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Abstract: Investigation of the damage characteristics of rock material under the combined effect of
cyclic load and impact load is extremely crucial for many mining engineering applications. Based
on energy dissipation theory, we considered factors such as circulation times, the cyclic stress of
a uniaxial cyclic load test, and the impact pressure (strain rate) of a split Hopkinson pressure bar
(SHPB) test, studying the damage mechanism of red sandstone under the combined action of a
uniaxial cyclic and impact loads. We found that when the load stress is 60%, 70%, and 80% of the
uniaxial compressive strength (UCS) of red sandstone, the stress can still promote the development of
microcracks and the generation of new cracks in the rock, increasing the inner damage of the rock so
that it reduces the rock strength. As the cyclic time increases, the energy dissipation ratio presented a
trend of decreasing dramatically and then maintaining basically no change, and the peak strain and
the damage variable of the rock both increased first and then tended to remain relatively constant.
The damage variable of the rock specimen under the combined action of the uniaxial cyclic loading
and impact load had a significant corresponding relationship with the initial damage. As the rock
specimen initial damage increases, the damage variable and the peak stress of the rock specimen both
decreases almost linearly with initial damage. Meanwhile, the average particle diameter of the rock
specimen after breakage gradually increased, showing a positively correlated tendency. The ratio
between the fragment quality of the bigger particle diameter in the total rock specimen quality
gradually increased. Under the conditions of the same initial damage, a higher impact pressure
resulted in smaller rock fragment average particle diameters.

Keywords: rock damage; cyclic loading-unloading; impact load; energy dissipation

1. Introduction

Rock masses often suffer from the combined action of cyclic loads and impact loads in many
mining engineering applications [1-3]. For instance, the rock bench above slopes in an open pit coal
mine are usually subjected to combined action of the cyclic loads of passing heavy trucks and the
impact loads of blasting. Specifically, shovel trucks handling materials are the preferred system in
open pit mining due to the featured efficiency, flexibility, and high productivity [4]. Generally, haul
roads of trucks are arranged above the slope, and the payload capacities of ultra-large trucks are up
to hundreds of tons, which have a huge cyclic impact on the rock strata of slopes exposed to such a
load [5]. Mines commonly adopt loosening blasting before stripping the overburden over coal seams,
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and the shockwave generated by blasting may also have a strong load effect on rock slopes [6,7]. As
a result, the strength of the rock mass gradually decreases under this combined load, which causes
surrounding rock instability and potentially engineering disasters [8-10]. Hence, basic research on the
rock damage behavior under the combined action of cyclic load and impact load is vital for optimizing
engineering designs and preventing geological disasters.

Research of the cyclic load or impact load on rock damage has produced some achievements.
Duan et al. [11] found that the deformation degree and dissipated energy of sandstone undergo
synchronous changes under the action of uniaxial cyclic load, so the dissipated energy curve reflects
the fatigue fracture of the sandstone. Ning et al. [12] analyzed the stress—strain relationship, acoustic
emission mode, and energy evolutionary characteristics in the triaxial compression test, constructing
a new method for determining crack generation and expanding threshold valve energy dissipation.
Cerfortaine and Collin [13] studied the fatigue and cyclic loading technology of natural rock materials,
finding that cyclic loading is the main reason for damage accumulation. Lv et al. [14] studied the fatigue
strength and damage mode of coal specimens under the conventional compression test conditions.
A low breakage point of the coal specimen is conducive to the growth and rapid development of
cracks on a large scale. In a long-term cyclic loading test, this is conducive to generating small cracks.
Wang et al. [15] studied the creep property and damage model of rock salt regarding the low-frequency
cyclic loading effect. Yin et al. [16] studied the mechanical behaviors of sandstone after thermal
treatment and established a damage constitutive law under an impact load. Li [17] systematically
studied the mechanical properties and damage fracture mechanisms of coal series sandstone under
high temperature and high strain rate actions, thus obtaining the stress—strain curve, influence rules of
the peak stress, and peak strain of the coal series sandstone under high temperature and high strain
rate, determining the failure characteristics and transformation laws of energy dissipation as a function
of the temperature and temperature loading rate. Wang et al. [18], Zhang et al. [19], and Chen et al. [20]
studied the energy dissipation and damage evolution of the sandstone dynamic compression process
after a freezing and thawing cycle. As the cycle number increases, the dynamic uniaxial compression
strength and elasticity modulus lower. Du et al. [21] studied a damage constitutive model of red
sandstone under the coupling action of a dry and watering cycle and impact load. Lu et al. [22] and
Gu et al. [23] studied the mechanical properties and energy dissipation of rocks with different moisture
contents under an impact load. Yin et al. [24] analyzed the dynamic mechanical properties of quickly
cooling high-temperature granite. The through crack caused by rapid cooling has a decisive influence
on the failure mode of rock specimens under the action of a dynamic load.

Some scholars discussed the damage definition in cyclic loading and unloading tests or dynamic
loading tests. Liu et al. [25] and Wang et al. [26] adopted the ratio of the area of a microdefect to the
cross-sectional area of a rock specimen to determine the damage to rock specimens. Sun et al. [27]
examined the fatigue damage evolution of sandstone and its mechanical behavior under cyclic
loading and redefined the size parameter of a multi-axial fatigue damage model. Lemaitre [28] and
Peng et al. [29] adopted the degraded elasticity modulus to define damage in a cyclic loading and
unloading test. Xie et al. [30], Hou et al. [31], and Liu et al. [32] considered plastic deformation
and constructed elasticity modulus correction methods to define the damage to a uniaxial test rock
specimen. Feng et al. [33] conducted dynamic loading tests on coal specimens with the Split Hopkinson
Pressure Bar (SHPB) system, analyzing the dynamic behavior and energy dissipation characteristics,
discussing the energy dissipation mechanisms based on the coal’s fracture process under the dynamic
load, and introducing a semi-empirical dissipation model describing the positive correlation between
dissipated energy and stress.

Scholars have already examined the damage of uniaxial cyclic loading or impact loading, but the
damage mechanism of rock under the combined action of uniaxial cyclic loading and impact load
requires further study. Based on energy dissipation theory, we considered factors such as circulation
times, the upper and lower limits of cyclic stress of a cyclic load test, and the impact pressure of an
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impact test, studying the damage mechanism of rock under the combined action of cyclic and impact
load. The research results can be used to optimize engineering designs and prevent geological disasters.

2. Materials and Methods

2.1. Materials

The red sandstone used for the experiments was obtained from an open-pit mine in China, with
an average density of 2.41 g/cm3. The standard cylindrical rock specimens (Figure 1) have dimensions
of 50 mm (in diameter) X 100 mm (in height) and were prepared with a coring machine, rock saw,
and grinder. The main mineral contents (Figure 2) were 67% albite, 14.9% quartz, 13.4% anorthoclase,
3.3% laumontite, and 1.4% santafeite. There were no visible joints or cracks. On the entire rock
specimen altitude, the diameter error was below 0.3 mm and the non-parallelism of both ends was

below 0.05 mm.

Figure 1. Standard red sandstone specimens.
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Figure 2. Composition analysis of the red sandstone specimens.

2.2. Experimental Scheme

The experiment in this study was divided into three stages, and the specific steps are as follows:

Firstly, six standard-sized cylindrical rock specimens, numbered R1-1 to R1-6, were selected for a
uniaxial compressive strength (UCS) test. The objective of the test was to obtain the UCS of the red
sandstone specimens. The results would provide the necessary data for the subsequent uniaxial cyclic
loading and unloading test and the split Hopkinson pressure bar (SHPB) test.

Secondly, the uniaxial cyclic loading and unloading test was carried out by a microprocessor
control tester, as shown in Figure 3. We divided 18 red sandstone specimens into 3 groups on average.
For each group, the rock specimens were firstly loaded to 20% of the UCS (o) of red sandstone (0 min)
at a loading rate of 1.5 kIN/s, then the load was kept constant for 300 s (T1). The axial stress was then
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loaded at 60%, 70%, or 80% of the UCS (o.) of the red sandstone (omax) at a loading rate of 1.5 kIN/s,
then immediately unloading the stress to opmin at a loading rate of 1.5 kIN/s and maintaining this state
for 30 s (T3), then circulating repeatedly for 100, 200, or 600 times, respectively. Figure 4 illustrates the
loading path during the cyclic loading process. Table 1 provides the detailed experimental schemes.

Figure 3. A microprocessor control tester.
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Figure 4. Stress path diagram of uniaxial loading and unloading test.

Table 1. Cyclic loading test scheme.

Specimen Number Loading/Unloading Rate Omin Omax Number of Cycles
R6-6-1, R6-6-2 600
R6-1-1, R6-1-2 60% o 100
R6-2-1, R6-2-2 200
R7-6-1, R7-6-2 o 600
R7-1-1, R7-1-2 15 kN 0% 7090, 100
R7-2-1, R7-2-2 200
R8-6-1, R8-6-2, 600
R8-1-1, R8-1-2 80% o 100
R8-2-1, R8-2-2 200

Note: For example, in specimen number R8-2-1, 8 indicates that the omax value is 80% of o, 2 indicates that the
cyclic number is 200, and 1 indicates that it is the first specimen.
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Thirdly, every piece of a rock specimen (50 x 100 mm) subjected to the cyclic loading test was cut
into 3 pieces (P50 x 25 mm) for the SHPB test. For instance, rock specimen R6-1-1 was cut into three
pieces, producing R6-1-1-1, R6-1-1-2, and R6-1-1-3. The detailed test scheme is summarized in Table 2.
Some rock specimens that were not subjected to the cyclic loading test (R1-7-1, R1-7-2, R1-7-3, R1-8-1,
R1-8-2, and R1-8-3) were selected as the control group. A grinding machine is used to flatten the ends
of each specimen to the condition in which the ends of the specimen are flat to 0.02 mm and are not
allowed to depart from perpendicularity to the specimen axis by more than 0.001 rad or 0.025 mm
in 25 mm. The sides of the specimen are kept smooth, and the abrupt irregularities and straight are
limited to 0.02 mm over the full length of the specimen. The ultrasonic velocities of the specimens are
measured in order to group the specimens with similar velocities [34].

Figure 5 shows the schematic of the SHPB system. The SHPB tester mainly has four parts: the
striker bar, incident bar, transmission bar, and absorption bar, respectively. These parts are made of
40Cr steel. The elasticity modulus was 240 GPa, and the longitudinal wave velocity was 4975 m/s.
The striker bar had a length of 200 mm, a diameter of 37 mm, and an ultimate strength of over 800 MPa.
The incident bar had a length of 2400 mm, a diameter of the striker bar contact end of 37 mm, and
a diameter of 50 mm after a 120 mm transition. The transmission bar had a length of 1400 mm and
a diameter of 50 mm. The strain gauge on the incident bar was 1190 mm from the rock specimen,
and the strain gauges are attached to the transmission bar with distances 1000 mm away from the
rock specimen.

High Pressure High Speed Camera
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Strik:r Bar Incident Bar Specimen Transmission Bar ~ Absorption Bar
Rl

---------- Gas Gun |- T — S i Buffer |-
I

Ultra-dynamic
Strain Amplifier

Computer
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Figure 5. The split Hopkinson pressure bar (SHPB) test system.

Table 2. Split Hopkinson pressure bar (SHPB) test scheme.

Specimen Number Impact Pressure (MPa)

R1-7-1, R1-7-2, R1-7-3
R6-1-1-1, R6-1-1-2, R6-1-1-3, R6-2-1-1, R6-2-1-2, R6-2-1-3

R7-1-1-1, R7-1-1-2, R7-1-1-3, R7-2-1-1, R7-2-1-1, R7-2-1-3 0-30
R8-1-1-1, R8-1-1-2, R8-1-1-3, R8-2-1-1, R8-2-1-1, R8-2-1-3

R1-8-1, R1-8-2, R1-8-3
R6-1-2-1, R6-1-2-2, R6-1-2-3, R6-2-2-1, R6-2-2-1, R6-2-2-3 035

R7-1-2-1, R7-1-2-1, R7-1-2-3, R7-2-2-1, R7-2-2-2, R7-2-2-3
R8-1-2-1, R8-1-2-1, R8-1-2-3, R8-2-2-1, R8-2-2-2, R8-2-2-3
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2.3. Test Data Processing Method

Figure 6a shows the stress—strain curve obtained by the SHPB test, taking rock specimen 1-7-1 as
an example. For the separation of the incident, transmitted, and reflected waves, the method proposed
by Li [35] was used, which is based on the theoretical study of stress wave propagation characteristics
in an elastic rod, with 1/3 site of the stress amplitude value as the starting point and the modified
average slope as the extrapolated line slope. Then, the intersection with the datum line is considered
the calculation starting point of the wave and the zero-crossing point variable symbol point as the wave
termination site. This method was used to process the wave curve shown in Figure 6a to produce the
wave curve shown in Figure 6b. Then, the wave curve was integrated to obtain the wave curve shown
in Figure 6¢. Figure 6¢c shows that the method can quickly and effectively separate the stress—strain
curve obtained by the SHPB test, and the superimposed waveform of the incident wave and the
reflected wave coincide with the wave curve of the transmitted wave, which verifies the effectiveness
of the method proposed by Li [35].
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Figure 6. SHPB test wave curve processing contrast diagram (In implies Incident wave, Re implies
Reflected wave, Tr implies Transmitted wave): (a) Original wave diagram, (b) wave curve processed
with Li’s method [35] and (c) wave curve after a symmetrical wave.

2.4. Calculation Methods of Rock Damage

2.4.1. Energy Dissipation Analysis

Rock deforms because of external loads, which leads to the development of internal rock defects
and the deterioration of rock performance. Energy is the force driving the development, expansion, and
damage development of rock defects [36-39]. In the process of rock deformation caused by external
loads, it undergoes compaction, elastic, stable rupture development, unstable rupture development,
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and post-peak failure stages. Each stage is closely related to energy conversion. Under the uniaxial
stress state, it is assumed that the rock external load deformation process has no heat exchange with the
external environment, that is, the rock forms a closed system because of the external load. According
to the first law of thermodynamics, the total input energy W produced by the work of internal and
external forces per unit volume of rock is as follows:

W= f ode, 1)

where o is the axial stress, and ¢ is the axial strain.

In the uniaxial cyclic loading test, the stress—strain curve of the ith loading and unloading is used
to indicate the relationship between the strain energy and dissipated energy. As shown in Figure 7, the
loading path is AB and the unloading path is BC. The general strain generated in the rock loading
stage is ¢;, the recoverable strain released in the unloading process is ¢7, and the residual strain is eld.
The residual strain causes rock damage—the plastic deformation energy dissipation. If it is analyzed
from the energy perspective, the area circled by the loading curve AB and horizontal axis is the
total input energy, W;, and the area circled by the unloading curve BC and horizontal axis (curve
BCEDB) is the unloading recovery strain energy, W7. The difference between W; and W7 minus the
area of rectangle ACEF (Wacgr) is the energy of the ith uniaxial cyclic loading and unloading energy
dissipation. Therefore:

WiCl = W; = W? — Wacgr = f ode —f ode —amine?, 2)
AB CB

where W;, W¢, Wl.Cl and W cgr are the input energy, elastic strain energy, dissipation energy, and area of
rectangle ACEF of the ith cyclic loading and unloading unit volume of the rock specimen, respectively.

Axial stress

-
Axial strain

Figure 7. The relationship between the strain energy and dissipated energy.

In the SHPB test, the material performance test was conducted through the following process:
The punch collides with the incident bar under the driving force of the high-pressure gas, forming an
incident pulse, €1(t), in the incident bar. When the incident pulse propagates to the two ends of the
rock specimen in the incident bar, the stress impulse acts on the rock specimen and is reflected and
transmitted repeatedly at the rock specimen interface at both ends, causing the high-speed deformation
of the rock specimen. Simultaneously, part of the impulse is reflected and the other part of the impulse
is transmitted through the rock specimen into the incident bar, forming the reflected impulse signal
er(f) and the transmitted impulse signal et(f). Each signal is recorded by the signal acquisition
system by a strain gauge on the incident bar and transmission bar. After the completion of the test, the
mechanical properties of the rock specimen and the corresponding parameters can be obtained by
further calculating the stress wave signals in the incident bar and the transmission bar.
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The stress, strain, and strain rate of the rock specimen in SHPB test are obtained by adopting a
three-wave method for data processing [35,40]:

o ler(t) = er(t) — ex(b)]dt
(t) —er(t) —er(t)] (©)]
o(t) = #=Eler(t) + er(t) + ex(h)]

where ¢1(t), er(t), and e7(t) represent the strain signals of the incident wave, reflected wave, and
transmitted wave, respectively; C, E, and A represent the stress wave velocity, elasticity modulus of the
rod material, and the cross-sectional area of the incident bar and transmission bar, respectively; and L
and Ag represent the initial length and cross-sectional area of the rock specimen, respectively.
According to the hypothesis of the stress evenness, if the stress in the rock specimen is always the
same, then:
er(t) + er(t) = ex(t), (4)

Substituting Equation (4) into Equation (3), the two-wave treatment formula of the test data can
be obtained: ,
e(t) = 2§ [ er(t)dt
e(t) = —2%er(t) (5)

O<t) = AOEST(Q

Then the calculation formula of the incident energy, W, reflected energy, Wg, and transmitted
energy, Wr, can be obtained:

AC (t t
Wi = Tfot o¥(t)dt = ACEfOte%(t)dt
Wg = 4¢ fot 0% (t)dt = ACE ff’t e2(t)dt , (6)
Wr = 4€ [ 02(t)dt = ACE [ €2(t)dt

where 07, o, and o7 represent the stress signals of the incident wave, reflected wave, and transmitted
wave, respectively.

Because the rock specimen was smeared with Vaseline on the end surface, the friction between
the compression rod and rock specimen can be ignored. According to the SHPB test principle, the
dissipated energy in the system Wp can be expressed:

t
Wp = Wj — Wg — Wy = ACE fo [e2(t) - & (t) - 2(1)]at, @)

where the variable symbols in the formula have the same significance as above.

2.4.2. Rock Damage Calculation

Red sandstone is a heterogeneous multiphase composite structural material with various interior
defects. The fracture process of red sandstone is essentially a process of energy accumulation,
dissipation, and release. The deformation and fracture of red sandstone is closely related with energy
transformation. Rock specimen damage and plastic deformation both consume some input energy.
The energy consumed in this part is called dissipated energy. Therefore, the ratio of dissipated energy
to input energy can reflect the interior damage development and plastic deformation of the rock
specimen to a certain extent.

In the uniaxial cyclic loading and unloading test, it is assumed that the energy loss between the
rock specimen and the contact surface of tester is ignored. Then the energy dissipation ratio &; can
be introduced, it represents the ratio of the dissipated energy in the input energy during the uniaxial
cyclic loading and unloading process [11,12]. The energy dissipation ratio &; is unable to represent
the influence of the cyclic number to the rock damage, so the damage variable D, is introduced. D,
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represents the damage of the rock specimen after n events of cyclic loading and unloading. Therefore,
the energy dissipation ratio of the rock specimen &; after the ith cycle of loading and unloading and the
damage variable of the rock specimen D,, can be represented as follows:

wd
i
&i W, 8
Wd
Di’l - W/ (9)

where Wl.Cl and W; are the dissipated energy and input energy of the ith cyclic loading and unloading,
respectively; &; is the energy dissipation ratio of the rock after the ith cyclic loading and unloading; D,
is the damage variable of the rock specimen after experiencing n cyclic loading and unloading events;
W4 is the approximate area circled by the curve ABCG (Figure 8); and W is approximately the area
circled by the curve ABCDF (Figure 8).

A

O,

Y

Axial stress

Y

A

ial strain

>

Figure 8. Stress—strain curve of the uniaxial cyclic loading and unloading test.

As shown in Figure 8, after practical curve verification, we found the ratio of the area circled
by the curve BKH and the total input energy is less than 0.1% of the case with two circulations.
When circulating three times, the ratio between the area circled by the curve HMN and the total input
energy is lower, so the influence of the area circled by the curve BKH and the curve HMN and the
similar curves can be ignored.

In the SHPB test, the energy loss between the incident bar, the transmission bar, and the rock
specimen interface is ignored. The damage variable D is introduced here, which represents the rock
damage after experiencing the SHPB test. The damage variable D can be calculated by:

Wp

D=-L2 1
o (10)

where D is the damage variable, Wp is the dissipated energy, and Wj is the incident energy.
3. Results

3.1. Rock Stress—Strain Curve of the Cyclic Load Test

In the UCS test, the UCS values of six rock specimens were 48.5, 59.5, 56.3, 62.4, 55.6, 52.8 MPa,
respectively, and an average UCS was 55.8 MPa, as illustrated in Table 3. Figure 9 presents the
stress—strain curves of the six rock specimens.
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Table 3. Record table of uniaxial compressive strength (UCS) test.

. Cross-Sectional Uniaxial Compressive Strength o, (MPa)
N
Specimen Number Area Ag(mm?) Peak Stress P (kN) Test Value Average Value
R1-1 1979.23 95.958 48.5
R1-2 1995.04 118.668 59.5
R1-3 1972.93 111.110 56.3 55.8
R1-4 2007.72 125.288 62.4 ’
R1-5 1980.81 110.082 55.6
R1-6 1929.09 101.760 52.8
70
60 —RI1-1
A
= 50
S ,
2
w40
8
= 30
B>
<
20
10
0 - L
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Axial strain (%)

Figure 9. Stress—strain curve of the UCS test.

In the cyclic loading test, the peak strain of the rock specimen in the cyclic loading and unloading
test has a certain relationship with the cyclic upper limit loading. As exhibited in Table 4 and Figure 10,
the uniaxial compressive strength of the rock specimen with a cyclic upper limit load of 60% of o had
no significant damage after circulating 600 times. The uniaxial compressive strength rock specimens
with the cyclic upper limit load of 70% of ¢ had significant damage after circulating 314 and 358 times.
The two uniaxial compressive strength rock specimens, with a cyclic upper limit load of 80% of o,
suffered significant damage after cycling for 229 times, and 252 times, respectively.

Table 4. Test results of the rock specimen after cycling for 600 times.

Specimen Number Cycle Number Failure Condition
R6-6-1 600 No failure
R6-6-2 600 No failure
R7-6-1 314 Failed
R7-6-2 358 Failed
R8-6-1 229 Failed
R8-6-2 252 Failed

The growth rate of peak strain was not constant during the whole test process. When the rock
specimen was not destroyed, the accumulation of deformation generated by the first cycle was the
largest, and the rate of deformation accumulation decreased with the number of cycles. When the
rock specimen was destroyed, the accumulation of deformation in the first cycle and the last cycle
was usually larger than the accumulation of deformation between the two cycles. Between these two
cycles, the stress—strain curves of rock specimens were approximately straight and closed.
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Figure 10. The stress—strain curve of the cyclic loading and unloading test.

In the uniaxial cyclic loading and unloading experiment, a certain relationship existed between
the peak strain of the single cycle and the number of cycles. As shown in Figure 11, the peak strains of
the rock specimens under three different loading conditions were statistically analyzed. We found that
peak strain of the rock specimen increased obviously as the number of cycles increased in the first 200
circulations, regardless of the upper limit of the cyclic loading and unloading stress, whether 60%, 70%,
or 80% of o.. When the number of cycles was more than 200, the peak strain accumulation rate was



Energies 2020, 13, 2154 12 of 21

almost equal to zero as the number of cycles increased. Therefore, we mainly studied the effects of the
first 200 cycles of the loading and unloading tests.

1.74

1.72 F

1.70 | e}

1.68 |

1.66 —R6-6-1
—— R6-6-2

Peak strain (%)

1.60 L L L L
0 100 200 300 400 500 600

Cycle number

(@)

1.96 2.26

224 F
1.94 F

222F

1.92 F 2.20

2.18

2.16
1.88 b —R7-6-1

—R7-6-2
1.86 2.12

Peak strain (%)
Peak strain (%)

2.14

2.10
1.84 F

2.08

1.82 L L L L L
0

2.06 1 L L
50 100 150 200 250 300 350 0 50 100 150 200

Cycle number Cycle number

(b) ©

Figure 11. The relationship between the cyclic loading and unloading peak strain and cycle number
when the stress upper limit is (a) 60%, (b) 70%, and (c) 80% of o..

3.2. Rock Damage under Cyclic Load and Impact Load

As shown in Figure 8, if the rock specimen is destroyed in the nth cycle, the stress unloading
curve is CR, the dissipated energy in Equation (9) is equal to the area surrounded by curve ABCRA,
and the input energy is equal to the area surrounded by curve ABCRA. Then, the damage variable
of rock specimen Dj, is equal to one. If the rock specimen is not destroyed in the nth cycle, the stress
unloading path is CG, and the dissipated energy in Equation (9) is equal to the area of curve ABCGA.
If the area enclosed by curve ABCRA is the value of the input energy, then the damage variables of
rock specimen D, is less than one.

As shown in Figure 12, under 60%, 70%, and 80% of o, three stress upper limits occurred in the
cyclic loading test. For the first 200 cycles, as the number of cycles increased, &; presented a trend
of decreasing dramatically and then maintaining basically no change. The peak strain and D,, both
increased first and then tended to remain relatively constant. The reason for this is that when ¢&;
decreases and total input energy is unvarying, the dissipated energy used for the generation and
development of inner rock fissures decreases, and as a result, the increases in the peak strain and D,
both decrease.
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Figure 12. The relationship of the rock specimen damage variable, energy dissipation ratio of a single
cycle, peak strain, and cyclic number under three different kinds of stress upper limits in the cyclic
loading and unloading test: (a) 60%, (b) 70%, and (c) 80% of o¢.

Therefore, under the condition of not changing the lower limit of stress in the cyclic loading test,
the influences of the cycle number (i.e., the peak strain) and the energy dissipation ratio of a single
cycle (&;) on the damage variable (D,,) are considered, which can better reflect the actual rock damage.

As shown in Figure 13 and Table 5, we statistically analyzed the relationship between the rock
specimen damage variable D,, under three different kinds of stress upper limit conditions in the cyclic
loading test and the cycle number. We found that the damage variables, Dy, of the rock specimens under
60%, 70%, and 80% of o, the three stress upper limits, have a rather significant degree of distinction.
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Figure 13. The relationship between the rock specimen damage variable and cycle number under three
different stress upper limits in the cyclic loading and unloading tests.
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Table 5. Rock specimen damage variable Dj, in the cyclic loading and unloading tests.

Specimen Number Trial ValueDamage DAnverage Value
Ro12 01656 01622
g;i; gzggé 0.1724
Re12 1954
Re22 01675
E;;; 8:138; 0.1801
ﬁﬁii 8:122(1) 0.1936

Under the 60% of o, stress condition, the damage variable average value after circulating for 100
times was 0.1622, and the damage variable average value after circulating for 200 times was 0.1675,
which is an increase amplitude of 3.3%. Due to the stress level being much lower than the stress
threshold of fatigue fracture, their damage variable growth is rather close.

Under the 70% of o, stress condition, the damage variable average value after circulating for 100
times was 0.1724, and the damage variable average value after circulating for 200 times was 0.1801,
which is an increase amplitude of 4.5%. Due to the stress level being close to the stress threshold of the
fatigue fracture, the damage variable growth curve has a certain discreteness at the beginning.

Under the 80% of o, stress condition, the damage variable average value after circulating for 100
times was 0.1952, and the damage variable average value after circulating for 200 times was 0.1936,
which is a decrease in amplitude of 0.8%. This change is not significant. Because the stress level is
higher than the stress threshold of the fatigue fracture, the damage variable growth curve displays a
rather high level of discreteness.

Therefore, the uniaxial cyclic loading and unloading with a peak stress lower than the uniaxial
compressive strength promotes microcrack development and new crack generation, increasing the
inner damage of the rock such that it reduces the rock strength.

The damage variable of the rock specimen D had a significant corresponding relationship with
the initial damage D, in the SPHB test. As shown in Figure 14 and Table 6; Table 7, the incident energy
Wi and the strain rate ¢ are basically consistent at the same impact pressure. As the rock specimen
initial damage Dj, increases, the reflected energy Wr gradually decreases, the transmission energy Wr
gradually increases, the dissipated energy Wp gradually decreases, the damage variable D and the
peak stress of the rock specimen both decreases almost linearly with initial damage D;,.

In the SHPB test, the rock specimen was pressed between the incident bar and transmission
bar, and the general destruction mode of the rock specimen is tensile splitting failure along the axial
direction. The expansion and closing of the microcrack in the rock specimen is the main reason for the
change of macromechanical characteristics under external load [41]. For the rock specimens with the
initial damage (such as R6-1-1-1), before undergoing the SHPB test, they had already experienced a
cyclic loading and unloading test, enabling the original cracks inside the rock specimen to be further
expanded, thereby generating new cracks in the test process. In the SHPB test, the cracks in the rock
specimen with initial damage further expanded, and even cut though, thereby damaging the specimen.
Therefore, under the same impact pressure, the rock specimens with the initial damage were more
susceptible to crack penetration than the rock specimen in the control group, namely, the dissipated
energy ratio for rock specimens with initial damage is lower than that for rock specimens without
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initial damage (control group, e.g., R1-7-1), and the damage variable D is defined by the dissipated
energy ratio, which gradually decreases as the initial damage D,, increases.

Figure 15 shows the peak stress statistics of the rock specimen with different initial damage under
0.30 and 0.35 MPa impact pressures in the SHPB test. As the initial damage D,, increased, the peak
stress of the rock specimen gradually decreased, showing a linear tendency. As the initial damage
Dy, increased from 0 to 0.1952 when the impact pressure was 0.30 MPa, the peak stress of the rock
specimen decreased from 115.9 to 86.4 MPa. When the pressure was 0.35 MPa, the peak stress of the
rock specimen decreased from 130.6 to 96.3 MPa. Under the same initial damage conditions, the peak
stress of the rock specimens increased as the impact pressure increased.

043 | — > RI-8-1~3
D=-2.15D,+0.726 R*=0.977 ® R6-1-2-1~3
0.44 F v R6-2-2-1~3
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g
N 028 F B RI1-7-1-3
= R6-1-1-1~3
024 F v R62-1-1~3
® R7-1-1-1~3
020F & R7-2-1-1~3
A RI-1-1-3 75— _180D,+0.563 R*=0.954
0.16 F =« R8-2-1-1~'3l . ”I . )

000 016 017 018 0.19 020

Initial damage, D,
Figure 14. The damage variable of rock specimen under different initial damage in the SHPB test.

Table 6. The dissipated energy condition of the rock specimen under a 0.30 MPa impact pressure in the

SHPB test.
i D Peak Stress (MPa)
Specimen Wi) W) Wr() Wp () Average &™)
Number Trial Value Trial Value  Average Value
Value
R1-7-1 154.1 729 29.1 48.9 0.317 116.1 135.2
R1-7-2 153.3 73.4 31.2 50.7 0.331 0.321 114.3 115.9 136.3
R1-7-3 151.5 72.5 30.8 47.8 0.316 117.4 136.9
R6-1-1-1 153.7 71.3 39.3 43.1 0.280 107.2 136.4
R6-1-1-2 154.0 72.9 40.6 40.5 0.263 0.272 104.9 105.8 135.8
R6-1-1-3 150.6 70.5 38.9 41.2 0.274 105.4 136.0
R6-2-1-1 152.8 71.2 39.7 419 0.274 102.1 138.4
R6-2-1-2 151.5 69.5 42.1 39.9 0.263 0.268 104.9 103.3 138.7
R6-2-1-3 152.6 70.9 412 40.5 0.265 103.0 134.4
R7-1-1-1 149.2 67.9 46.1 352 0.236 99.7 135.4
R7-1-1-2 150.7 68.4 44.8 37.5 0.249 0.247 98.6 98.2 140.4
R7-1-1-3 152.1 66.7 46.3 39.1 0.257 96.2 139.6
R7-2-1-1 150.6 67.2 483 35.1 0.233 96.3 137.3
R7-2-1-2 151.3 68.3 474 35.6 0.235 0.239 95.1 95.1 139.1
R7-2-1-3 152.6 65.4 49.2 38.0 0.249 93.9 137.7
R8-1-1-1 148.3 64.8 52.6 30.9 0.208 89.9 139.3
R8-1-1-2 153.9 65.4 53.1 35.4 0.230 0.219 86.9 88.3 135.8
R8-1-1-3 150.9 63.5 54.4 33.0 0.219 88.2 137.1
R8-2-1-1 148.4 60.2 55.4 32.8 0.221 84.6 135.9
R8-2-1-2 151.5 63.9 56.3 31.3 0.207 0.210 88.5 86.4 139.8

R8-2-1-3 150.8 61.1 59.2 30.5 0.202 86.0 139.9




Energies 2020, 13, 2154 16 of 21

Table 7. The dissipated energy condition of the rock specimen under a 0.35 MPa impact pressure in the

SHPB test.
: D Peak Stress (MPa)
Specmen w, () Wx() Wr()  Wp () . Average .
Number Trial Value Trial Value  Average Value
Value
R1-8-1 2013 833 30.4 87.6 0.435 131.7 157.7
R1-8-2 2022 861 30.2 85.9 0.425 0.429 129.8 130.6 1545
R1-8-3 2009 844 30.7 85.8 0.427 130.4 157.4
R6-1-2-1 1982 810 41.6 75.6 0.382 117.7 158.2
R6-1-2-2 2023 817 424 782 0.386 0378 1161 117.8 157.9
R6-1-2-3 2002 839 429 734 0.366 119.6 156.1
R6-2-2-1 2016 825 434 75.6 0375 117.9 157.9
R6-2-2-2 1988 840 433 715 0.359 0370 1159 116.4 157.6
R6-2-2-3 2034 842 430 76.2 0375 1153 153.8
R7-1-2-1 2037  80.8 50.1 72.8 0357 110.0 157.4
R7-1-2-2 1956 805 49.6 65.5 0335 0347 112.0 1109 155.2
R7-1-2-3 1964 788 49.1 68.5 0.349 110.8 155.1
R7-2-2-1 1980 792 53.9 64.9 0328 105.1 157.0
R7-2-2-2 1988  77.7 53.6 67.5 0.340 0.339 106.8 107.3 1545
R7-2-2-3 1995  77.1 524 70.1 0351 110.1 153.9
R8-1-2-1 2019 774 62.8 61.8 0.306 1025 156.9
R8-1-2-2 1988  75.1 64.5 59.2 0.298 0.309 99.2 99.8 154.1
R8-1-2-3 2025 751 61.9 65.5 0.324 97.6 1545
R8-2-2-1 2026 738 65.5 63.2 0312 96.4 156.3
R8-2-2-2 2034 731 66.7 63.6 0313 0.307 945 9.3 153.7
R8-2-2-3 2000 767 64.3 59.0 0.295 98.1 153.4
140
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Figure 15. The peak stress of rock specimen under different initial damage in the SHPB test.

4. Discussion

After comparing the fragment size of the rock specimens under different initial damage conditions
in the SHPB test, as shown in Figure 16; Figure 17, we found that under the same impact pressure, as
the initial damage Dj, increases, the fragment size of the rock specimen gradually increases. The energy
consumed in expanding the rock specimen results in cracks, and the generation of new cracks gradually
decreases, where the damage variable D gradually decreases. However, under the same initial damage
condition, the increased impact pressure aggravates the breakage of the rock specimen.
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Figure 16. The breakage conditions of the rock specimens under a 0.30 MPa impact pressure in the
SHPB test: (a) R1-7-1, (b) R6-1-1-1, (c) R6-2-1-1, (d) R7-1-1-1, (e) R7-2-1-1, (f) R8-1-1-1 and (g) R8-2-1-1.
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Figure 17. The breakage conditions of the rock specimens under a 0.35 MPa impact pressure in the
SHPB test: (a) R1-8-1, (b) R6-1-2-1, (c) R6-2-2-1, (d) R7-1-2-1, (e) R7-2-2-1, (f) R8-1-2-1 and (g) R8-2-2-1.

The rock specimen fragments, after undergoing the SHPB test, were screened and weighed with
a classifying screen and electronic scale. The six-layer classifying screen divided the fragments into
levels from a bigger size to a smaller size. The corresponding pore sizes were 15, 11, 8.5, 4, 2.5, and
1 mm. The particle distribution of the fragments for the levels was 15.0-50.0, 11.0-15.0, 8.5-11.0, 4.0-8.5,
2.5-4.0,1.0-2.5, and 0-1.0 mm. Hence, the calculation formula of the average particle diameter A of the
rock specimen after breakage can be obtained [17]:

7
A=Y dm, (11)
i=1

where i is the level of the classifying screen and i = 1,2,3, ... ,7; d; is the average particle size of the
fragment of the classified fragments in each layer, which calculated with the average screen hole
diameter of the upper and lower levels of the classifying screen; and 7; is the ratio between the fragment
quality at all levels m; and the total rock specimen quality M.
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Comparing Figure 18; Figure 19, in the SHPB test under the same impact pressure, as the initial
damage of the rock specimen D, increased, the average particle diameter A of the rock specimen after
breakage gradually increased, showing a positively correlated tendency. When the impact pressure
was 0.30 MPa, A increased from 9.95 to 23.37 mm, which in an increase in amplitude of 134.9%. When
the impact pressure was 0.35 MPa, A increased from 6.33 to 11.2 mm, which is an increase in amplitude
of 76.9%, and the ratio 1; between the fragment quality of the bigger particle diameter (15-50 mm) in
the total rock specimen quality gradually increased. Under the conditions of the same initial damage
Dy, a higher impact pressure resulted in smaller rock fragment average particle diameters.

0.7 26 0.7 12

I 15.0-50.0 mm I 15.0-50.0 mm
06 | [ 11.0-15.0 mm P R 0.6 k] 11.0-15.0 mm 11

[ 8.5-11.0 mm T ” [ 8.5-11.0 mm

I 4.0-8.5 mm 1 I 4.0-8.5 mm 110
0.5 Flll 2.5-4.0 mm / 120 0sr 2 5-4.0 mm

Bl 025m B 1.0-2.5 mm - 19
0.4 I 0-1.0 mm 113 04 - I 0-1.0 mm

-
/

=
w
o
w

s 116
) b i bt

e
o

o
(5]
r
Quality ratio of rock fragments, #;

Quality ratio of rock fragments, #;
e

e

Average particle diameter of rock fragments, A

Average particle diameter of rock fragments, A

0.0 L 0.0
N I N S V- B S AP AT AP AT AT A AP
M AN Y Y N Y ey DY eV @ @ 0 @V
AR U ColR U R U L SR UG VA U - ¢
Sample number Sample number
(a) (b)

Figure 18. The quality ratio of rock fragments at all levels, 1;, and the average particle diameter of rock
fragments, A: (a) 0.30 and (b) 0.35 MPa.
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Figure 19. The average particle diameter of rock fragments A under different initial damage conditions.

If a lower impact pressure is adopted, the cracks that can be expanded by consuming lower energy
have already cut through and damaged the rock specimen before the expansion and generation of
other cracks. However, if a higher impact pressure is adopted, when the cracks that can cut through the
rock specimen by consuming a lower energy further expand and develop, the rock specimen generates
more cracks, so more energy is consumed in the rock specimen destruction process. In other words,
under a rather high impact pressure, the dissipated energy Wp, of the rock specimen is relatively high
and the average particle diameter of the rock fragments A is rather slow. This is also the reason for the
increase in the rock specimen damage and peak stress.

Therefore, we found that under cyclic loading, the rocks generate fatigue fractures and damage,
reducing the rock strength. If the impact load is acted on such basis, rock with damage will more easily
fail than rock without damage.
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5. Conclusions

In this paper, uniaxial cyclic loading and unloading tests and SHPB tests are performed to analyze
the energy dissipation conditions of red sandstone. Considering the circulation number, the upper
and lower limits of the cyclic stress, and impact pressure (strain rate) of SHPB test, the damage
characteristics of the red sandstone under the combined action of the uniaxial cyclic load and impact
load was studied, and the following conclusions were drawn:

(1) Under the condition keeping the lower limit of the cyclic stress unchanged, the damage variable
of the rock specimen redefined in the cyclic loading test simultaneously considers the influence of the
energy dissipation ratio of the rock under single cycle and the circulation number, so that it better
reflects the practical damage condition of the rock.

(2) Even though the loading stress is lower than the uniaxial compressive strength, the stress can
still promote the development of microcracks and the generation of new cracks in the rock, increase
the inner damage of the rock and reduces the rock strength. It is found that the peak strain of the rock
specimen increases obviously with the number of cycles in the first 200 circulations, and the peak strain
accumulation rate approaches zero if the number of cycles is more than 200. In the first 200 cycles,
as the cycle number increases, the energy dissipation ratio decreases dramatically and then remains
stable. Both the peak strain and the damage variable of the rock both increase first and then tend to
become relatively constant.

(3) The damage variable of the rock specimen under the combined action of the uniaxial cyclic
load and impact load has a significant corresponding relationship with the initial damage. The incident
energy and the strain rate are basically consistent at the same impact pressure. As the initial damage
of the rock specimen increases, the reflected energy gradually decreases, the transmission energy
gradually increases, the dissipated energy gradually decreases, and both the damage variable and the
peak stress of the rock specimen decreases almost linearly with initial damage.

(4) In the SHPB test under the same impact pressure, as the initial damage of the rock specimen
increases, the average particle diameter of the rock specimen after breakage gradually increases, which
shows a positively correlated tendency. Under the conditions of the same initial damage, a higher
impact pressure resulted in smaller rock fragment average particle diameters.
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