under Different Anchorage Styles. In order to analyze the
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Figure 6: Time-history curves of the axial force of different material bolts in the bolted rock.
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influence of anchorage styles on the dynamic mechanical
properties of the bolted rock, impact tests were carried out
with two anchorage styles, three types of bolts, and two types
of impact energy. *e impact-time history curves of the full-
length anchorage of HRB400 and HRB500 bolts are shown
in Figure 9. Since the axial force and surface strain of the
sample have almost no change under the full-length an-
choring mode, the analysis is not carried out here.

*e following conclusions can be drawn from the
comparison between Figures 4 and 9:

(1) *e time-history curve of the impact force under the
full-length anchorage style is obviously different
from that under the nonanchorage style, which
shows the impact force under the full-length an-
chorage style fluctuates for many times, and the peak
value of the impact force decreases gradually.
However, the impact curve under the nonanchorage
style does not have these characteristics. *is is
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Figure 7: Time-history curves of bolted rock impact force under different prestresses. (a) M500-0-15-2000. (b) M500-0-25-2000. (c) M500-
0-35-2000. (d) M500-0-45-2000.
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Figure 8: Time history-strain curve of the bolted rock under
different prestresses.
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mainly due to the fact that the full length of the bolt is
in the tensile state under the nonanchorage style, the
impact force action time is long, and the peak value is
small, and the overall impact resistance of the sample
is strong. *e impact force action time and peak
value obviously decrease and increase, respectively,
under the full-length anchorage style, which indi-
cates that the overall stiffness of the bolted rock
under the full-length anchorage style is increased,
but the overall impact resistance performance is
reduced to some extent.

(2) *e impact peak value increases with the increase of
bolt strength and impact energy, that is, the bolt
strength can improve the overall stiffness of the
sample, and the impact peak value is also larger
under impact load. When the impact energy is 2000 J
and 3000 J, the second impact peak value of the
bolted rock sample of HRB400 bolt is 71.8 kN and
77.4 kN, respectively, while the second impact peak
value of the bolted rock sample of HRB500 bolt is
83.6 kN and 93.4 kN, respectively.

6. Conclusions

*e material, prestress, and anchorage style of the bolt play
an important role in the impact resistance of the bolted rock
that is pivotal to sustainable, safe, and efficient development
of coal resources in underground coal mines. *e results
were based on the analysis of the theoretical and laboratory
tests that provide valuable guidance for the selection of
supporting materials and the design of supporting param-
eters in the rock burst roadway. Some conclusions are
summarized in the following:

(1) *e theoretical analysis shows that the main factors
affecting the energy absorption of the surrounding
rock within the support range are the prestress,
material, and anchorage style of the bolt. At the same
time, the theoretical calculation formula of the energy
absorption of the surrounding rock within the bolting
range is obtained based on the model of energy
dissipation of the anchor solid under impact load.

(2) *e laboratory tests revealed that the bolt material
has a significant influence on the impact force and
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Figure 9: Time-history curves of the impact force of the bolted rock under different anchorage styles. (a) M400-1-0-2000. (b) M400-1-0-
3000. (c) M500-1-0-2000. (d) M500-1-0-3000.
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axial force of the bolt, of which strength and
toughness can significantly improve the impact re-
sistance of the bolted rock sample. Excessive low or
high prestress is not conducive to improving the
impact resistance of anchor solids. *e reasonable
range of prestress should not only improve the
tensile strain state of the rock mass surface but also
improve its impact resistance. *e overall impact
resistance of the sample is strong under the non-
anchorage style, but the overall impact resistance
performance is reduced to some extent under the
full-anchorage style.

(3) *e research results show that the material, prestress,
and anchorage style of the bolt have a certain effect
on the impact resistance of the bolted rock. *e
impact resistance of rock mass can be improved by
determining reasonable bolt material, prestress
value, and anchorage mode.
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