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The roadway surrounding rock is often subjected to severe damage under dynamic loading at greater 
mining depths. To study the dynamic response of prestressed anchors, the damage characteristics of anchor 
solids with different prestresses and number of impacts under dynamic and static loads were investigated 
by improving the hopkinson bar equipment. The effect of prestress on stress wave transmission was 
obtained, and the laws and reasons for axial force loss under static and dynamic loads were analyzed. 
The damage characteristics of anchor solids were determined experimentally. The results show that with 
an increase in prestress from 15 to 30 MPa, the peak value of the stress wave gradually increases and 
the decay rate gradually decreases. Shear damage occurred at the impact end of the specimen, combined 
tension and shear damage occurred at the free end, and fracture occurred in the middle. With an increase 
in the number of impacts, the damage to the anchor solid specimens gradually increased, and the pre-
stressing force gradually decreased. After impact, the axial force of the various prestressed anchor solid 
specimens gradually increased; however, the anchor bar with a 17 MPa prestressing force had the slowest 
rate of axial force loss during impact, withstanding a greater number of impacts. in on-site applications, 
after three explosions, the displacement on both sides of the tunnel supported by 17 MPa prestressed 
anchor rods could be controlled within 0.3 m, with an average displacement of 206, 240, and 283 mm, 
respectively, increasing by 16.5% and 17.9%. This study, based on theoretical analysis and labora-
tory research combined with field application provides guidance for the anchor support of a dynamic  
loading tunnel.
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1. introduction

Anchor rods are an efficient and economical rock support technology that have been widely 
used in mines, tunnels, and various rock projects. With increasing mine depth, there are increas-
ing complications in the ground stress of the rock surrounding the roadway. in deep mines, the 
loss of prestress and pretension of anchor rods is a prominent problem, and numerous field and 
laboratory tests, numerical simulations, and theoretical analyses have been conducted by re-
searchers worldwide [1-4]. These research results are of great significance for gaining a deeper 
understanding of anchorage performance under static and quasi-static conditions; however, 
dynamic loading effects have not been sufficiently considered.

The stability of the anchor rod is restricted by the ground stress field of the mine and the 
deformation and failure characteristics of the surrounding rock as well as affected by the tran-
sient impact dynamic load on the anchor solid. With advancements in mining engineering and 
degree, the number and strength of roadway rockbursts caused by impact dynamic loads have 
increased, which considerably affects the support stability of deep roadways [5-7]. kaiser [8] 
conducted a laboratory study to simulate the effect of an ejected rock mass on the dynamic me-
chanical characteristics of mechanical bolts during impact ground pressure; the friction anchors 
were found to be the ideal support method. Ansell [9] conducted free-fall tests on anchors in 
concrete cylinders to simulate environments such as rockbursts and detonating explosives and 
found that the distribution of plastic strain in grouted anchors along the length of the anchor 
was not constant. The portion allowed to yield plastically was not fully utilized in any case. 
Abdul-hamid [10] conducted impact experiments on mechanical screw anchors using impulse-
type loading and noted that the anchoring system had high load carrying capacity under high 
strain rate loading conditions with recommended values of 1.1 and 1.2 for anchor Dif. Drop 
tests on d-bolts were conducted by Charlie [11]; the energy absorption of the d-type anchor 
cross-section was observed to be directly proportional to the volume of the anchor cross-section, 
tensile strength of the anchor material, and ultimate strain. Solomos [12] conducted tensile tests 
on anchors in concrete with loading rates in the range of 75-225 Mn/s using the hopkinson 
rod technique and found that the force-displacement diagrams for dynamic loads were higher 
than those for the corresponding static loads. Wu [13] used ShPB to conduct impact tests on 
anchored parapet rock materials at a loading rate of 9 m/s to investigate the dynamic mechanical 
properties of rocks with different anchoring methods and anchor parapet angles. Some research-
ers have studied the influence of stress waves on the structural performance and mechanical 
response characteristics of anchor rods under dynamic loads using numerical simulations and 
theoretical analyses [14-16]. The above studies explored, to some extent, the influence of the 
force characteristics of anchor rods under dynamic loading; however, not enough consideration 
was given to prestressing. in engineering practice, the integrity and bearing capacity of the sur-
rounding rock can be improved by prestressing anchor rods, which is beneficial for preventing 
anchor failure [17-20].

The aforementioned studies mainly analyzed the damage of anchors under dynamic loading, 
and less research on the mechanical response characteristics of anchor rods after impact under 
prestressing has been limited. in this study, an improved hopkinson bar was adopted, differ-
ent prestresses were applied to the anchor bar, and various impact tests with different numbers 
of impacts were conducted. The strain characteristics were monitored; fracture form, damage 
morphology, and dynamic response characteristics of the anchor bar along with the relationship 
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between the prestress and the number of impacts were studied. The application of these in the 
field is expected to provide a good solution for dynamic roadways.

2. fabrication and test of test piece

2.1. test piece production

in this experiment, dynamic strain gauges were used for strain monitoring; they were con-
nected through the bridge box. other components include data acquisition unit with lk2400n8 
software, strain gauges (model Bx120-1AA) pasted to the specimen using glue, with a resistance 
value of 120.6 ± 0.1 Ω, a sensitivity coefficient of 2.08 ± 1%, and a gate length × gate width of 
1 mm × 0.5 mm, and the cement anchoring agent.

According to the basic theory of elastic waves, the design length of the test piece must be 
greater than the wavelength of the stress wave, which is approximately twice the length of a bul-
let (400 mm) in the ShPB test system. Therefore, the designed length of the test piece should 
not be less than 800 mm. The length of the rock surrounding the anchor solid used in the test 
was 1650 mm. The test piece used 42.5 cement, stones, and sand with particle sizes between 
 0.005-0.01 m as the production materials, with cement:sand:stone:water as 557:167:456:1270, 
and the outer diameter was 75 mm. A semi-through hole of 1500 mm length and 18 mm diameter 
was cut in it. The threaded steel bar of diameter 12 mm and length 1550 mm was selected for the 
anchor bolt. Strain gauges were used for strain monitoring. Strain gauges 1 and 2 were attached 
to the surrounding rock surfaces of the anchorage section, free section. Strain gauges 3 and 4 
were attached and fixed to the anchor bolt. The test piece comprised an anchor bolt, anchor agent, 
rock surrounding the anchor solid, a sensor, an anchor plate, and a nut. The size and location of 
each component are shown in fig. 1. A uniaxial mechanical test was conducted on an rMT-150C 
mechanical test bench. The mechanical parameters of the rock are listed in TABlE 1.

fig. 1. Schematic diagram of anchor solid specimen

TABlE1

Concrete material parameters

Sample grade Sample 1 Sample 2 Sample 3 average
compressive strength /Mpa 33.62 30.08 29.89 31.53

elastic modulus /Gpa 27.8 25.8 28.4 27.3
poisson’s ratio 0.18 0.27 0.21 0.22
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2.2. test device

The test equipment used in this experiment consisted of an improved hopkinson bar and 
a WAW-1000C testing machine. The improved hopkinson pressure bar is shown in fig. 2. 
The device primarily includes an incidence bar, transmission bar, bullet, and other components. 
in this experiment, the incident rod was 1500 mm long with a diameter of 75 mm. The sizes 
and materials of the transmission and incident rods were identical. Spindle-shaped bullets with 
a maximum diameter of 75 mm and length of 400 mm were used. They were made of the same 
material as the steel rod, to achieve half-sine wave loading and the waveform to achieve quan-
titative loading of the dynamic load. The strain input and maximum acquisition frequencies of 
the dynamic strain gauge were both 10 Mhz.

fig. 2. Anchor solid dynamic load impact test system

2.3. test conditions

Multiple impact tests were conducted on specimens prestressed with 15, 17, 25, and 30 MPa. 
During the test, the stress wave was monitored and the prestress of the bolt after each impact 
was recorded. The internal strain of the rock under a dynamic load can be calculated using the 
following equation [21]:

 p

v
C

    (1)

Where: ε – is the strain value in the rock; v is the vibration velocity of rock particle, and the 
maximum value is 60 cm/s; Cp is the wave velocity of rock before blasting, taken as 1000 m/s. 
According to the test, when the pressure in the air gun was 0.2 MPa, the strain value in the incident 
rod was 314.5 µε, and the strain value on the surrounding rock of anchor solid was 605.4 µε; 
this aligned with the theoretical calculation results. Therefore, the use of 0.2 MPa air pressure 
can simulate the dynamic load action of the surrounding rock of the anchor solid well. Each test 
was completed when both ends of the test piece were damaged to the point where impact was 
not allowed or the axial force of the test piece was 0.
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3. test results and analysis

3.1. analysis of influence of prestress on stress wave  
transmission

During the impact test, the prestressing force was applied using a torque wrench by adjusting 
the value of the main scale box differential scale to the required torque value. After adjustment, 
the locking ring was loosened, handle was locked automatically, prestressing force loading was 
completed, and impact was conducted using the same impact air pressure. The strain time course 
curves of the perimeter rock of the anchored section were obtained by monitoring strain gauge 1, 
as shown in fig. 3. it can be observed that the first strain wave peak has a maximum value, and 
with an increase in time, the strain peak gradually decreases. With increasing prestress, the strain 
peak of the anchored section decreases gradually. Compared with the prestress conditions of 25 
and 30 MPa, the stress wave decreases with time at 15 MPa, which indicates that the damage 
degree of the anchored solid is larger, and the stress wave decreases faster under low prestress 
conditions. With an increase in prestress, the peak strain of the surrounding rock in the anchored 
section decreases gradually.

The strain characteristic curves of the rock surrounding the free section under different 
prestresses were measured using strain gauge 2 installed on the rock surrounding the anchor 
solid. it can be seen from fig. 4 that the first and second strain peaks are large under the 15 MPa 
prestress condition, and after the second strain peak, the strain values decrease significantly, 
indicating that the initial two large compression stress wave peaks cause certain damage to the 
surrounding rock of the free section, thus causing prestress loss. under the prestress condition 
of 17 MPa, the strain in the surrounding rock in the free section gradually decreases, whereas 
in the attenuation stage, the peak value of the pressure strain is significantly higher than that of 
the tensile strain, indicating that the prestress is not completely eliminated under impact. under 
the prestress condition of 25 MPa, the internal stress wave of the anchor body is superposed, 
rendering the second strain peak much larger than the first strain peak.

fig. 3. Strain time history curve of surrounding rock 
in anchorage section

fig. 4. Strain time history curve of surrounding rock 
in free section
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3.2. analysis of impact number on stress wave transmission

As shown in fig. 5, a prestress of 15 MPa and an impact load of the same size were applied 
to the solid anchor specimen three times to obtain the strain characteristics of the rock surround-
ing the anchorage section. under the prestress condition of 15 MPa, the peak stress increases 
with the increase in the number of impacts because the prestress in the anchor is lost with each 
impact. The action time of the first impact stress wave is longer than that of the next wave because 
the degree of damage in the anchor body is very low in the initial impact stage, whereas in the 
second impact stage, the damage accumulation of the anchor body accelerates the attenuation of 
the stress wave in the damaged area. 

fig. 5. Strain time history curves of anchorage section under multiple impacts

The surrounding rock of the free section was monitored under the action of 15 and 25 MPa 
prestresses and the strain characteristics of the surrounding rock of the free section under the 
action of the three impacts were obtained as shown in fig. 6. under a prestress condition of 
15 MPa, the effect of the initial impact stress wave is evident and the surrounding rock in the 
free section exhibits a large tensile failure. With an increase in the number of impacts, the peak 
strain increases gradually. under the condition of a 25 MPa prestress, the first peak strain of the 
surrounding rock in the free section gradually increases, which is the result of the joint action of 
the prestress loss and the failure of the surrounding rock of the anchor body. The rock surround-
ing the anchor body experiences a large compressive stress wave, whereas the tensile effect is 
small. in the rock surrounding the free section, increasing the prestress reduces the peak value 
of the stress wave under the initial impact. The size of the stress wave is related to the size of 
the prestress and to the degree of damage to the surrounding rock of the anchor. furthermore, 
increasing the prestress in the anchor helps reduce the tensile stress wave effect in the anchor. 
The strain during the first impact of 15 MPa prestress was 606.9 µε. Under the action of 25 MPa 
prestress, the strain during the first impact was relatively small at 441.4 µε. The strain during the 
third impact under the action of 15 MPa prestress was 827.3 µε which is an increase of 36.3% 
compared to that in the first impact. The strain value during the third impact under the prestress 
of 25 MPa was 757.2 µε, which is a 71.7% increase compared to the first impact. This is because 
the damage of the anchor solid under cyclic dynamic load under lower prestress (15 MPa) is in 
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a stable accumulation stage, whereas under higher prestress (25 MPa), the dynamic load induces 
accelerated damage to the anchor solid specimen, leading to a rapid increase in strain.

(a) Prestress 15 Mpa (b) Prestress 25 Mpa

fig. 6. Strain time history curve of the free section under multiple impacts

A comparison of the time history curves of the strain distribution in the surrounding rock 
of the anchoring section, surrounding rock of the free section, and anchor bolt of the anchoring 
section in the anchoring solid is shown in fig. 7. The peak value of the stress wave on the anchor 
bolt in the anchoring section appears on the third stress wave, with a peak value of 1471 µε. The 
magnitude of the first, second, fourth, and fifth strain peaks is approximately 400 µε; however, 
the peak strain in the surrounding rock at the anchorage section is only at the first and second 
strain peaks, which are approximately 500 µε. At the first two peaks of the strain curve, the di-
rection of the stress wave on the anchor bolt and the surrounding rock at the anchorage section 
is opposite, showing a strong "time difference effect", which is not related to the strength of the 
prestress, but is caused by the mismatch in the deformation of the anchor bolt and the surround-
ing rock. in the first two cycles, the size of the stress wave in the surrounding rock of the free 

fig. 7. Strain contrast curves of different positions in anchorage support
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section is almost the same as that in the anchoring section. however, the stress wave in the free 
section lags behind that in the anchoring section because the anchoring section is far away from 
the impact end. The action time of the strain wave in the surrounding rock of the free section 
is significantly longer than that in the anchoring section, indicating that increasing the anchoring 
length can reduce the action time of the stress wave.

3.3. laws of axial force loss of anchor rod under dynamic load

under the action of dynamic loads, the anchor solid specimen cracks under the combined 
action of prestressing and dynamic load, especially at the anchorage interface, and the tension 
shear effect of the dynamic and static loads is more evident. in addition, the stress distribution of 
the surrounding rock at the contact interface between the anchor plate and the surrounding rock 
is uneven; this is prone to failure. however, the damage to the anchoring interface or looseness 
of the anchor plate causes loss of the anchor axial force. To quantitatively study the variation 
characteristics of the anchor strength under dynamic loads, a hydraulic dynamometer was used 
for monitoring during this test.

TABlE 2

Comparison table of axial force before and after a single impact

initial axial force /Mpa 15 17 25 30
axle force after impact /Mpa 11.57 12.38 15.22 12.36

axial force loss rate % 23 26 40 60

under various pre-stressed states, the axial force change of the anchor rod under a single 
impact is shown in TABlE 2; we can obtain the relationship between the prestress loss rate and the 
impact prestress on the anchor bolt. As shown in fig. 8, when the anchor solid specimen experienc-
es an impact, the axial force loss rates of the anchor corresponding to initial prestresses of 15, 17, 
25, and 30 MPa are 23%, 26%, 40%, and 60%, respectively. The results show that the axial force 
loss rate increases with prestressing, and the loss value exhibits a secondary growth relationship.

fig. 8. Axial force loss curve of different prestressed anchors under impact
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Axial force loss curve of anchor rod in anchor solid with prestress of 15, 17, 25, and 
30 MPa under multiple impacts, as shown in fig. 9. The axial force in the anchor rod decreases 
significantly after multiple impact loads. When the prestress values are 15 and 17 MPa, the axial 
force of the specimen decreases slowly, and when the prestress values are 25 and 30 MPa, the 
axial force of the specimen decreases rapidly. from the slope of the curve after impact, it can be 
seen that the greater the prestress in the anchor, faster the axial force reduction rate and fewer 
times the anchor failure needs. The above analysis shows that when the prestress is 17 MPa, the 
anchoring effect of the anchoring specimen is better, because the axial force loss of the anchor 
bolt is small under this prestress.

fig. 9. Axial force loss curve of the bolt under multiple impacts

3.4. damage characteristics of test piece under dynamic load

The failure characteristics of the impact end of the test piece are shown in fig. 10. After the 
first and second impacts, there is no evident external damage at the impact end of the test piece. 
When the third impact occurs, a shear-peeling fracture occurs near the end of the impact end 
of the test piece. The impact causes damage to the end of the test piece. With an increase in the 
impact time, the damage increases and accumulates continuously, and when the damage reaches 
a certain threshold, macroscopic fracture occurs. The amount of damage at the end of the impact 
end caused by each impact is different, and the number of times the end is cracked depends entirely 
on the cumulative amount of damage. As shown in fig. 9, as the number of impacts increases, 
the axial force gradually decreases and the damage gradually increases.

The spalling-failure characteristics of the surrounding rock at the free end are shown in 
fig. 11. The surrounding rock at the free end is easily damaged because of the incident and 
reflected stresses at the contact surface. no binding forces are observed around the specimen. 
The failure form of the surrounding rock at the free end is from the outer to inner side. The free 
end of the specimen undergoes tensile failure under impact, as shown in fig. 11(b). The primary 
reason for this failure is that the force on the end face is uneven owing to the flatness or material 
differences of the end face. The damage to the free-end face is related to the size of the impact 
dynamic load and to the number of impacts. With an increase in the number of impacts, the 
amount of surrounding rock peeled at the free end gradually increases, and the tension cracks 
continue to increase.
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impact tests were performed on the anchoring test pieces under different prestresses and 
a digital camera was used to record the macro damage location and quantity in each test piece, 
as shown in fig. 12, where i, ii, and iii represent the first, second, and third impacts, respectively. 
When the prestress is small, there are many cracks in the surrounding rock of the free section and 
damage at the impact end occurs after the third impact. When the prestress is large, there is only 
one fracture in the surrounding rock of the free section and the damage at the impact end occurs 
in the second impact. By comparing the fracture characteristics of the specimens under different 
prestresses, regardless of the prestress value, the surrounding rock of the anchorage section has 
no macroscopic fracture, indicating that increasing the anchorage length can effectively control 
the fracture of the surrounding rock. in addition, the length of the initial fracture is affected by the 
prestress value. When the prestress values are 15, 17, 25, and 30 MPa, the initial fracture lengths 
are 14.18, 14.48, 42.96, and 58.54 cm, respectively. With an increase in prestress, the initial fracture 
length of the anchor specimen increases gradually, which indicates that an increase in prestress 
in the side reaction can increase the strength of the surrounding rock in the anchorage zone. 

(a) first impact (b) Second impact

(c) Third impact

fig. 10. Damage and failure characteristics of incident end

(a) Spalling failure (b) Tensile failure

fig. 11. fracture characteristic of the transmissive end
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(a) Prestress 15 MPa

(b) Prestress 17 MPa

(c) Prestress 25 MPa

(d) Prestress 30 Mpa

fig. 12. failure characteristics of anchorage specimens

3.5. effectiveness of roadway rock control

in order to avoid stress concentration and ensure the stability of the surrounding rock of 
the roadway, blasting pre splitting and roof cutting were adopted in the transportation roadway 
of the 11503w working face. however, blasting presents a typical dynamic load phenomenon 
on the roadway. Therefore, before the backfilling of the 11503w working face, pre drilling and 
energy gathering blasting should be carried out on the side of the coal wall along the groove to 
explore the support effect of prestressed anchor rods. The layout of top drilling along the groove 
is shown in figs. 13(a) and 13(b). According to the lithology and thickness of the top rock layer 
of the working face, the average thickness of the two groups of rock layers is 6.85 m. To ensure 
the smooth collapse of the cut roof, the angle of the borehole is 70°. Therefore, the drilling 
depth is determined to be 6m, the borehole diameter is 36 mm, and the borehole spacing is 1 m. 
 According to general considerations, the sealing length should be 0.25~0.3 of the total length of 
the borehole. The preliminary design sealing length is 1.5 m, the charging length is 4.5 m, and 
the charging structure is "2+2+1". The support method is anchor rod+anchor net+anchor cable 
support. The top plate and two sides both use anchor rods with a diameter of 22 mm and a length 
of 2000 mm. The top plate is reinforced with two anchor cables with a length of 6300 mm and 
a spacing of 1000 mm, Steel strips and anchor nets are arranged on the surface of the tunnel, 
and the support design cross-section is shown in fig. 13(c).

The total length of the mining roadway in the 11503w working face is 650 m. Segmented 
blasting is used, and 17 MPa prestressed anchor rods are used to anchor the roadway. After each 
blasting, the displacement data of the two sides of the roadway is measured and recorded using 
a mining laser rangefinder. The displacement data on both sides of the roadway after three rounds 
of blasting is shown in fig. 14. With the increase of blasting times, it was found that the displace-
ment on both sides of the tunnel can be controlled within 0.3 m, and the average displacement 
on both sides of the tunnel is 206 mm, 240 mm, and 283 mm, respectively, increasing by 16.5% 
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and 17.9%, with a relatively low growth rate. Therefore, the practice of this project shows that 
the 17 MPa prestressed anchor rod support system can effectively control the deformation of 
both sides and maintain the stability of the surrounding rock of the tunnel.

4. conclusion

in this study, the influence mechanism of anchorage prestress on stress wave transmission 
under dynamic loads was presented. The impact loading and static pull-out tests were carried 

fig. 14. Displacement of the two sides of the tunnel

fig. 13. Schematic diagram of roadway anchor support
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out on the specimens by making concrete anchorage specimens; the stress wave transmission 
law, axial force loss law, and failure characteristics of prestressed anchorage specimens were 
discussed and analyzed. The influence of the dynamic load on the pull-out strength of the an-
chor specimen was further determined through a pull-out test, and the following conclusions 
are drawn.

(1) in the prestress range of 15-30 MPa, with an increase in prestressing, the peak value 
of the stress wave in the surrounding rock of the anchor increases gradually, and the 
wave attenuation speed decreases. When the prestress values are 15 and 25 MPa, with 
an increase in the number of impacts, the damage to the surrounding rock of the anchor 
increases, prestress decreases, peak value of the stress wave increases, and attenuation 
speed of the stress wave accelerates.

(2) under impact, the impact end of the prestressed anchorage specimen is sheared and 
the free end of the specimen is subjected to a combined tension and shear failure with 
a fracture in the middle. With an increase in the number of impacts, the degree of dam-
age to the surrounding rock of the anchor increases. increasing the prestress can reduce 
the number of fractures in the middle of the specimen.

(3) The strength of the prestressed anchor specimen after impact was lower than that of 
the anchor solid specimen without impact. Evaluation of the axial force loss in the test 
revealed that the residual axial force of the anchor was the largest at 17 MPa and the 
bolts exhibited the best dynamic adaptability.

(4) on site, a 17 MPa prestressed anchor rod was used to support the 11503w working face, 
and the displacement changes on the two sides of the tunnel were measured after three 
explosions. under the 17 MPa prestressed force, the average displacements on both 
sides of the tunnel were 206, 240, and 283 mm, thus increasing by 16.5% and 17.9%.

This experiment primarily studied the damage to the anchors under different impact times 
and preloads. however, in actual coal mining, the surrounding rock is not in a uniform stress 
environment. There is huge scope for further research about stress wave propagation under 
gradient confining pressure.
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