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Aiming at the cyclic impact deformation and failure of tunnel surrounding rock under shear stress, a self-developed rotationimpact simulation test platform was used to determine the number of failures, stress-strain curves, and energy in the process of
cyclic impact failure. The failure process of rock under diﬀerent impact velocities and shear stresses has been systematically
studied. Results show that, under the same impact speed, the shear stress will increase with the increase in the rotation speed, but
an upper limit will exist. When the rotation speed reaches this upper limit, the shear stress will no longer increase. The presence of
shear stress will reduce the number of impacts required for rock failure. When the impact speed is 7.2 m/s, the number of impacts
at the maximum rotation speed is 60% of the static state. When the impact velocity is 16.8 m/s, this value is only 33.3%. At the same
impact velocity, the stress-strain curves under diﬀerent rotation speeds do not change signiﬁcantly, but with the increase in the
rotation speed, the slope of the elastic stage of the stress-strain curve gradually decreases, and the corresponding stress of the rock
sample decreases when the maximum strain is reached. With the increase in shear stress, the crushing speciﬁc energy required for
rock failure gradually decreases. The greater the impact velocity, the more obvious the impact of shear stress on energy dissipation.
In the tunnel process, when the surrounding rock is subjected to impact loads from diﬀerent directions, only the axial strain
analysis will have certain safety hazards, and timely support and reinforcement work are required.

1. Introduction
With the development of various types of large-scale geotechnical engineering, tunnel engineering is being increasingly applied in diﬀerent ﬁelds, such as in large-section
railways, underground transportation systems, highway
tunnel construction, and mining transportation tunnels.
However, due to blasting excavation disturbance, safety
issues such as tunnel deformation, instability, and surrounding rock damage caused by high ground stress have
always been a hot spot in tunnel engineering research [1–4].

Blasting is widely used in tunnels and other geotechnical
engineering projects because it is economical, eﬃcient, and
fast. Part of the energy generated by explosives during
blasting excavation is used to strip the rock mass to achieve
the purpose of engineering excavation. Another part of the
energy is transferred to the surrounding rock mass in the
form of blasting shock wave, causing a certain degree of
damage and destruction to the surrounding rock mass,
thereby causing safety hazards to the tunnel surrounding the
rock engineering project [5, 6]. For the middle and far areas
away from the blasting source, although the stress wave
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generated by one blasting is not strong enough to cause
direct damage to the rock mass, it will cause the natural
cracks in the rock to propagate and extend. Under the repeated action of the stress wave, the number and length of
the internal cracks in the rock continue to increase, gradually
connecting, penetrating, and forming the main crack. The
internal damage of the rock evolves and develops in a
nonlinear cumulative manner and eventually leads to
loosening and slippage of the structural surface. Many engineering examples have proved that even buildings far away
from the blasting operation point will also experience collapse, deformation, and instability [7, 8]. Rock is a brittle
material with multiple internal cracks, which have obvious
anisotropy. Diﬀerent loading methods and directions will
lead to diﬀerent failure modes. For example, in a natural
environment, when the in situ stress and other static loads
are low, the original cracks inside the rock will close, and the
development of cracks will be restricted when damaged by
impact loads. The rock has a strong ability to resist damage.
But when the static load exceeds a certain range, the crack
inside the rock is almost at the stage of breaking through,
and the rock’s antidestructive ability is weak. Research shows
that, under the action of the same stress wave, diﬀerent
incident angles at the crack will result in diﬀerent reﬂected
waves and failure laws, which will aﬀect the failure laws of
rocks and the transfer of stress wave energy [9]. Given the
perturbation and damage of tunnels and another geotechnical engineering under cyclic loading during blasting and
excavation and during normal use, many scholars have
conducted in-depth studies on the mechanical properties,
failure laws, and damage evolution of rocks under static
cyclic loading. For the research of tunnel deformation and
tunnel safety, numerical simulation is a convenient, profitable, and quick method; many scholars have conducted
very comprehensive studies [10–13]. Combining with the
engineering site, Ağbay and Topal [14] found that the
ground settlement caused by double tunnel engineering
mainly depends on the deformation modulus of surrounding rock and soil through ﬁeld monitoring and numerical simulation methods, and a new formula for
predicting ground deformation caused by double tunnel
engineering is proposed. Singh [15] aimed at the impact and
vibration damage of nearby open-pit blasting to underground coal mines; the borehole extensometers and strain
and stress sensors arranged on the roof and pillars were used
to monitor the vibration and deformation of the ground
before and after the blasting. Sharma et al. [16] studied the
eﬀect of large-scale excavation on the deformation of adjacent rapid transit tunnels through various monitoring
methods, and the results showed that the stiﬀness of the
tunnel lining has a greater impact on the deformation and
damage of the tunnel caused by the adjacent excavation. The
research on the characteristics of tunnel surrounding rock is
mainly carried out through the indoor impact test. Li et al.
[17] studied the dynamic mechanics of the noncontinuous
jointed rock model under cyclic dynamic loading and found
that the deformation modulus of the jointed rock mass
increases with the increase of the loading frequency, and the
irreversible deformation increases with the number of cycles.
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It increases and decreases as the loading frequency increases.
Experimental research by Bagde and Petro [18] showed that
the dynamic fatigue strength, dynamic axial stiﬀness, and
dynamic modulus of rock are related to the frequency and
amplitude of the load. Liu and He [19] used the MTS-815
testing machine to conduct cyclic test research on sandstone
specimens under diﬀerent conﬁning pressures. The results
showed that conﬁning pressure has a greater impact on the
mechanical properties of rocks under cyclic loading; axial
strain and irreversible volume strain increase when the rock
fatigue damages with the increase of pressure. Li and Ma [20]
used two cylindrical granite cores to make the incident rod
and the transmission rod, respectively, sandwiched between
the two soil layers of diﬀerent thickness and water content to
simulate the ﬁlling in the joint and used a pendulum to
impact the incident rod. They provided stress wave, used
stress wave separation technology to obtain the stress-strain
curve in the impact process, and studied the inﬂuence of
ﬁllings on the dynamic mechanical properties of joints. The
fatigue deformation and strength degradation of rock under
cyclic loading are mainly reﬂected in the incubation,
propagation, and penetration of internal microcracks. To
evaluate the development of rock damage, it is necessary to
deﬁne its damage variables reasonably. According to the
observed size, the damage variables can be determined from
the microscopic, mesoscopic, and macroscopic perspectives.
The microangle is mainly carried out from the material’s
atomic or molecular point of view. At present, it is diﬃcult to
observe the exchange process of atoms and molecules under
cyclic loading. Therefore, rock damage is mainly deﬁned by
mesoscopic and macroscopic perspectives [21]. Many
scholars have tried to deﬁne rock damage variables in the
mesoperspective and macroperspective. At present, the
more mature methods mainly include CT scanning method
[22], acoustic wave velocity method [23], acoustic emission
method [24], resistivity method [25], and energy method
[26].
For the dynamic response of tunnel surrounding rock
subjected to impact load, many scholars at home and abroad
have studied it from the perspective of theoretical analysis,
test, and numerical simulation. As early as 1984, Dowding
[27] studied the problem of tunnel rock damage through the
blasting test and found that the compressive wave strain
caused by the explosion can be equivalent transformed into
seismic shear strain and surface wave strain, and the tunnel
rock strain can be used as a basic index to judge tunnel
damage. Since then, more and more attention has been paid
to the tunnel safety problems caused by the explosion, and
the research on tunnel vibration monitoring and deformation control has gradually formed a discipline [28]. Zhao
et al. [29] carried out a rock dynamics study on the excavation of an ammunition depot cavern in Singapore and
systematically studied the dynamic characteristics of rocks
with diﬀerent materials, the dynamic shear characteristics of
rock joints, and the inﬂuence mechanism of the rock
structure on the dynamic response, which provided the
necessary basis for the design and construction of the cavern
project. Chen et al. [30] used the discrete element software
UDEC to simulate the propagation process of the explosion
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stress wave in the underground rock mass, and compared
with the empirical formula calculation and ﬁeld test results,
it was found that UDEC can simulate the propagation
process of the explosion shock wave in rock, and the results
have high reliability. Hao et al. [31] studied the inﬂuence of
rock joints on stress wave propagation by adjusting the angle
between rock joints and rock surface and gave the peak
attenuation, frequency spectrum, and spatial variation law of
the stress wave. Zhou and Jenssen [32], from the perspective
of explosive storage safety distance, studied the damage law
of the adjacent cabin in case of an accidental explosion and
proposed the separation principle of underground storage
facilities according to the investigation report and test results
of tunnel damage. Deng et al. [33] and Zhao et al. [34] used a
numerical simulation method to analyze the damage of the
tunnel under the action of the explosion shock wave. The
results show that rock joints have a great inﬂuence on tunnel
damage, while the initial stress of the rock mass has little
eﬀect. Through bolt support, particle velocity can be changed
to improve tunnel stability. Zhu et al. [35] analyzed the
failure law of rock under the action of the explosion shock
wave by the ﬁnite element analysis method. The results show
that the peak particle velocity (PPV) increases with the
increase of explosive density and with the decrease of distance from the explosion source. With the increase of the
rock joint dip angle, PPV ﬁrst decreases and then increases
sharply. With the increase of joint spacing, PPV ﬁrst increases and then keeps stable. The research results are of
great signiﬁcance to engineering design and support.
The foregoing analysis shows that there have been many
studies on tunnel deformation and fatigue damage of tunnel
surrounding rock masses under cyclic loading. There are
three main methods for these studies. The ﬁrst method is to
guide tunnel projects under construction based on the experience and results of previous project site analysis. For
example, urban underground projects such as subways and
underground pipe networks have many reference cases
[36–38]. The second method is to use the method of simulation test in the laboratory to study the damage, failure
process, and related laws of the rock under diﬀerent load
conditions through various rock mechanics testing machines or design experiments. This is also the current research result. It is one of the most common methods, but the
disadvantage of this method is that it loses the constraints of
the natural environment, and its results have certain limitations. The third method is through a variety of computer
simulation software. This method is a new method that has
emerged with the development of computer technology in
recent years. It has the advantages of a good economy, wide
application range, and visualization of the analysis process.
The above research methods are mainly devoted to solving
two problems in underground geotechnical engineering. The
ﬁrst is the impact of blasting impact and nearby engineering
excavation on existing engineering such as underground
tunnels and caverns. The main factors aﬀecting the deformation and failure of tunnel surrounding rock and their
occurrence mechanism are determined through the aforementioned research methods. The second is to carry out
corresponding support and stability studies for the failure
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mechanism of surrounding rocks to solve the safety problems encountered in the project. In laboratory tests aimed at
this direction, scholars mainly simulate the failure mechanism of rocks in diﬀerent environments by changing the
conditions of rock loading, such as applying external loads
such as axial pressure and conﬁning pressure to the rock
mass to be tested or changing the temperature and water
content. This article is also carried out based on this research
idea. In actual engineering, the impact of blasting generated
in diﬀerent directions will cause the rock mass to be
superimposed on impact loads of diﬀerent angles, which will
cause shear strain in the rock and make the failure process of
the rock more complicated. Under the rotation-impact
cyclic load, no relevant research results are available as to
what kind of failure law the rock will show and how the
stress-strain relationship, damage variable, energy absorption, impact force, and rotation speed are related. Because of
the above problems, this paper will use the self-developed
impact dynamics simulation test bench to systematically
study the rock failure process under the action of cyclic
rotating impact.

2. Introduction of Rotation-Impact
Experiment Scheme
2.1. Rotation-Impact Simulation Test Bench. As the most
widely used test device in geotechnical engineering impact
tests, the Hopkinson bar was invented by Bertram Hopkinson in 1914, to measure the transmission eﬀect of stress
waves in metal bars. At present, the widely used device in the
stress wave impact test is the split Hopkinson pressure bar
(SHPB) designed by Kolsky in 1949, which can impose an
impact load with a certain strain rate on the specimen. The
device is mainly composed of a launch system, test rod
system (including incident rod and reﬂector rod), and data
monitoring system. By pasting high-sensitivity strain gauges
on the incident rod and the reﬂecting rod, the stress waves
on the incident rod and the transmission rod can be obtained, and the dynamic stress, strain, and strain of the
specimen clamped between the two pressure rods can be
obtained by indirect methods. Through this method, the
diﬃculty and uncertainty of data capture encountered indirect measurement can be eﬀectively avoided [39]. The
device is simple to operate, ingenious in testing methods,
and can be modiﬁed for diﬀerent research needs.
The dynamic simulation test bed used in this article is a
rotation-impact simulation device jointly designed and
developed by the University of Science and Technology
Beijing and the University of Toronto based on the split
Hopkinson pressure bar. The test bed is mainly composed of
high-precision test platform, test rod system, launch system,
rotation system, and data acquisition system. The schematic
diagram and physical diagram of the test bed are shown in
Figures 1 and 2. The working process of the test bed is as
follows: the cylinder in the launch system is set to a certain
air pressure value so that the impact rod will rush out of the
launch pipe under the action of gas and hit the tail of the drill
pipe in the test rod system at a certain speed. At this time, the
drill pipe will gain a certain speed, and then, the drill bit at
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Figure 1: Schematic diagram of the rotation-impact simulation system.

Figure 2: Physical drawing of the rotation-impact simulation
system.

the end of the drill pipe impacts the rotating rock sample
under the control of the rotating system, thus completing a
complete rotating impact process.
Compared with the split Hopkinson rod, this test bed
retains the launch system, the test rod system (only the
incident rod, that is, the drill rod), the data monitoring
system, and the new rotation system. The modiﬁed test
bench can keep the rock mass to be tested constantly at the
preset rotation speed. When the drill pipe contacts the rock
to be tested, a set of shear stress waves will be generated,
and the shear stress waves can pass through the contact
surface. The drill pipe (measured by the shear strain gauge
installed on the drill pipe) and the internal transmission of
the rock, the shear stress wave transmitted to the rock part,
and the incident wave will cause damage to the rock together. While retaining the advantages of the separated
Hopkinson pressure bar, such as convenient operation, the
test bench also adds a shear stress wave with a controllable
value. By controlling the equipment to superimpose the
shear stress wave and the conventional incident stress wave,
it is possible to explore the cyclic impact failure law of the
rock under the action of shear stress. However, because the

rock to be tested is rotating, the test rig lacks the transmission rod part, and the size of the transmitted wave
cannot be directly measured, and a reasonable conversion
is required in the energy calculation process. In this paper,
the stress homogenization assumption will be used for
calculation, that is, the stress generated at the two ends of
the rock sample during the impact is equal, and the
transmitted wave can be derived from the reﬂected wave
[40–43].
The impact rod and drill pipe of the test bed are made of
high-strength steel, with a density of 7850 kg/m3, the elastic
modulus of 210 GPa, and shear modulus of 90 GPa. The
diameter of both rods is 25 mm, the length of the impact rod
is 200 mm, and the length of the drill pipe is 1800 mm. PDC
bit is selected for this test, with an inner diameter of 25 mm
and the outer diameter of 35 mm.
2.2. Test Equipment and Principle. During the test, the data
acquisition instruments mainly include CS-1D dynamic
resistance strain gauge, DPO2014B mixed signal oscilloscope, MTTU microsecond time detector, and digital
electromagnetic tachometer. The actual device diagram is
shown in Figure 3. The CS-1D dynamic resistance strain
gauge adopts electronic automatic balance technology. It is
an ultradynamic high-performance automatic balance
strain gauge (frequency range is 0-1 MHz). It is equipped
with diﬀerent types of strain gauges and strain gauge
sensors. It can realize the measurement of stress, tensile
pressure, speed, acceleration, displacement, torque, and
other physical quantities. The DPO2014B digital oscilloscope provides 100 MHz bandwidth and 1 GS/s sampling
rate. Waveform capture frequency is 5000 per second. The
variable low-pass ﬁlter is used to stop unnecessary noise
and still display high-frequency events. Using infrared
detection technology, the MTTU microsecond time detector can accurately measure the microsecond level of
high-speed motion process. The impact speed of the drill
pipe can be calculated by calibrating the distance between
two infrared laser beams. In the drop weight, SHPB, and
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Figure 3: Physical drawing of test equipment. (a) Dynamic resistance strain gauge. (b) Oscilloscope. (c) Microsecond chronograph.
(d) Electromagnetic tachometer.

other tests, the ﬁnal speed can be used as a controllable
parameter in the impact test after the ﬁnal speed is measured. The digital electromagnetic tachometer can measure
accurately without contacting the rotating system, and the
range of speed measurement is from 2 rpm to 9999 rpm.
2.3. Stress Wave Propagation Process of the Test Platform.
In the deformable solid medium, the disturbance to the
mechanical equilibrium state is manifested in the change
in the particle velocity and the corresponding change of
the stress and strain state. The disturbance caused by stress
and strain propagates in solid at a certain speed in the
form of a wave, which is called a stress wave. Before the
start of the test, a reserved width d should be set between
the drill pipe and the rock sample to be tested. When the
impact rod collides with the drill pipe, the incident stress
wave will be generated inside the drill pipe, and then, the
incident wave will reﬂect on the contact surface of the drill
pipe and the rock sample to form a tensile wave. When the
incident wave is completely reﬂected, the reserved width is
closed. Therefore, the reserved width is the displacement
of the impact end of the impact rod when the impact rod
impacts the knot. The velocity of the stress wave generated
in the impact of the equal diameter rod is related to the
inherent characteristics of the rod material (elastic
modulus and density) but not to the length of the drill
pipe. Therefore, when the impact rod of length L0 collides
symmetrically with the drill pipe at the impact velocity V0 ,
the particle velocity in the drill pipe after the wave is
v � V0 /2, and the incident wave width is τ � 2L0 /c0 .
Therefore, the calculation formula for the reserved width
d and wave speed c0 is

d � vt,
L0 V0
,
c0
��
E0
,
c0 �
ρ0
�

(1)

where c0 is the stress wave velocity, E0 is the elastic modulus
of the drill pipe, and ρ0 is the drill pipe density.
The ﬁrst reﬂected wave εr1 is reﬂected at the loading end
to form a secondary impact loading εi2 . When the secondary loading stress wave reaches the drill bit, the drill bit
and the sample only touch. At this time, because the rock
sample is rotating at high speed, the compression wave
generated by the impact is reﬂected to form compression
wave εr2 and shear wave c. The system wave diagram is
shown in Figure 4.
2.4. Calculation and Analysis of Related Parameters in Impact
Process. The stress wave of the rotation-impact system is
monitored by a strain gauge attached to the drill pipe. When
the stress wave passes through the drill pipe, the strain
caused will cause a voltage change. The strain value can be
calculated through the principle of the Wheatstone bridge,
and then, the material stress-strain relationship can calculate
the stress value at diﬀerent moments.
According to the Wheatstone bridge principle and oscilloscope parameter setting, the calculation formulas of
axial strain ε(t), shear strain c(t), and display voltage are as
follows:
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Figure 4: Experimental device and wave system.

ε(t) �

1 2 2.0 Ux1
,
2 U 0 k1 K 2

(3)

c0 t
 ε (t) − εr (t) − εt (t)dt ,
ls 0 i

(7)

c0
ε (t) − εr (t) − εt (t).
ls i

(8)

According to the assumption of stress homogenization
[41, 42], assuming that the strains at both ends of the sample
are equal, that is, σ i (t) + σ r (t) � σ t (t), then equations
(5)–(7) can be transformed into
σ a (t) �

(9)

•

(4)

(5)

where G0 is the shear modulus of the drill pipe.
According to the stress wave propagation law and the
one-dimensional stress theory, the calculation formulas for
the internal axial stress σ a (t), axial strain εa (t), and strain
•
rate ε of the rock specimen during the impact process are as
follows [40]:

E0 A 0
σ i (t) + σ r (t),
As

c t
εa (t) � 0  εr (t)dt ,
ls 0
ε�

σ(t) � E0 ε(t),

τ(t) � G0 ε(t),
2G0 Ux
�
,
U0 K1 K2

εa (t) �
ε�

where U0 is the bridge voltage (take 4 V), Ux is the voltage
displayed by the oscilloscope (Ux1 and Ux2 are the voltage
changes caused by tension and compression strain and shear
strain, respectively), K1 is the strain gauge sensitivity coeﬃcient (take 2.00), and K2 is the gain value on the strain
gauge, that is, the magniﬁcation factor (take 500).
Based on the strain value obtained by the above formula,
combined with the stress-strain relationship, the axial stress
σ(t) and shear stress in the drill pipe can be obtained, namely,

2E0 Ux
,
U 0 K1 K2

(6)

•

c(t) �

�

E0 A 0
ε (t) + εr (t) + εt (t),
2As i

(2)

2Ux1
,
�
U0 K1 K2
1 2 2.0 Ux2
,
2 U0 k1 K2
2Ux2
�
,
U0 K1 K2

σ a (t) �

c0
ε (t),
ls r

(10)

where A0 is the cross-sectional area of the drill pipe, As is the
cross-sectional area of the rock sample, εi (t) is the incident
wave strain, εr (t) is the reﬂected wave strain, and εt (t) is the
transmitted wave strain.
The formula for calculating incident wave energy Ei and
reﬂected wave energy Er in the drill pipe is [42, 43]
Ac0 tp 2
⎪
⎧
⎪
�
E
 σ dt,
⎪
i
⎪
⎪
E0 0 i
⎪
⎨
⎪
⎪
⎪
⎪
Ac tp 2
⎪
⎪
⎩ Er � 0  σ r dt,
E0 0

(11)
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where tp is the duration of the stress wave, which is determined by the experiment.

3. Test Process and Analysis
3.1. Rock Sample Preparation. In this test, the rock sample
was taken from the site of an underground highway tunnel
in Chongqing. The buried depth of the tunnel is about 15 m,
the tunnel face is 25 m wide, and the height is 10 m. The
project requires drilling and blasting activities in and
around the tunnel. Therefore, the surrounding rock of the
tunnel will be subjected to impact loads in diﬀerent directions. The tunnel site and blasting layout site are shown
in Figure 5.
The rock samples in this test are taken from the excavation site of the underground tunnel. The rock samples
were cut and then transported to the laboratory. Preliminary analysis shows that the rock samples are typical
granite with ﬁne grain size, solid texture, and massive
structure. A coring machine takes out the core with good
integrity and homogeneity, and then, the core is cut by a
rock cutter. According to the size of the rotating rock bin in
the test platform and the test recommendations of the
International Society for Rock Mechanics, the rocks were
processed into cylindrical samples with a diameter of
50 mm and a height of 100 mm, and the samples were
ground to make the surface unevenness less than 0.02 mm.
The physical map of the sample is shown in Figure 6. The
density, uniaxial compressive strength, elastic modulus,
longitudinal wave velocity, and Poisson’s ratio of the
granite samples are obtained by physical and mechanical
tests in the laboratory. The statistical results are shown in
Table 1.
3.2. Relationship between Air Pressure, Impact Velocity, and
Stress. In the impact simulation test, the kinetic energy
required for the drill rod to impact the rock sample is
obtained after the impact rod impacts, and the impact rod
end velocity is determined by the air pressure value of the
cylinder of the launch system. Therefore, before the start of
the test, it is necessary to calibrate the quantitative relationship between the end velocity of the impact rod and the
air pressure value of the cylinder. The speciﬁc operation
method is to adjust the air pressure value of the cylinder so
that the impact rod can obtain an initial speed to rush out of
the pipe at a certain launch pressure. At the same time, a
microsecond timer (see Figure 3(c)) is used to measure the
time for the impact rod to pass a ﬁxed distance. In this way,
only a simple conversion relationship is needed to obtain the
initial velocity of the striker. In the ﬁrst test, the air pressure
value of the cylinder is set to 2 psi, increasing by 1 psi each
time until the air pressure value is 20 psi. Perform 3 tests
under each pressure value, and take the average of the 3 test
results and record. By testing the end velocity of the impact
rod under diﬀerent air pressures, draw a scatter diagram of
the cylinder air pressure P (psi) and the impact end velocity
V0 (m/s) of the impact rod, as shown in Figure 7. The ﬁtting
formula is

7
V0 � 0.39062P + 5.98364,
R2 � 0.99.

(12)

It can be seen from the ﬁgure that the air pressure impact
end velocity of the cylinder is very correlated, and the impact
end velocity can be calibrated by adjusting the air pressure.
In the following text, diﬀerent impact end velocities can be
used for analysis. The oscilloscope displays diﬀerent voltages
under diﬀerent working conditions, as shown in Figure 8.
Figure 8(a) is the output image of the oscilloscope when the
impact speed is 7.2 m/s and the rotation speed is 225 rpm.
Figure 8(b) is the output image of the oscilloscope when the
impact speed is 11.2 m/s and the rotation speed is 66 rpm. In
the ﬁgure, channel 1 is the voltage change caused by the
shear strain gauge, channel 2 is the voltage change caused by
the tension and compression strain, and channel 3 is the
sound level monitoring during the impact. By adjusting the
air pressure value, the impact velocity is 7.2, 9.4, 11.2, 13.6,
and 16.8 m/s. Then, according to the output voltage value of
the oscilloscope, using formulas (2) and (4) to convert, you
can obtain the tensile and compressive stress wave waveforms at diﬀerent impact speeds, as shown in Figure 9.
The waveform of the stress wave depends on the shape
and length of the impact rod. In this experiment, the impact
rod is an equal-diameter cylinder, so the incident stress wave
and the reﬂected stress wave in the tension and compression
stress wave are both approximately rectangular. This is
consistent with the previous research on the waveform. It
can be seen from Figure 9 that, as the impact velocity increases, the amplitude of the incident wave and the reﬂected
wave gradually increase. According to multiple test results, a
ﬁtting is performed between the incident wave amplitude
and the reﬂected wave amplitude and the impact velocity,
and the result is shown in Figure 10. The analysis indicates
that the incident stress wave has a strong correlation with the
impact velocity, while the reﬂected stress wave is related to
the rock wave impedance, the degree of closure of internal
ﬁssures, and the energy absorption of the rock, so the degree
of correlation with the impact velocity is slightly lower than
that of the incident wave. The impact speed can be used as a
reference for the amplitude of tension and compression
stress waves.
The shear force on the drill pipe is obtained at the
moment of impact contact between the drill pipe and the
high-speed rotating rock sample. The rotation speed of the
rock sample is ﬁxed at 66 rpm by adjusting the rotating
system, and the impact test is carried out at 5 diﬀerent
impact speeds. According to the output voltage of the oscilloscope and combining (3) and (5), the calculated scatter
plot is shown in Figure 11. It can be seen from the ﬁgure that
when the rotation speed is constant, the amplitude of the
shear stress in the drill pipe increases with the increase of the
impact speed, which is positively correlated, but the increase
rate gradually slows down. The shape of the shear stress wave
is slightly diﬀerent from the tensile-compression stress wave.
This is because the reason and method of the formation of
the shear stress wave are diﬀerent from the tensile-compression stress wave. Because the drill pipe and the rock

8

Advances in Civil Engineering

(a)

(b)

Figure 5: Tunnel excavation. (a) Tunnel face. (b) Blasting layout site.

Figure 6: Part of the rock sample.

sample have a shorter contact time, the shear stress wave
duration (wavelength) is less than the tension and compression stress wave.
To further determine the relationship and law of the
shear stress, impact velocity, and rotation velocity, the eﬀect
of impact velocity on shear stress amplitude under various
speeds was examined. The test results are shown in Figure 12. As shown in the ﬁgure, the shear stress increases with
the increase in the impact speed at the same rotation speed.
At the same impact speed, the shear stress also increases with
the increase in the rotational speed, and the increasing trend
of the shear stress is more obvious with the increase in the
impact speed. When the impact speed is low, taking 7.2 and
9.4 m/s as examples, the shear stress will increase with the
increase in the rotational speed before the rotational speed
reaches 120 rpm. However, when the speed exceeds 120 rpm,

the shear stress almost does not increase with the increase in
the rotational speed. When the impact speed is 11.2 and
13.6 m/s, the shear stress exhibits an obvious linear growth
trend before the rotation speed reaches 120 rpm. When the
rotation speed continues to increase, the increase in the
shear stress is signiﬁcantly reduced and almost stops when
the speed reaches 225 rpm. When the impact velocity is
16.8 m/s, with the increase in the rotation speed, the shear
stress always has a signiﬁcant increasing trend, and the
increase rate is only slightly reduced in the ﬁnal stage. The
above analysis shows that, under a ﬁxed impact velocity, the
shear stress has a corresponding upper limit of the rotation
speed. When the rotation speed is lower than this upper
limit, the shear stress will increase with the increase in the
rotation speed and present an approximately linear relationship in the initial stage. Then, the growth rate will
gradually decrease. When the rotation speed continues to
increase until it is higher than this upper limit, the shear
stress will no longer increase with the increase in the rotation
speed.
3.3. Impact Times Required for Specimen Failure under Cyclic
Loading. The previous test results indicate that the impact
velocity has a strong correlation with tensile and compressive stresses and shear stresses. When the rock is subjected to pressure that exceeds its resistance strength or the
damage reaches a certain value under the action of cyclic
loading, failure will occur. In this part, the cyclic impact
failure law of the specimen under diﬀerent impact speeds
and rotation speeds is studied. The rotating speed is set at 0,
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Table 1: Physical and mechanical parameters of the rock sample.

Rock types
Granite

Density (kg/m3)
2560

Compressive strength (MPa)
208

15

P-wave velocity (m/s)
4400

Poisson’s ratio
0.09

V0 = 0.39062P + 5.98364
R2 = 0.99

14
Impact bar velocity (m·s–1)

Elastic modulus (GPa)
18.39

13
12
11
10
9
8
7
6
0

2

4

6
8
10 12 14 16
Air pressure of cylinder (psi)

18

20

22

Figure 7: Relationship between cylinder air pressure and impact end velocity.

(a)

(b)

Figure 8: Schematic diagram of the oscilloscope interface under diﬀerent working conditions. (a) Impact speed 7.2 m/s; rotation speed
225 rpm. (b) Impact speed 11.2 m/s; rotation speed 66 rpm.
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Figure 9: Tension and compression stress wave waveform.
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Figure 10: Relationship between tensile and compression stress
wave amplitude and impact velocity.
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Table 2: Impact times under diﬀerent rotation speeds and impact
speeds.

0

Shear stress (MPa)

–10

Rotation speed (rpm)

–20

0
28
66
120
255
375

–30
–40
–50

7.2
45
43
39
35
30
27

Impact speed (m/s)
9.4
11.2
13.6
37
22
12
36
19
11
33
17
10
26
14
6
24
12
5
23
11
4

16.8
6
6
5
4
2
2

–60
50
0.00

0.02

7.2m/s
9.4m/s
11.2m/s

0.04
0.06
Time (ms)

0.08

0.10

0.12
40

13.6 m/s
16.8 m/s

Number of impacts

–0.02

Figure 11: Shear stress waveform.
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Figure 13: Relationship between impact times and impact speed at
diﬀerent speeds.
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Figure 12: Shear stress under diﬀerent conditions.

28, 66, 120, 225, and 375 rpm, and the samples are subjected
to cyclic impact with ﬁve diﬀerent impact speeds until
macroscopic failure occurs. Table 2 lists the number of
impacts when the specimen is damaged at diﬀerent speeds
and draws a scatter chart, as shown in Figure 13. The ﬁgure
shows that, at the same impact speed, a great rotation speed
corresponds to fewer impacts required for failure, indicating
that the rock is more prone to fatigue failure under the
combined action of impact load and shear.
3.4. Stress-Strain Curve of the Sample under Cyclic Load.
The stress-strain curve is an important basis for judging rock
failure under cyclic loading. Figure 12(a) shows the stressstrain curve of a typical rock when macroscopic failure has
not occurred. The total sample is in an elastic and

elastoplastic state during the entire process. The stress-strain
curve can be roughly divided into four stages according to
the development process: compaction phase (AB), elastic
phase (BC), crack development phase (CD), and unloading
phase (DE). The compaction phase is the process of closing
the internal ﬁssures of the rock. The elastic stage is the elastic
deformation (recoverable) of the rock sample after compaction. In these two processes, the rock is not damaged,
either macroscopically or microscopically. The crack development stage is the stable development stage of the internal cracks in the rock. At this time, the rock does not
undergo macroscopic damage, and only part of the damage
is accumulated in the microscopic view. The unloading stage
is a process in which the strain of the rock gradually decreases as the stress decreases. When the specimen undergoes macroscopic failure, the curve in the unloading
phase in the stress-strain curve changes most signiﬁcantly.
Even if the stress no longer increases, the stress still increases, and the rock is in a state of plastic yield.
The following is an analysis of the stress-strain curve of
the sample under the same impact speed and diﬀerent rotation speeds. Under the condition of the impact velocity of
13.6 m/s, the stress-strain curve of the specimen at diﬀerent
rotation speeds is drawn, as shown in Figure 14. The ﬁgure
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Figure 14: Stress-strain curve with the impact velocity of 13.6 m/s. (a) Typical stress-strain curve. (b) Rotation speed is 0 rpm. (c) Rotation
speed is 66 rpm. (d) Rotation speed is 120 rpm. (e) Rotation speed is 255 rpm. (f ) Rotation speed is 375 rpm.
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shows that when the impact velocity is the same, the shape
and development process of the stress-strain curve of the
specimen at diﬀerent rotational speeds are consistent with
that of the static sample, indicating that the existence of
shear stress does not aﬀect the overall change trend of the
axial compression stress-strain curve of the specimen.
Figure 12 shows that, under the premise of keeping the
impact velocity constant, the number of failures of the rock
sample gradually decreases as the rotation speed increases.
At the same time, under the same number of impacts, the
slope of the elastic phase (BC phase) of the stress-strain
curve gradually decreases with the increase in speed, which
means that when the rock reaches the same strain, the required stress value is smaller. A comparison of the stressstrain curve under the ﬁrst impact at diﬀerent rotation
speeds shows that the corresponding stress at the peak of the
curve gradually decreases with the increase in the rotation
speed, which indicates that the increase in the rotation speed
will reduce the rock sample to the deformation failure stage
(CD stage) stress value, that is, the failure stage of the internal crack propagation of the rock sample under lower
stress.
3.5. Energy Dissipation Law under Diﬀerent Conditions. It
can be seen from the previous analysis that increasing shear
stress under cyclic impact load can accelerate rock failure.
The disturbance caused by stress and strain propagates in the
solid at a certain speed in the form of a wave, which is called
a stress wave. The energy absorption of rock failure is mainly
used for the kinetic energy required for the closure, development, penetration, and failure of internal ﬁssures. The
more the energy absorption, the faster the development of
rock failure, so the energy dissipation rate can be used as the
basis for the degree of rock damage.
The stress wave energy can be calculated by (11). It can
be seen from the formula that the stress wave energy is
related to the drill pipe cross-sectional area, elastic modulus
(shear modulus), wave velocity, stress value, and time.
Among them, the cross-sectional area, elastic modulus, and
wave velocity of the drill pipe are only related to the
material of the drill pipe. The stress wave stress value and
time can be obtained from the waveform diagram.
According to the waveform data obtained by the oscilloscope, the stress wave energy can be calculated by combining (11).
To discuss the energy dissipation of stress waves and the
law of rock absorption under cyclic loading, the fracture
speciﬁc energy δ is deﬁned as the cumulative energy
absorbed per unit volume of the rock specimen in the
process of cyclic impact failure. The calculation formula is as
follows:
n

δ �  EVk ,
k�1

(13)
n

E − Erk
�   ik
,
Vs
k�1

where δ is the speciﬁc energy of crushing, EVk is the
absorbed energy per unit volume generated by the kth
impact of the sample, Vs is the volume of the rock sample, n
is the number of the cyclic eﬀects, Eik is the incident wave
energy of the kth impact, and Erk is the energy of the kth
impact reﬂected wave.
From the test results and equations (11) and (13), the
required δ in the rock breaking process can be obtained. The
calculation result is shown in Figure 15.
The ﬁgure shows that when no rotating load is applied to
the rock sample, the impact velocity with the smallest
crushing speciﬁc energy is 11.2 m/s, which can also be
considered as the optimal damage impact velocity for this
kind of rock. With the increase in speed, the crushing ratio
required for the destruction of the sample gradually decreases, but the decrease is related to the speed. When the
rotation speed is in the range of 0–120 rpm, the speciﬁc
energy curves of unit volume under diﬀerent impact speeds
show a trend of ﬁrst decreasing and then increasing. The
optimal failure impact speed is 9.4 m/s when the rotation
speed is 66 rpm, and the optimal failure impact speed of
other rotation speeds (0, 32, and 120 rpm) is 11.2 m/s. For a
certain kind of rock, the crushing speciﬁc energy is diﬀerent
at diﬀerent impact speeds. For the tested rock in this experiment, when there is no shear stress (that is, when the
rotation speed is 0 rpm), the optimal damage impact velocity
is 11.2 m/s. It can be seen from the ﬁgure that when the
rotation speed is increased to 28 rpm, although 11.2 m/s is
still the optimal damage impact velocity, compared with
other impact velocities, the gap in crushing speciﬁc energy is
signiﬁcantly reduced. When the rotation speed is 66 rpm, the
optimal impact speed becomes 9.4 m/s. The reason is analyzed because the shear stress generated by 0 rpm and 28 rpm
is small, and the impact on the impact damage is also small.
When the speed increased to 66 rpm, the inﬂuence of shear
stress began to increase, and the optimal impact speed was
eﬀectively reduced. It can be considered that, for the type of
rock used in this experiment, the shear stress when the
rotation speed reaches 66 rpm is an eﬀective intervention
point.
With the continuous increase in the rotation speed, the
optimal impact velocity also gradually increases. When the
speed reaches 375 rpm, the crushing speciﬁc energy of
16.8 m/s impact speed is signiﬁcantly lower than that of
other impact speeds, and its value is only 30% of the crushing
speciﬁc energy when the impact speed is 7.2 m/s. From the
above analysis, it is not diﬃcult to ﬁnd that when there is no
shear stress (rotation speed is 0 rpm), the rock sample used
in this test has the lowest impact speed of 11.2 m/s. When the
rotation speed gradually increased to 66 rpm, the shear stress
eﬀectively reduced the optimal impact velocity, making the
optimal impact velocity 9.4 m/s. As the shear stress continues to increase, the optimal damage impact velocity also
increases. In summary, as the shear stress increases, the
optimal damage impact velocity has experienced the ﬁrst
drop, and in the process of rising, there is an inﬂection point.
The impact velocity of 7.2 m/s does not become the optimal
impact velocity at diﬀerent rotation speeds because a large
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Figure 15: Speciﬁc crushing energy under diﬀerent working
conditions.

part of the stress wave energy is used in the compression and
elastic stages of rock deformation at low speed. In contrast,
the energy used for macrofailure processes, such as crack
development of rock failure, is relatively small. The above
analysis process indicates that the reasonable selection of
impact speed and rotation speed will have a great inﬂuence
on the rock-breaking eﬃciency for a speciﬁc rock type.

4. Discussion
Explosive stress wave reﬂection tensile theory states that
when the rock is broken, the tensile stress inside the rock is
greater than its tensile strength due to the eﬀect of the tensile
wave after the stress wave is reﬂected on the free surface.
Under the action of cyclic loading, the internal cracks of the
rock continue to develop, which also reduces the tensile
strength of the rock, causing the rock to be destroyed even
under the action of a lower stress wave. The surrounding
rock of the tunnel is in a complex geological environment.
Under the action of in situ stress, the surrounding rock of the
tunnel is subjected not only to multidirectional static loads
and blasting impact loads but also to shear loads, such as the
superposition of stress waves in diﬀerent directions, shield
construction, and other rotation drilling works. Rock is a
material whose shear strength is less than its compressive
strength. When subjected to shear, it will inevitably lead to a
lower threshold for failure.
When the impact velocity remains the same, the number of
impacts required for rock failure decreases with the increase in
the rotation speed, indicating that the increase in the rotation
speed and the shear force promotes the failure of the rock.
Fissures are more likely to be torn; they are easier to penetrate
compared with a simple compression process. We can easily
see that the increase in rotation speed does not lead to an
obvious change of the curve, which indicates that the shear
force does not directly participate in the change in the axial

deformation of rock. Independent analysis can be performed
in the axial compression and calculation. From the perspective of energy analysis, when the shear stress increases,
the crushing ratio energy required for rock failure gradually
decreases. The energy needed for rock failure is a ﬁxed value;
thus, we can determine that the work performed by the shear
stress gradually increases during the failure process, but this
part of the energy is not reﬂected in the axial compression
deformation. Therefore, in actual tunnel engineering, the
stress-strain analysis under the simple impact of the surrounding rock may lead to inaccurate predictions of damage,
resulting in accidents. Therefore, when the surrounding rock
of the tunnel is subjected to superimposed eﬀects of blasting
impacts in diﬀerent directions or rotationimpact load,
construction personnel must pay special attention to the
corresponding support and reinforcement measures of the
surrounding rock.

5. Conclusions
(1) In this paper, the dynamic impact simulation test
bench developed by the authors is used to study the
law of rock damage under rotating cyclic impact
load. The research results show that compared with
the traditional cyclic impact test, the appearance of
shear force will accelerate the process of rock failure
and reduce the number of impacts required for rock
failure. A great impact speed corresponds to a great
change brought about by the increase in rotation
speed. When the impact speed is 7.2 m/s, the number
of impacts at the maximum speed is 60% of the static
state; when the impact speed is 16.8 m/s, this value is
only 33.3%.
(2) When the rotation speed is constant, the increase in
the impact speed will lead to an increase in the shear
force, but this increase will gradually decrease. When
the impact velocity is constant, the increase in the
rotation speed of the rock sample will lead to an
increase in the shear stress, but an upper limit exists.
When this upper limit is exceeded, the shear stress no
longer increases with the increase in the rotation
speed. This situation can provide an idea for the
failure process of rock drilling, reduce energy loss,
and improve drilling eﬃciency.
(3) Under diﬀerent shear stress, the stress-strain curve of
rock under impact has no obvious change, but the
slope of the elastic stage in the curve decreases, that
is, the stress value required for strain in rock decreases. This ﬁnding shows that the crack development and penetration speed are faster under shear
stress, which is also the main reason the rock is more
easily damaged under shear stress. In tunnel engineering, judging safety based on only the axial deformation of the surrounding rock mass or the
stress-strain curve is risky. When the surrounding
rock is subjected to impact loads from diﬀerent
directions or rotating impact damage, special attention should be paid to the safety situation, and
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timely support and reinforcement measures should
be taken.
(4) An analysis of the speciﬁc energy of rock fragmentation under diﬀerent working conditions indicates that the increase in shear stress will cause
particular fragmentation energy to decrease. The
rotating sample provides the shear stress wave in this
test. Therefore, for the time being, only the energy of
the tensile and compressive stress wave is calculated
and analyzed. Future research will focus on the
energy dissipation of the shear stress wave.
(5) The drill bit used in this article is a three-wing PDC
drill bit. There are many diﬀerent types and sizes of
drill bits in actual engineering. The inﬂuence of
diﬀerent drill bits on the mechanism of failure is a
direction that needs to be studied in the future. At
the same time, the shear stresses in this paper are all
instantaneous stresses, and whether the failure
mechanism of rock is diﬀerent when the shear stress
is constant is also the content that needs to be studied
in the follow-up work.
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