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Abstract

The construction safety of underground structures, such as deep foundation pits, is seriously threatened
under conditions of explosion vibration and underground water flow. The basalt fiber reinforced polymer (BFRP)
anchor offers advantages such as light weight, high strength, strong corrosion resistance, good insulation, and
cleanliness without pollution. It is widely used in mines, foundation pits, slopes, reservoir embankments, and
other areas. To study the dynamic performance of BFRP anchors under impact loads, the LS-DYNA numerical
simulation software was used to analyze the dynamic mechanical response of BFRP anchors under different
impact loads and multiple impact load conditions. The research results indicate that: (1) The BFRP anchor can
withstand energy impacts exceeding 2.5 kJ. At this level, the deformation of the BFRP anchor undergoes three
stages: elastic deformation, plastic deformation, and elastic deformation rebound. (2) The stress and
displacement of the BFRP anchor increase continuously with the rise in impact energy, with the highest stress
and displacement values occurring at the joint. (3) The BFRP anchor can endure three impacts with an energy of
1.25 kJ. During the first and second impacts, the stress and strain initially increase and then decrease over time.
However, during the third impact, the BFRP anchor fractures and fails, with stress and strain increasing
continuously over time. The research results provide theoretical basis and reference for foundation pit support
and slope anchoring y under dynamic load in special engineering geology.
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1. Introduction

With the continuous improvement of China's comprehensive strength,
the development of urban underground space has achieved rapid growth,
and the depth of the foundation has also been continuously increased.
However, During the construction process of deep foundation pits,
support structure failure and seepage water are prone to occur, which are
affected by dynamic loads such as underground dynamic water, blasting
vibration, and seismic action (Jing et al. 2021, Bai et al. 2024). Compared
with traditional reinforcement and support techniques, anchor bolt
support offers advantages such as effective support, low economic cost,
and ease of construction. It is widely used in engineering applications such
as mines, foundation pits, slopes, and reservoir embankments (Fathollah
and Mohsen 2019, Han et al. 2019). However, the corrosion of existing
metal anchor rods is a significant issue due to long-term exposure to
groundwater and corrosive media (Pirchio et al. 2023, Bujotzek et al.
2024). The fiber reinforced polymer (FRP) anchors are considered the
best alternative to metal anchor rods due to their light weight, high
strength, strong corrosion resistance, and excellent insulation properties
(Zhao et al. 2020). Basalt fiber is a new type of inorganic, environmentally
friendly, green and high-performance fiber material, which has stronger
corrosion resistance and clean and pollution-free characteristics (Feng et
al. 2024, Yan et al. 2020 and Zhao et al. 2024). The BFRP anchor can better
coordinate the deformation of anchoring systems and have broad
engineering application prospects.

In recent years, domestic and foreign scholars have conducted
extensive research on the mechanical properties and anchoring
characteristics of BFRP anchors based on laboratory tests and field tests.
In terms of mechanical properties, Shi].Z. et al. (Shi et al. 2015) conducted
indoor experiments and theoretical analysis to investigate the effect of
radial stress generated by anchoring components in the anchoring zone on
the tensile properties of BFRP cables. Ren Y.H. et al. (Ren et al. 2024)
studied the effects of pore size, anchorage length, and other factors on the
anchoring performance and durability of basalt and glass hybrid fiberglass
anchors under the synergistic action of freeze-thaw cycles and alkaline
environments. Gu X.Y. et al. (Gu et al.2010) studied the basic mechanical
properties of BFRP anchors with different diameters based on indoor
experiments. The study found that the tensile elastic modulus of BFRP
anchors decreased with increasing diameter. Xie ].Z. et al. (Xie et al. 2020)
studied the mechanical behavior of BFRP anchors on joint surfaces using
indoor anchor rock double shear tests. The study found that larger
inclination angles or pre-tension can improve the shear bearing capacity

of the connection surface and reduce relative displacement. Zhang S.B. et
al. (Zhang et al. 2022) studied the anchoring shear performance of BFRP
anchors and traditional steel reinforcement anchors in jointed rock layers.
The study found that the BFRP anchors absorb significant amounts of
energy, residual strength, and peak shear displacement before the shear
peak. Zhao D.P. et al. (Zhao et al. 2021) studied the structural parameters
of BFRP anchors and the critical anchorage length of BFRP cement mortar
based on tunnel rock anchoring using mesoscale numerical simulations
and laboratory experiments. Lin M.G. et al. (Lin and Lin 2023) investigated
the effects of high temperature, freeze-thaw cycles on the mechanical
properties such as strength and stiffness of BFRP anchor. The study found
that the ultimate tensile strain decreases continuously with increasing
temperature and freeze-thaw cycles. Wang L.P. et al. (Wang et al. 2019)
studied the tensile, compressive, and shear mechanical properties of BFRP
anchors under different acidic and alkaline corrosion environmental
conditions. The study found that the tensile strength, compressive
strength, shear strength and ultimate tensile strain of BFRP anchors all
decreased in acidic and alkaline corrosion solutions. Wu G. et al. (Wu et al.
2014) conducted indoor long-term durability tests on BFRP anchors.
Research has found that alkaline solutions have a higher impact on the
durability of reinforcing materials than other solutions. Wang Z.K. et al.
(Wang et al. 2017) used artificial accelerated aging tests to investigate the
differences in durability between BFRP anchors and GFRP anchors
exposed to seawater for a long time. The results showed that the alkali
corrosion resistance of BFRP anchors was higher than that of GFRP
anchors. In terms of anchoring characteristics. Motwani, P. et al. (Motwani
et al. 2020) studied the anchoring slip of BFRP anchors under industrial
anchoring using digital image correlation technology and linear
potentiometers. Feng J. et al. (Feng et al. 2022) studied the influence of
factors such as anchor type, diameter, and anchorage length on the bearing
capacity and interfacial shear stress of anchors based on indoor testing.
The research results showed that the pull-out load displacement curve of
anchors showed a three-stage form, and the ultimate bearing capacity of
anchors were proportional to the anchorage length and grouting diameter.
Wang X. et al. (Wang et al. 2019) analyzed the bonding performance
between BFRP bars and concrete from the perspectives of effective bond
length, interface strain, and stress distribution. An analytical model for
bond stress slip was established through data fitting. Shen D.J. et al. (Shen
et al. 2019) conducted bond performance tests on BFRP bar concrete
components with different strain rates. The law that the bond strength of
BFRP bar reinforced concrete increases with the increase of strain rate and
the slip decreases with the increase of strain rate has been elucidated. Zhu
L. et al. (Zhu et al. 2017) preliminarily verified the applicability of BFRP
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anchor rods through field tests on soil slope reinforcement. The
recommended design parameters for BFRP anchor rod reinforcement of
soil slopes have been determined, based on the comparison of the
reinforcement effect of reinforced steel anchors. Feng J. et al. (Feng et al.
2019) conducted pull-out destructive tests on steel bar anchors and BFRP
anchors of different diameters in loess areas. The anchoring
characteristics of BFRP anchors have been studied. The results of indoor
bonding tests and on-site static anchoring tests for BFRP anchors and
other material anchors have been summarized. Research has shown that
the engineering application performance of BFRP anchor is better.

Currently, most research is limited to static anchorage tests. There are
few reports on the research of underground structural engineering using
BFRP anchor under the influence of underground dynamic water, upper
load transmission vibration, and earthquake. Therefore, it is crucial to
study the mechanical properties of BFRP anchor under dynamic loads.
However, it is challenging to observe structural changes in BFRP anchors
during indoor dynamic load impact tests. In order to more clearly describe
the stress and deformation characteristics of BFRP anchor under dynamic
loads, LS-DYNA finite element numerical simulation software was used for
related research. The results provide a theoretical basis and reference for
foundation pit support and slope anchoring under dynamic loads in
special engineering geology.

2. Methods

2.1 Numerical Model Establishment of BFRP
Anchor

Based on the size parameters of BFRP anchors, a numerical model of
BFRP anchors was established using CAD and CAE software. The
numerical simulation and analysis flowchart of BFRP anchor is shown in
Figure 1. As can be seen in Figure 1, the numerical modeling and analysis
mainly include the following four steps:(1) The three-dimensional
geometric model of BFRP anchor is established using SolidWorks
software. (2) The mesh of the three-dimensional geometric model of BFRP
anchor is divided using HyperMesh software. (3) The boundary conditions
and initial impact load of BFRP anchor unit model are applied using LS-
DYNA to simulate the dynamic impact process of BFRP anchor. (4) The
numerical simulation results of BFRP anchor is analyzed using LS-Prepost
post-processing software.

3D Model Establishment
using Solidworks

)

The Meshing of 3D Model
using HyperMesh

|

Model Solving with LS-
DYNA

|

Simulation Results Analysis
with LS-Propest

Model Optimization.
Parameter Adjustment

Accuracy of Numerical
Simulation Results?

Fig. 1 The numerical simulation and analysis flowchart of BFRP
anchor

The 3D geometric model of the BFRP anchor was created according to
the process shown in Figure 1. However, the stirring module (3.0 cm long)
in the BFRP anchor, which is only used to stir the resin, provides almost
no anchorage force. Therefore, the stirring module of BFRP anchor is
ignored for the convenience of geometric modeling. However, The BFRP
anchor is composed of basalt fiber reinforcement, anchoring agents, plate,
and other components. The final geometric length of the BFRP anchor is
120.0 cm, with an outer diameter of 12.4 mm. The plate is 108.0 cm away
from the bottom. Outer diameter of the bonding layer is 20.0 mm. The
outer diameter of the steel pipe is 32.0 mm. The drop weight used in the
simulation is a rectangular mass with a centrally located circular hole. Due
to this configuration and the symmetric geometry of the plate and anchor
system, the impact force is expected to be approximately axisymmetric.

Table 1. The parameters of different model materials

Since the 3D geometric model is axisymmetric, a quarter 3D model of
the anchor was established, and mesh generation was performed using
HyperMesh. To verify the validity of using a quarter 3D model, we
additionally developed a full 3D model without symmetry assumptions
and compared the results. A total of 57,600 elements were generated for
the anchor component, and the entire quarter model consists of 177,716
elements. The minimum element size in the anchor model is 5 mm. The
mesh quality was carefully controlled, with the Jacobian value of all
elements maintained below 0.7, ensuring high-quality mesh for reliable
results. Established geometric model is shown in Figure 2, which consists
of five parts: BFRP anchor, plate, steel tube, rock mass, resin, and drop
weight.

Plate

AN

Steel tube

A

(1) A quarter model of BFRP anchor

Drop eight Rock mass Anchor

Z-axis

The Z-axis 1s aligned with the axial
direction of the anchor

(2) The full model of BFRP anchor
Fig. 2 Three-dimensional geometric model of BFRP anchor

2.2 Constitutive Model and Material Parameters
of BFRP Anchor

The BFRP anchor primarily undergoes elastic-plastic deformation
under dynamic impact conditions such as underground dynamic water,
upper load transmission vibration, and earthquake. Therefore, the bilinear
elastic-plastic principal structure model was used for the BFRP anchor.
The *MAT_PLASTIC_KINEMATIC model was chosen to describe the
kinematic hardening plastic deformation of the material. The constitutive
equation of the model is as follows:

0y = 0y + BEel;; 1)
_ E:E
iy (2)

Where, oy is the yield stress; oy is the initial yield stress; sfff is the
effective plastic strain; E), is the plastic hardening modulus; E is the elastic
modulus; E: is the tangent modulus.

Depending on the value of §, the material model can be divided into
different hardening plasticity models. When S is equal to 0, the model is a
kinematic hardening model; When 8 is equal to 1, the model is an isotropic
hardening model. The kinematic and isotropic hardening models are
shown in Figure 3.

E, —

Yield Stress

In(i/ly)

Fig. 3 Elastic-plastic models with kinematic and isotropic
hardening

In addition, The *MAT_PLASTIC_KINEMATIC material model was
selected for plate. The *MAT_SLASTIC_TITLE material model was selected
for steel tube. The *MAT_SOIL_AND_FOAM material model was selected
for resin. The *MAT_JOHNSON_HOLMQUIST_CONCRETE material model
was selected for rock mass. The *MAT_RIGID material model was selected
for drop weight. The specific material parameters of the model are shown
in Table 1. The axial constraints were set at the end of the steel tube to
prevent the steel tube from sliding. At the same time, different initial
velocities were applied to the drop might to simulate different magnitudes
of impact energy.
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Material models Parameter Value Parameter Value Parameter  Value
*MAT_PLASTIC_KINEMATIC ro (g/cm3) 2.09 E (GPa) 48.45 Pr 0.27
sigy (GPa) 0.0089 B<(GPa) 5.60 beta 0.00

*MAT_ELASTIC_TITLE ro (g/cm?) 7.83 E (GPa) 210.00 Pr 0.30
da 0.00 db 0.00 / /

*MAT_SOIL_AND_FOAM ro (g/cm3) 1.86 G (GPa) 6.39E-2 Bulk 0.30
Ao 3.40E-13 A1 7.03E-7 A, 0.30

*MAT_JOHNSON_HOLMQUIST_CONCRETE ro (g/Cm3) 2.60 G (GPa) 28.70 B 2.50
N 079 £ (MPa) 64.00  f (MPa) 6.5

*MAT_RIGID ro (g/cm3) 7.85 E (GPa) 207.00 P: 0.30
N 0.00 Couple 0.00 M 0.00

2.3 Numerical Model Verification

A Quarter Model and Full Model Result Analysis

To verify the validity of using a quarter 3D model of BFRP anchor, the
deformation and stress of a quarter model and full model at 20 ms under
1.25 K] were analyzed. Deformation cloud map and stress cloud map of a
quarter model and full model of BFRP anchor under 1.25 k] are shown in
Figure 4, respectively. The deformation-time curve and stress-time curve
of a quarter model and full model of BFRP anchor under 1.25 k] are shown
in Figure 5, respectively.

2 {em) = ) Zswress (L00GPa) ZsUess (100GPa)
1.39e-16 793604 1.340-02 13402
m.nl lme-w:I ..g,g;] 119002
176001 | 175001 _| 103¢-02 103002 _f
282001 28301 _ 870003 _ 880003 _
349001 _ 350801 _ 742003 _ 721003 _
438001 ) 438001 _ 654003 573603 _|
524001 $.25¢-01 196003 420003 |
811001 612001 | 230003 267003 _
698001 7.00e-01 B80De.04 114003
7.866-01 l -r.m-m:l 769604 I 390604
873001 ATde01 | 235003 | 1.92¢03 |

20ms 20ms 20ms 20ms
——— ﬂ e — —

It can be seen from Figure 4 and figure 5 that the comparison shows
that the deformation and stress distributions of the quarter model and the
full model are in close agreement, confirming the reliability of the
simplified model. Therefore, a quarter model is established to save the
calculation time of the model in the subsequent simulation process.

Test and Simulation Result Analysis

The testing apparatus mainly consists of winches, fixture, drop weight,
steel bar, a buffer device and other components as shown in Figure 6. The
testing apparatus has a maximum power impact energy of 10 kJ, which can
be controlled by adjusting the mass and height of the drop weight to
regulate the magnitude of the impact energy. First, the crane lifts the drop
weight to a certain height after the test specimen is mounted to the testing
apparatus. Then, the drop weight is released to impact the test specimen.

Winch

Fixture

Raising Anchor

steel bars
Protecting
steel bars
Plate

/

Steel tube

Support
column

Mass

Plate

(1) The deformation cloud map
of a quarter model and full model
of BFRP anchor

(2) The stress cloud map of a
quarter model and full model of
BFRP anchor

Buffer
device

Z-axis

Fig. 4 The deformation cloud map and stress cloud map of a
quarter model and full model of BFRP anchor under 1.25 kJ

10

Deformation/mm

—a— 1.25kJ impact in a full model simulation
2k —e— 1.25kJ impact in a quarter model simulation

0 L L L
0 5 10 15 20

Time/ms
(1) The deformation-time curve of a quarter model and full model of BFRP
anchor

200

150 -

Z-Stress/MPa
=)
=3
T

—m— 1.25kJ impact in a full model simulation
—e— 1.25kJ impact in a quarter model simulation

50 -

0 L L L
0 5 10 15 20

Time/ms
(2) The stress-time curve of a quarter model and full model of BFRP
anchor
Fig. 5 The deformation-time curve and stress-time curve of a
quarter model and full model of BFRP anchor under 1.25 kJ

Fig. 6 Schematic diagram of dynamic impact testing device

In this test, the mass of the drop weight is 250 kg, and the crane lifts
the drop weight to 0.5 m. According to the gravitational potential energy
formula E=mgh, the energy acting on the bolt is 1.25 K]. Steel tube is used
to simulate rock mass in bolt impact tests. To quantitatively analyze the
accuracy of the numerical simulation, the stress-time curve of BFRP
anchor under 1.25 k] impact obtained by the tests and numerical
simulation are plotted in Figure 4 for comparative analysis.

It can be seen from Figure 7 that the stress-time curve of BFRP anchor
obtained by the numerical simulation is basically consistent with the test
result, which are 182.38 MPa and 168.27 MPa, respectively. The stress-
time curve of BFRP anchor obtained by simulation and test increases
rapidly with time at first, then decreases gradually after reaching the peak
value. The stress obtained from both numerical simulation and laboratory
test are relatively small. This is consistent with the mechanical action
mechanism of the BFRP anchor obtained from laboratory test. Based on
the above analysis, it is considered reasonable to use the above material
model and parameters for numerical simulation.

200

—m— |.25kJ impact in simulation
—®= 1.25kJ impact in test

160

=)
S
T

Z-Stress/MPa

%
S
T

40 |

0 L L L
0 5 10 15 20

Time/ms

Fig. 7 Stress-time curve of BFRP anchor

3. Numerical Simulation Results and
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Discussion

3.1 Different Impact Results and Discussion

Sometimes micro seismic events of different magnitudes occur due to
blasting, underground water movement, etc., which results in different
impact energies acting on the BFRP anchor. In order to study the dynamic
characteristics of BFRP anchors under different impacts, four different
impact energies of 1.25 k], 2.5 k], 5 k], and 10 k], were used to simulate the
impact process of BFRP anchors.

Deformation Analysis and Discussion of BFRP Anchor under
Different Impacts

The deformation cloud map and deformation-time curve of BFRP
anchor under different impacts are shown in Figure 8 and Figure 9,
respectively.

The conclusions drawn from Figure 8 and Figure 9 are as follows:

The deformation of the BFRP anchor increases continuously with the
increase of impact energy. However, the deformation-time curves of the
BFRP anchor under different energy impacts varies. When the impact
energy is 1.25 k] and 2.5 K], the deformation of the anchor first increases
linearly, then the deformation growth rate slows down, and then the end
deformation decreases. When it reaches a certain value, the deformation
remains constant at the end. When the impact energy is 5 k] and 10 k], the
deformation time curve of the anchor is mainly a linear elastic line. In
summary, when the impact energy is less than 5kJ, the anchor basically
does not slip and undergoes elastic-plastic deformation internally. After a
single impact, the deformation of the anchor undergoes an elastic retreat
process. The final displacement of the anchor head at 1.25 kJ and 2.5 k] is
8.30 mm and 16.20 mm, respectively. When the energy is 5 k] and 10 k],
the anchor only undergoes elastic-plastic deformation, and the final
displacement is 19.95 mm and 25.20 mm. The anchor did not undergo
elastic retreat, indicating that it broke and failed under impact energies of
5kJ and 10 KkJ. In addition, the duration of the impact process decreases as
the impact energy increases. When the energy impact is 1.25 kJ and 2.5 k],
the elastic-plastic deformation of the anchor reaches its maximum at 15.02
ms and 17.04 ms, respectively. When the impact energy is 5 k] and 10 k],
the entire process from deformation to failure of the anchor lasts for 10
ms and 8 ms, respectively.

Stress Analysis and Discussion of BFRP Anchor under Different
Impacts

The stress cloud map and stress-time curve of BFRP anchor under
different impacts are shown in Figure 10 and Figure 11, respectively.
The conclusions drawn from Figure 10 and Figure 11 are as follows:

The stress of the anchor increases continuously with the increase of
impact energy. However, the stress patterns under different energy
impacts are similar. Under different energy impacts, the strain at the head
of the anchor increases first. As the impact time increases, stress gradually
transfers towards the anchoring end. When the impact energy is 1.25 k]
and 2.5 KJ, the stress inside the anchor increases first and then decreases
with time. When the impact energy is 5 k] and 10 KJ, the stress inside the
anchor increases continuously with time. Until the anchor is destroyed, the
stress instantly drops to 0. In addition, at the same time, the internal stress
of anchors with lower impact energy is lower than that of anchors with
higher impact energy.

3.2 Multiple Impact Results and Discussion

Explosions and other dynamic loads occur frequently in engineering.
In order to further investigate the mechanical properties of BFRP anchor
under frequent dynamic loads. The repeated impact simulations were
conducted on BFRP anchors using an energy of 1.25 kJ. The simulation
results showed that under the action of 1.25 k] impact energy, the BFRP
anchor broke after the third impact.

Deformation Analysis and Discussion of BFRP anchor under
multiple impacts of 1.25 kJ

The deformation cloud map and deformation-time curve of BFRP
anchor under multiple impacts of 1.25 kJ are shown in Figure 12 and
Figure 13, respectively. The conclusions drawn from Figure 8(1) Figure
12 and Figure 13 are as follows:

After three impacts with 1.25k] on the BFRP anchor, the cumulative
elongation of the anchor is 24.34 mm. The anchor underwent elastic-
plastic deformation under both the first and second impacts of 1.25 kJ. The
first deformation elongation of the anchor was greater than the second
deformation elongation, which are 8.78 mm and 12.31 mm, respectively.
However, under the second impact of 1.25 K], the anchor experienced
significant sliding displacement. After the third impact of 1.25 k], the
displacement of the anchor is linearly correlated with time, and there is no
displacement rebound phenomenon. This indicates that the anchor
fractured and failed under the third impact of 1.25K].
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Fig. 8 The deformation cloud map of BFRP anchor under different
impacts
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Fig. 13 The deformation-time curve of BFRP anchor under
multiple impacts of 1.25 kJ

Stress Analysis and Discussion of BFRP anchor under multiple
impacts of 1.25 kJ

The stress cloud map and stress-time curve of BFRP anchor under
multiple impacts of 1.25 kJ are shown in Figure 14 and Figure 15,
respectively.

The conclusions drawn from Figure 10(1) Figure 14 and Figure 15 are as
follows:

The strain of BFRP anchor increases first and then decreases with time
under both the first and second impacts of 1.25 kJ. Due to the direct
fracture of the anchor after the third impact of 1.25 k], the strain of the
anchor continued to increase with time. Until the anchor is destroyed, the
stress instantly drops to 0. This is consistent with the variation pattern of
anchor displacement. During the three impacts of 1.25 kJ, the strain at the
anchor rod tray and the first anchoring module is relatively large.
Therefore, compared to other positions of the anchor, the mechanical
performance of the tray and the first anchoring module is significantly
reduced. Due to the anchor radius at the tray being larger than the inner
diameter of the first anchoring module, fracture and failure occurred first
at the anchoring module.

4. Conclusion

In this article, numerical simulation methods were adopted to study
the dynamic performance of independently developed BFRP anchors
under different impact energy levels and multiple impacts.

(1) The BFRP anchor can withstand a single impact with an energy of
2.5 kJ. When the single impact energy is less than 2.5 k], the deformation
of the anchor rod undergoes three stages: elastic deformation, plastic
deformation, and elastic deformation rebound. When the single impact
energy is greater than 5 K], the strain at the anchor plate increases,
ultimately leading to fracture failure.

(2) The displacement and internal stress of BFRP anchors increase
with the increase of impact energy. When the impact energy is 1.25 kJ, 2.5
k], 5 k], and 10 K], respectively, the elongation of BFRP anchos is 8.78 mm,
16.20mm, 19.95mm, and 25.20mm. The maximum axial stresses of BFRP
anchors are 182.37 MPa, 238.08 MPa, 245.29 MPa, and 237.16 MPa,
respectively.

(3) The total energy release capacity of BFRP anchor under multiple
impacts reaches 3.75 kJ. After three impacts with 1.25k] on the BFRP
anchor, the cumulative elongation of the anchor is 24.34 mm. This
indicates that BFRP anchors can resist dynamic impacts such as
underground water and upper load transmission vibrations, while also
reducing the damage to the anchors caused by dynamic impacts such as
underground water and upper load transmission vibrations.
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