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Rocks in deep coal mines are usually in varying degrees of damage state before they are destabilized by impact loads such as rock
bursts. For the problem of the mechanical properties and energy evolution of damaged rocks under impact loads, the authors use
static loads with different cyclic load thresholds to act on sandstone specimens to make them in distinct degrees of damage. +en,
the rock mechanics system (MTS-816) and the Split Hopkinson pressure bar (SHPB) are employed to perform uniaxial
compression and impact dynamics tests on sandstones with different degrees of damage. +e results show that, from the
perspective of mechanical properties, the uniaxial compressive strength and dynamic compressive strength of the damaged
sandstone gradually decrease with the increase of the upper limit of the cycle threshold and both obey the growth law of the
quadratic function, and the dynamic strength increase factor (DIF) also decreases with the increase of the cyclic load threshold. In
terms of energy, with the increment of the cyclic load threshold, the number of cracks in the damaged sandstone is large and the
scale is enormous. Due to the effect of cracks, when the incident energy is a fixed value, the transmission energy decreases with the
increase of the damage degree and the change law of the reflection energy is the opposite. +e systematic study of the dynamic
mechanical properties and energy evolution law of the damaged sandstone provides some reference for the prevention and
mechanism research of rock bursts.

1. Introduction

With the increasing consumption of coal resources year by
year, dynamic disasters such as rock bursts and roof disasters
induced by increased coal mining depth and mining speed
have occurred frequently [1–3], causing irreparable eco-
nomic losses and casualties and further restricting the de-
velopment of energy economy. +e frequent occurrence of
dynamic disasters such as rock bursts and roof fall accidents
is closely related to the mechanical properties, geological
structure, and rock formation activity law of the rock in the
stope [4–6], among which the mechanical properties of the
rock are the most basic and core part of the study of dynamic
disaster prevention and control [7]. Based on the above
viewpoints, many scholars have carried out a lot of research

work, not only to study the static mechanical properties of
rocks but also to analyze the dynamic mechanical properties.
+ese fruitful research results are of great significance for the
prevention and control of dynamic disasters.

+e earliest recorded rock burst occurred in the Stafford
Coalfield in England in 1738, but it was not until the 20th
century that the rock burst became a research field sys-
tematically. Based on the static mechanics of rock, many
scholars have researched the prevention and treatment of
rock burst using laboratory tests, numerical simulations, and
on-site engineering monitoring. Khademian and Ugur [8]
used numerical simulation to simulate the initial quasistatic
response of rock burst under compression and shear, further
providing a calculation framework for studying rock burst
events. Tian et al. [9] explored the impact tendency of the
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stope under the static load disturbance of multiseam mining
through similar model tests and obtained the damage range
of the roof rock layer and the range of impact of rock burst
disaster during multiseam mining. Simser [10] took an
engineering case as the research object, analyzed the ef-
fectiveness of the hydraulic support installation speed on the
static disturbance of the rock mass, and based on this ex-
plored a multilayer method for mitigating rock burst. Cai
et al. [11] analyzed the relationship between stress, strain,
and energy of roadway surrounding rock under static load,
established a damagedmechanical model of rockmass under
load, and proposed a quantitative evaluation index of coal
rock burst pressure tendency. Gale [12] comprehensively
discussed the relationship between the rock burst and the
stress and the stope rock mass under static load. Centered on
the mechanism of rock burst disasters, in addition to the
static mechanical properties of rocks, the dynamic me-
chanical properties of rocks are also a factor that cannot be
ignored. +erefore, many scholars have analyzed the
mechanism of rock burst disasters based on the dynamic
mechanical response of rocks. Wang et al. [13] indepen-
dently developed the test simulation device to study the rock
burst resistance of the tunnel under the dynamic load of
blasting load and rock burst. Zhou et al. [14] used an im-
proved SHPB to study the dynamic mechanical properties of
sandstone under different strain rates, and geometrical
fractal statistics of the fragmentation of the sandstone
specimen under impact load to obtain the dynamic com-
pressive strength and energy dissipation law of sandstone
under different strain rates are obtained. Rehbock-Sander
and Jesel [15] monitored the dynamic mechanical behavior
of rock masses in tunnels and introduced the prediction and
prevention measures of rock burst disasters. Sainoki et al.
[16] used the method of blast loading to study the mech-
anism of dynamic disaster-induced rock burst; in addition, it
alsomade amore precise division of the impact range of rock
burst. +e above-mentioned scholars studied the static
mechanical properties and dynamic mechanical properties
of rocks based on the mechanism and prevention of rock
burst disasters. However, the occurrence of dynamic di-
sasters in coal mines is the result of multifactor coupling
[17]. +e static mechanical properties and dynamic me-
chanical properties of the rock are studied separately. +e
rock in the stope is affected by burial depth and excavation
activities. Before the rock burst accident occurred, the rock
has been damaged by repeated static load disturbances to
varying degrees [18]. +erefore, it is not comprehensive to
consider the static mechanical properties of rocks and the
dynamic response of rocks separately under disasters. +e
dynamic mechanical response of damaged rock mass after
being disturbed by a load is the main mechanical factor
affecting the occurrence of dynamic disasters such as rock
burst. +erefore, the systematic study of the dynamic me-
chanical properties of the damaged rock mass after load
disturbance has some impetuses for the analysis of the
mechanism of rock burst accidents.

Rocks buried deep in coal mines are usually in varying
degrees of damage due to the excavation activities of ad-
jacent coal seams or stopes [19]. At this time, the strength of

the rock is lower than the strength of the rock when it is not
disturbed. Within the range of impact of mining activities,
when the stratum structure is damaged or the stress is in an
abnormal state, the energy storage structure of the local rock
is instantly unstable on a large scale and releases energy to
induce shock pressure disaster [20]. +erefore, before
studying the dynamic response of the rock burst disaster, the
damage degree of the rock must be fully considered.

For the sake of exploring the dynamic response and
energy evolution of rocks when dynamic disasters such as
rock burst in deep coal mines occur, the authors fully
considered the sequence and compendious effect of static
load and dynamic load. Firstly, based on the Kaiser effect of
the rock, the cyclic loading and unloading are carried out
under the static load with different load thresholds as the
upper limit of cycle, so that the rock is in different degree of
damage state. +en, the uniaxial compressive strength of
rock specimens with distinct degrees of damage is measured,
and the variation between the stress reduction amplitude of
the damaged rock and the cyclic load threshold is analyzed.
Finally, based on the static mechanical properties of the
damaged rock, the SHPB is used to carry out impact dy-
namic tests to study the dynamic mechanical properties;
energy evolution laws and rock crushing energy density of
rocks with different damage levels under impact load pro-
vide useful theoretical support for the mechanism research
and prevention of rock burst in deep coal mines.

2. Test Equipment and Test Plan

2.1. Preparation of Test Pieces. +e rock required for this test
is taken from the rock roadway of a mine in Huainan mining
area by in situ sampling method, and the rock sample be-
longs to sandstone. After cutting and grinding, according to
the standards of the International Society for Rock Me-
chanics and Rock Engineering, a cylindrical sample with a
size of V 50mm ∗ h 100mm, which means that diameter ∗
height is 50mm ∗ 100mm, is prepared to measure the static
mechanical strength of the rock. In addition, a cylindrical
test piece with a size of V 50mm ∗ h 25mm is needed to
measure the dynamic mechanical properties of the sand-
stone. +e nonparallelism of the two ends of the test piece is
less than 0.05mm, and the flatness error of the end face is
controlled below 0.02mm. Some sandstone test pieces are
shown in Figure 1. Before starting the uniaxial loading test
and impact dynamics test, apply petroleum jelly evenly on
both ends of the test piece, to reduce the end effect of the two
ends of the test piece and the friction effect between the
device and the equipment.

2.2. Experimental Equipment and Test Plan. +e static
loading equipment and dynamic loading equipment used in
this test are MTS-816 rock mechanics test system and an
SHPB test system with a diameter of 50mm. +e above two
test types of equipment are shown in Figures 2 and 3, re-
spectively. MTS-816 rock mechanics test system performs
uniaxial compressive strength test and static cyclic damage
test on sandstone specimens, both the uniaxial compressive
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strength test and the cyclic loading and unloading test adopt
the force-time loading method, and the loading rate is
0.5 kN/s. +e SHPB test system performs impact dynamic
test on damaged sandstone.

First, a static mechanical experiment is performed to
determine the strength of the sandstone specimen, and the
average compressive strength of the sandstone specimen is
determined as σb. +en, the sandstone specimens are treated
with different degrees of damage with different cycle
threshold loads, which is 0.2σb, 0.4σb, 0.6σb, and 0.8σb,
respectively. Finally, three different impact air pressures of
0.4MPa, 0.5MPa, and 0.6MPa are selected to perform
dynamic mechanical properties of sandstone damaged by
the cyclic static load which are tested under different strain
rates.

3. Basic Principle of Dynamic Mechanics
ExperimentandVerificationofStressBalance

In the SHPB test, the authors use the three-wave method to
analyze the dynamic mechanical properties of the sandstone
specimen. +e sandstone specimen is placed between the
incident bar and the transmission bar. It is assumed that,
during the dynamic loading process, any plane in the

sandstone specimen remains flat, and there is only uniformly
distributed axial stress in any cross section. For ease of
calculation, the stress wave emission direction along the
incident bar to the transmission bar is defined as positive.
+e calculation methods of dynamic mechanical parameters
of the sandstone specimen including dynamic stress, dy-
namic strain, and strain rate are shown in equations (1), (2),
and (3), respectively. According to these dynamic me-
chanical performance data, the energy relationship of the
sandstone under dynamic load can also be analyzed. Ig-
noring the energy loss between the bars and the specimen,
the high-pressure gas energy is first converted into incident
energy. When the incident energy Wi acts on the sandstone
specimen, part of the energy is converted into reflected
energy Wr, another part is absorbed by the energy ab-
sorption device through the transmission bar, and the rest is
mainly absorbed by the sandstone, which is used to break up
the sandstone specimen and dissipate it in the form of
energy. In the SHPB experiment, the incident energy Wi, the
transmitted energy Wt, and the reflected energy Wr of the
sandstone under the impact load can be calculated according
to equations (4), (5), and (6), respectively:

σ �
AE

2A0
εi + εr + εt( , (1)

ε(t) �
C0

l0


t

0
εi − εr − εt( dt, (2)

_ε �
C0

l0
εi − εr − εt( , (3)

Wi(t) � AEC0 
t

0
ε2i (t)dt, (4)

Wr(t) � AEC0 
t

0
ε2r(t)dt, (5)

Wt(t) � AEC0 
t

0
ε2t (t)dt, (6)

where C0 is the longitudinal wave velocity of the three bars,
m/s; εi, εr, and εt are the strains of the incident, reflected, and
transmitted waves propagating independently in the bars; l is
the height of the sandstone specimen along the axis; A0 is the
cross-sectional area of the sandstone, m2; A is the cross-
sectional area of the three bars, m2; E is Young’s modulus of
the three bars; εi(t), εr(t), and εt(t) are the strains of the
incident, reflected, and transmitted waves on the three bars
at time t, respectively.

Ignoring the energy consumed between the contact
surface of the sandstone and the pressure bar during the
loading process, the calculation method of the energy Ws

absorbed by the specimen under impact loading is shown in
equation (7):

Ws(t) � Wi(t) − Wr(t) − Wt(t). (7)

Among the dynamic mechanical energy of sandstone,
Ws is the energy that can best reflect the complete sandstone

Figure 2: Rock mechanics test system.

Figure 1: Some sandstone samples taken from coal mine.
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specimen when it is broken into fragments by impact load.
In addition, due to the inevitable dimensional errors during
the processing of the test piece, in order to reduce the error
caused by the size difference of the test piece as much as
possible, the energy absorbed when the unit volume of rock
is crushed under the impact load, that is, the energy con-
sumption density ωs, is introduced:

ωs �
Ws

Vs

. (8)

In the formula, Vs is the volume of the sandstone
specimen.

Previously, it has been assumed that any plane in the
sandstone specimen remains flat during the impact loading
process. At any time during the loading process, the force
model of a microelement segment in the specimen is sim-
plified as shown in Figure 4.

Supposing the homogeneous cylindrical specimen under
axial stress σX (X, t), the axial strain of sandstone is εX; in
addition, due to the Poisson effect of the material, the
specimen must also have vertical strains εY and εZ at the
same time:

εX �
zuX

zX

�
σX(X, t)

E
, (9)

εY �
zuY

zY

� −μεX(X, t), (10)

εZ �
zuZ

zZ

� −μεX(X, t), (11)

where uX, uY, and uZ are the displacement components in
the X-axis, Y-axis, and Z-axis directions, respectively, and μ
is Poisson’s ratio of the sandstone specimen.

Since εX is only a function related to X and t and has no
relationship with Y and Z, the corresponding displacements
εY and εZ are integrated, respectively, to obtain the axial
displacements uY and uZ. +en, the derivative of the axial
displacement is calculated twice to obtain the velocity υY and
υZ of the particle moving perpendicular to the axis and the
acceleration aY and aZ of the particle, respectively:

uY � −μYεX � −μY

zuX(X, t)

zX
, (12)

uZ � −μZεX � −μZ
zuX(X, t)

zX
, (13)

υY �
zuY

zt
� −μY

zεX

zt
� −μY

zυX

zt
, (14)

υZ �
zuZ

zt
� −μY

zεX

zt
� −μZ

zvX

zt
, (15)

aY �
zvY

zt
� −μY

z
2εX

z
2
t

� −μY
z
2
vX

zt zX
, (16)

aZ �
zvZ

zt
� −μZ

z
2εX

z
2
t

� −μZ
z
2
vX

zt zX
. (17)

From equations (14), (15), (16), and (17), the kinetic
energy per unit volume perpendicular to the sandstone axis
is shown in equation (18).

1
A0dX


1
2
ρ0 υ2Y + υ2Z dXdYdZ �

1
2
ρ0υ

2
r
2
g

zεX

zt
 

2

. (18)

In the formula, rg is the radius of gyration of the
sandstone cross section facing the X-axis.

It can be seen from Figure 4 that there is a pair of
statically balanced force A0σ and a nonstatically balanced
force A0(zσ/zX)dX in the sandstone microelements. From
the perspective of energy, the axial kinetic energy of the
microelement body comes from the work done by the
nonstatic balancing force, and the work done by the static
balance force is converted into the microelement strain
increase energy and the kinetic energy perpendicular to the
axial direction. Because the movement of the sandstone
specimen is bound by the incident bar and the transmission
bar, the axial kinetic energy will be gradually transferred to

X X + dX

σ (X, t) σ (X + dX, t)

X

dX

Figure 4: Stress model of sandstone microelement segment.
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Figure 3: Split Hopkinson pressure bar test system.
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the elastic bar and will eventually be dissipated, which will
not affect the fragmentation of the sandstone. However,
when the accumulated strain energy of the microelement
segment increases, the energy will be dissipated in the rock’s
crushing behavior and will be transformed into other forms
of energy such as the rock’s damage crushing energy and the
kinetic energy of the crushed rock. Combining the above
equation, the unit time and unit volume in the microelement
segment are integrated with equation (18) and further
simplified to obtain equation (19):

σ � Eε + ρ0υ
2
r
2
g

zε
zt

 

2

. (19)

When the change rate of the strain rate is small,
ρ0υ2r2g(zε/zt)2 in equation (19) can be ignored. +erefore,
when the strain rate is constant, the force on both ends of the
sandstone specimen under impact load is a pair of equi-
librium forces.

+rough theoretical analysis, the basic parameters of the
dynamicmechanics and the expression of dynamic energy of
sandstone under impact load are obtained, and the feasibility
of processing dynamic mechanics data based on the three-
wave method is verified theoretically. In addition, to ensure
the reliability of the test, it is necessary to verify the stress
balance of the sandstone specimen under the impact load.
Figure 5 shows the typical stress balance test curve of the
sandstone specimen. By testing the stress balance, the stress
on the specimen conforms to the stress balance assumption.
Also, it can be found that the stress balance at both ends of
the specimen can be satisfied, which shows that the pro-
cessing and placement of the sandstone specimen meet the
SHPB one-dimensional stress wave assumption, end fric-
tion, and inertial effect requirements. +is also shows that
the experimental results obtained through the SHPB device
in this experiment are reliable.

4. Results and Analysis

4.1. Analysis of StaticMechanical Test Results. For the sake of
grasping the static mechanical properties of the damaged
sandstone more comprehensively and explaining the law of
dynamic mechanics better, this test carries out static loading
tests on sandstones with different degrees of damage to
explore the static mechanical properties of the damaged
sandstone. By loading 6 nondestructive sandstones and
taking the average value of the strength of the sandstone
specimens, the uniaxial compressive strength σb of the
sandstone is 60.21MPa. +en, the nondestructive sandstone
is treated with different degrees of damage by different cyclic
load thresholds. +e cyclic load thresholds are 0.2σb, 0.4σb,
0.6σb, and 0.8σb, respectively, and the number of cyclic
loadings for each sandstone specimen is 10 times. +erefore,
from the perspective of stress history, the damage degree of
these sandstones is 20%, 40%, 60%, and 80%, respectively.
Each group selected 6 standard cylindrical specimens for
static mechanical strength test. +e results are shown in
Table 1.

According to the results, the stress reduction ratio of
damaged sandstone is 2.06%, 7.40%, 24.31%, and 55.39%,
respectively, after 10 cycles of stress values of 0.2σb, 0.4σb,
0.6σb, and 0.8σb, respectively. +e uniaxial compressive
strength of damaged sandstone decreases with the increase
of the degree of damage, and the magnitude of the decrease
gradually increases with the increase of the degree of
damage. Fitting the cyclic load threshold ratio of the
damaged sandstone to the strength reduction ratio is shown
in Figure 6.
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Figure 5: Stress balance test of sandstone specimen.

Table 1: Uniaxial compressive strength of sandstone specimens
with different degrees of damage.
Cyclic load
threshold Number Stress

(MPa)
Average stress

(MPa)

0.2σb

1 59.83

58.97

2 59.21
3 60.02
4 56.19
5 57.38
6 61.21

0.4σb

1 58.04

55.76

2 54.52
3 55.38
4 58.73
5 53.68
6 54.22

0.6σb

1 42.45

45.57

2 48.62
3 45.77
4 47.73
5 44.85
6 44.01

0.8σb

1 25.74

26.86

2 26.43
3 22.98
4 30.88
5 28.41
6 26.73
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From the fitting results, the fitting curve of the cyclic load
threshold and the stress reduction ratio of damaged sand-
stone is y� 1.6088x2 − 0.7242x+ 0.1024, and the fitting de-
gree R2 is 0.9994, indicating that the fitting degree is very
good. From the fitting function, it can also be concluded that
the uniaxial compressive strength of the damaged sandstone
decreases with the increase of the cyclic load threshold, and
the higher the degree of damage, the faster the strength
decreases, which is related to the mechanical properties of
the sandstone.

When the cyclic load threshold is less than 0.4σb, the
mechanical characteristics in the sandstone mainly show the
compaction and elastic deformation of the primary pores
[21], and the deformation-resistant bearing medium in the
sandstone is mainly solid mineral particles [22]; at this stage,
the deformation of the inner sandstone can be mostly re-
covered with the removal of the external force, and only a
small amount of deformation cannot be recovered. In the
meantime, the number of cracks in the sandstone is small
and the scale is small [23]. +erefore, the strength of the
sandstone has not lost much, and the uniaxial compressive
strength of the damaged sandstone has a smaller decrease.
When the cyclic load threshold reaches 0.6σb, a random
distribution of cracks occurs in the sandstone specimen [24].
+e cracks have not yet penetrated, but the number of cracks
generated in the sandstone under the action of the first two
cyclic load thresholds is larger and the scale is larger. At the
same time, the ratio of plastic deformation of sandstone is
also greater than that of the first two stages, and the re-
duction of sandstone strength is also greater. Compared with
the first two cycle thresholds, the reduction of uniaxial
compressive strength is significantly increased. Continuing
to increase the cyclic load threshold until 0.8σb, there are
more cracks in the sandstone than in the first three stages,
and some cracks have formed through [25], but the main
crack of the sandstone has not yet penetrated, so the
sandstone at this time still has some carrying capacity.
Compared with the first three stages, the proportion of
unrecoverable deformation reached the maximum after
removing the external force. +erefore, the uniaxial

compressive strength of the damaged sandstone under this
cyclic load threshold is the largest and the fastest.

Analyzing the static mechanical properties of the
damaged sandstone, it can be found that as the cyclic load
threshold increases, the stress reduction ratio of the dam-
aged sandstone increases monotonically with a quadratic
function, and the growth rate gradually increases. By ana-
lyzing the mechanical mechanism of the damaged sand-
stone, the structural changes in the damaged sandstone at
different degrees are mastered and matched with the mac-
roscopic mechanical properties. So how do these changes in
internal structure affect the dynamic mechanical properties
of damaged sandstone? What is the change law of dynamic
mechanical properties? Next, we explore by analyzing im-
pact dynamics experiments.

4.2. Analysis of Dynamic Mechanical Test Results. By ana-
lyzing the dynamic mechanical properties of sandstone
specimens with different degrees of damage, it can be found
that the dynamic mechanical properties of sandstones with
different degrees of damage are consistent when the impact
gas pressure is 0.3MPa, 0.4MPa, and 0.5MPa. Due to space
limitation, this paper only analyzes the dynamic mechanical
properties of damaged sandstone when the impact gas
pressure is 0.4MPa to explore the dynamic mechanical
properties of sandstone damaged by different cyclic load
thresholds. After processing the dynamic mechanical pa-
rameters with the three-wave method, the dynamic stress
values of different damaged sandstones are obtained, and the
energy of the damaged sandstones is analyzed and calcu-
lated. +e result statistics are shown in Table 2.

It can be seen from the test results that although the
damage degree of sandstone is different under different
cyclic loads, the dynamic strength is increased compared to
the static mechanical strength. Combining the above static
mechanical properties and changes in the sandstone internal
structure with different degrees of damage, the stress re-
duction ratio of damaged sandstone increases with the in-
crease of the cyclic load threshold, and the stress reduction
ratio is a unary quadratic function about the cyclic load
threshold. Does the relationship between the dynamic stress
reduction ratio of damaged sandstone and the upper limit of
cyclic load follow the above-mentioned law?

+rough analysis, it can be found that the dynamic
compressive strength of nondestructive sandstone is
72.33MPa. When the cyclic load thresholds are 0.2σb, 0.4σb,
0.6σb, and 0.8σb, respectively, the dynamic compressive
strength corresponds to 70.37MPa, 65.80MPa, 51.97MPa,
and 29.48MPa, respectively. By comparison, it is not difficult
to find that as the cyclic load threshold increases, the dy-
namic compressive strength of the damaged sandstone
gradually decreases, which is consistent with the laws pre-
sented by static mechanics, which shows that the change of
internal structure of damaged sandstone also affects its
dynamic mechanical properties. Similarly, the change of the
dynamic stress reduction ratio by changing the dynamic
compressive strength with the cyclic load threshold is an-
alyzed, as shown in Figure 7. At the same time, to facilitate
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the analysis, the dynamic strength increase factor (DIF), the
ratio of dynamic mechanical strength to static mechanical
strength, is introduced [26], as shown in equation (20), and
the calculation results are shown in Table 3:

DIF �
σd

σb

, (20)

where σd represents the dynamic compressive strength of
sandstone and σb represents the static compressive strength
of sandstone.

It can be seen from the fitting results that the fitting curve
is y � 1.5485x2 − 0.6049x + 0.0857, and the fitting degree R2

is 0.99995, indicating that the dynamic compressive strength
is highly fitted. From the fitting function, the law that the
dynamic compressive strength of the damaged sandstone
decreases with the increase of the cyclic load threshold is
obtained, and the higher the degree of damage is, the faster
the strength decreases. +is is also consistent with the law

presented by the static compressive strength of damaged
sandstone.

Since the introduction of SHPB technology to China,
many scholars have done a lot of experimental research on
rocks and achieved fruitful results [27–30]. A large number
of previous test data and related literature indicate that there
is a significant strain rate effect in the elastic-brittle material;
that is, the change of strain rate has a great influence on the
mechanical characteristics of the material, so the strength of
the elastic and brittle material under dynamic impact load is
higher than the strength of the specimen measured under
static conditions; that is, the dynamic strength increase
factor (DIF)> 1.

By comparison, it is not difficult to find that as the degree
of damage increases, the dynamic intensity increase factor
(DIF) gradually decreases, because the density of sandstone
after different cyclic load thresholds is different and the
number and scale of weak faces in the structure are different.
According to the Griffith strength theory, under the effect of
static load, these cracks with different numbers and different
scales produce stress concentration due to the tip effect and
are broken [31]. +erefore, the greater the damage of sand-
stone, the greater the number of cracks and the lower the
strength. Under the impact load, the higher the strain rate, the
larger the crack size and number and the more obvious the
crack tip effect. Compared with the nondestructive sandstone,
this phenomenon leads to the relatively weak strain rate effect
and faster dynamic stress reduction of sandstone. With the
increase in crack number, the ability of sandstone to accu-
mulate energy is weakened. Before the strain energy of the
sandstone is released, the energy needed to be absorbed by the
specimen is less, and the more the cracks are, the more

Table 2: Energy statistics of sandstones with different degrees of damage under impact load.

Cyclic load threshold
Specimen size

(mm) σd (MPa) Average of σd (MPa) Wi (J) Wt (J) Wr (J) ωs (J·cm
−3) Average of ωs (J·cm

−3)
Diameter Height

0
49.75 24.68 69.98

72.33
108.64 11.75 40.38 1.1779

1.177950.04 25.61 72.83 106.43 14.27 33.63 1.1621
49.84 26.06 74.17 107.52 11.96 37.49 1.1422

0.2σb

49.92 24.76 68.89
70.37

106.68 12.26 46.56 0.9876
0.987649.95 25.09 71.57 108.47 10.88 48.67 0.9950

50.02 25.11 70.56 106.82 10.37 47.24 0.9973

0.4σb

49.94 24.64 66.69
65.80

101.06 8.02 47.67 0.9400
0.940049.88 25.12 67.91 104.90 7.55 50.37 0.9571

50.04 24.94 62.81 101.98 7.67 48.74 0.9290

0.6σb

50.04 25.05 48.37
51.97

110.24 4.87 68.84 0.7415
0.741549.96 24.85 54.15 103.65 5.23 61.21 0.7638

49.97 26.12 53.39 100.66 4.35 58.11 0.7457

0.8σb

50.01 25.13 29.89
29.48

103.73 2.29 69.53 0.6464
0.646449.95 26.22 31.47 108.47 2.75 70.88 0.6780

49.95 24.06 27.09 108.84 3.32 75.94 0.6274
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Figure 7: +e relationship between dynamic stress reduction ratio
and damage degree of sandstone.

Table 3: DIF of sandstones with different degrees of damage.

Cyclic load threshold 0 0.2σb 0.4σb 0.6σb 0.8σb

DIF 1.2013 1.1933 1.1800 1.1404 1.0975
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obvious this phenomenon is [32]. In addition, under the static
load of low strain rate, the cracks in sandstone gradually
expand, and then the whole sandstone is destroyed and
destabilized. Under the impact load, with the combined action
of strain rate effect weakening and crack tip effect, the dy-
namic strength of sandstone decreases faster. So, the influence
of crack number and size on strength weakening is more
obvious than that under static load.+is is also the reason why
the dynamic strength increase factor (DIF) gradually de-
creases as the upper limit of cyclic load increases. To verify the
law of DIF reduction, through the analysis of two fitting
functions, it is proved frommathematical theory, as shown in
equation (21). Calculating the first derivative of the function,
it is found that the function increases monotonically in the
range of damage threshold, and y is always greater than 0.+is
shows that the dynamic stress reduction rate of damaged
sandstone is faster than that of static stress reduction rate, so
DIF monotonically decreases:

y � yd − ys, (21)

where yd is the dynamic stress reduction rate of damaged
sandstone and ys is the static stress reduction rate of
damaged sandstone.

By analyzing the dynamic stress and dynamic strength
increase factor (DIF) of the damaged sandstone, the basic
properties of the dynamic mechanics of the damaged
sandstone are grasped, but the analysis of the dynamic
mechanical properties of the damaged sandstone is not
enough only by the dynamic strength.+erefore, the authors
combined energy dissipation to analyze the dynamic me-
chanical properties and energy evolution of damaged
sandstone. +e energy evolution curves of sandstones with
different degrees of damage over time are shown in
Figures 8–12. At the same time, the statistics of the per-
centages of various energies in the incident energy are shown
in Table 4, and the proportion of each energy in the
sandstone with different degrees of damage is plotted, as
shown in Figure 13.

Combined with equation (7), the energy evolution of
damaged sandstones is shown in Figures 8–12. With time,
the four energies of incident energy, dissipated energy, re-
flected energy, and transmission energy gradually increase.
+ere is no significant change in the four energies in the
initial 50 μs, because the stress wave is in the rising period in
this range [28]. For nondestructive sandstone and low-stress
cyclic loading sandstone in the stage of elastic deformation,
the energy absorbed by the sandstone is mainly stored in the
form of elastic energy [26]. For the damaged sandstone with
0.6σb and 0.8σb as the cyclic load threshold, there are many
cracks in the specimen [33], and the stress wave exists in the
form of reflected energy under the action of the cracks
randomly distributed in the damaged sandstone. However,
during the period from 50 μs to 250 μs, the growth rates of
the four energies are significantly different, and the growth
rates of the four energies in this phase range have reached the
maximum. After 250 μs, the cracks inside the sandstone
quickly expanded and induced new cracks until the cracks
penetrated to a certain extent. At the same time, the strain

energy stored in the sandstone is released, which further
promotes the development of ring cracks. Eventually, the
four kinds of energy approach a stable value, so the energy
growth rate is also smaller than the previous stage.

It can be seen from Figures 8 to 13 and Table 4 that,
under the same impact pressure, the incident energy is the
same, but the proportion of dissipated energy, reflected
energy, and transmission energy of the sandstones with
different damage levels is different. For nondestructive
sandstone, the wave impedance matches the wave imped-
ance of the incident bar. +erefore, when the stress waves
reach the contact surface between the sandstone specimen
and the incident bar, the reflected stress waves are small,
except a small part of the stress waves which are transmitted
to the transmission bar in the form of transmitted stress
waves, and the rest of the stress waves are absorbed in the test
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Figure 8: Energy evolution of nondestructive sandstone.
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Figure 9: Energy evolution of sandstone with upper limit of cyclic
load 0.2σb.
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piece, which are used for the cracking and breaking of the
sandstone specimen and are eventually dissipated in the
form of energy. +erefore, the energy of the nondestructive
sandstone under the impact load is mainly used in the form
of dissipated energy to break the sandstone specimen, and at
the same time, a certain proportion of the transmission
energy is absorbed by the damper.

From the static mechanical properties of the sandstone
mentioned above, the internal structure of damaged sand-
stone is different under different cyclic loads [20, 34]. Under
the cyclic load of 0.2σb and 0.4σb, the damage of the internal
structure of the damaged sandstone is very limited, the
original pores are closed under the static load, and there is
local deterioration in the sandstone in the closed area. On
the one hand, despite the primary pores that are compacted

and closed, the free faces on both sides are pressed against
each other and closed, but it does not change the fact that
there are weak faces at the closed primary pores area. On the
other hand, under the action of low-stress cyclic load, al-
though the rock is mainly elastically deformed, some new
cracks still occur, which are also weak faces [20]. Under the
impact load, the stress waves transmit and reflect when they
reach the contact face of the specimen and the weak faces in
the specimen, and the weak surface in the damaged sand-
stone is not in the same plane but randomly distributed in
the damaged sandstone [35]. +erefore, when passing
through any plane with weak faces, reflection and trans-
mission occur, and the weaker the faces are, the greater the
number of reflections is, which results in large reflection
energy and a small transmission energy. Also, when a cyclic
load of 0.4σb is applied to a sandstone specimen, the weak
faces generated inside are slightly more than that generated
by the cyclic load of 0.2σb. But since they are also in the
elastic stage, there is no obvious difference in quantity, only a
small increase [36]. +erefore, when the upper limit of the
cyclic load is 0.2σb and 0.4σb, the reflection and transmission
of the stress waves are not much different. +e cyclic load of
0.4σb is only a small increase from the reflected stress waves
of 0.2σb.

Under the above two cyclic loads, there are no obvious
cracks in the sandstone. So, the energy change is small
compared to nondestructive sandstone. As the cyclic load
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Figure 10: Energy evolution of sandstone with upper limit of cyclic
load 0.4σb.
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Figure 11: Energy evolution of sandstone with upper limit of cyclic
load 0.6σb.
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Figure 12: Energy evolution of sandstone with upper limit of cyclic
load 0.8σb.

Table 4: Energy ratio of sandstones with different degrees of
damage under impact load.

Cyclic load
threshold

Ratio of Wt

(%)
Ratio of Wr

(%)
Ratio of Ws

(%)
0 11.78 37.55 50.67
0.2σb 9.41 42.25 48.34
0.4σb 7.55 47.66 44.79
0.6σb 4.60 62.73 32.66
0.8σb 2.60 67.38 30.02
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threshold increases to 0.6σb, the number of cracks generated
in the sandstone is larger and the scale is larger. At this time,
the cracks are randomly distributed in the damaged sand-
stone. When the stress waves encounter such cracks that are
larger in scale andmore in number, the stress waves generate
a greater proportion of reflection and a smaller proportion of
transmission.With the continuous increase of the cyclic load
threshold until 0.8σb, the cracks randomly distributed in the
damaged sandstone have formed penetration, but the main
crack has not yet penetrated. +erefore, the sandstone is still
intact macroscopically, but the densely interlaced cracks
have caused the sandstone at this time to lose most of its
bearing capacity. When stress waves propagate to such
sandstone specimens, there are very few transmitted waves,
and most of them exist in the form of reflected waves.

In summary, when the impact load acts on the non-
destructive sandstone, there are almost no cracks inside and
the required braking energy is the largest, and because there
is no weak face, the transmission energy is also the largest. At
this time, the incident energy is mainly used to break the
sandstone specimen. Damaged sandstones under the action
of two cyclic load thresholds of 0.2σb and 0.4σb have similar
internal structures, so the proportions of various energies are
very close, but the latter has a slightly smaller dissipated
energy than the former. Due to the presence of partial
damage, the energy required to break the damaged sand-
stone is less than that of the nondestructive sandstone. From
this, it can be found that the greater the degree of damage,
the smaller the dissipated energy required when the dam-
aged sandstone is broken under the impact load. +erefore,
as the threshold of cyclic load increases, the proportion of
dissipated energy gradually decreases. Similarly, as the de-
gree of damage increases, the number and proportion of
weak surfaces in the damaged sandstone gradually increase,
the proportion of reflected stress waves gradually increases,
and the proportion of transmitted stress waves gradually
decreases. +erefore, as the degree of damage increases, the

proportion of reflected energy gradually increases, and the
transmitted energy gradually decreases.

5. Discussion

Under the impact load, the destruction process of sandstone
is closely related to energy evolution. +eoretically, under
the same impact pressure, the destruction law of sandstone is
approximately the same. Based on Kaiser effect of the rock,
the authors combined it with the actual situation of the
project and treated the sandstone with different cyclic load
thresholds to make the sandstone in different degrees of
damage. +e static mechanical properties and internal
structure differences of damaged sandstone after cyclic
loading are analyzed, and the differences in dynamic me-
chanical properties are further analyzed. It is also because of
the different internal structure of sandstone damaged by a
static load, which leads to different dynamic strength en-
hancement factors of sandstone with different degrees of
damage. Under the effect of impact load, reflection and
transmission of stress waves in different degrees and pro-
portions occur during the propagation, due to different
number and scale of cracks in sandstones with different
degrees of damage. At the same time, the energy absorbed by
sandstones with different damage levels is also different.+is
also makes the dissipation energy required for sandstone
damage with different damage levels different under the
same incident energy, which also causes the difference in the
proportion of reflected energy and incident energy. In coal
mines with a high tendency to rock burst, by analyzing the
law of energy evolution of the rock under the impact load, it
can be found that as the damage degree increases, the
proportion of dissipated energy decreases and the propor-
tion of reflected energy increases. +at is, less energy is used
to break the rock, but the proportion of reflected energy
which has increased should also be noted. Since the effect of
reflection and stretching is strong on the brittle materials
such as rocks, when studying dynamic disasters such as rock
bursts, the damage degree of the rock should be combined,
the relative relationship between the transmitted energy and
the dissipated energy under the impact load should be ex-
plored, and the types of dynamic disasters should be ana-
lyzed for formulating a more reasonable solution to the
danger and preventive measures. By systematically studying
the dynamic mechanical properties and energy evolution
laws of sandstones with different damage degrees, it provides
a certain reference for the research and prevention of the
treatment of rock burst mechanism.

6. Conclusion

(1) +e sandstones under different cyclic loading
thresholds are in different degrees of damage. +e
stress reduction ratio and the dynamic stress re-
duction ratio of the uniaxial compressive strength of
damaged sandstone increase with the increase of the
cyclic load threshold, and the two are unary qua-
dratic functions about the cyclic load threshold.

70

60

50

40

Ra
tio

 o
f t

he
 th

re
e k

in
ds

 o
f e

ne
rg

y 
(%

)

30

20

10

0
0.0 0.2

Cycle load threshold
0.4 0.6 0.8

Transmission energy
Dissipated energy
Reflected energy
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(2) Under the same impact pressure, the dynamic
strength increase factor (DIF) of the damaged
sandstone is greater than 1, and it decreases with the
increase of the cyclic load threshold.

(3) Under the condition of a certain impact load, due to
the difference in the number and scale of cracks in
the sandstone with different degrees of damage,
under the comprehensive effect of cracks, the dis-
sipated energy density per unit volume of the
damaged sandstone decreases with the increase of
the cyclic load threshold, and the change law of
reflected energy is the opposite of the threshold.

(4) In coal mines with a rock burst tendency of medium
or higher hazard level, especially deep coal mines, the
damage degree of the rock mass should be analyzed
first, and then the correlation between transmission
energy and dissipated energy should be determined
according to its impact dynamics performance, the
cause of dynamic disasters should be analyzed, and
reasonable measures should be taken to resolve the
danger.
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