minerals

Article

Dynamic Deformation and Failure Characteristics of Deep
Underground Coal Measures Sandstone: The Influence of
Accumulated Damage

Ziheng Sha ', Hai Pu 1.2*

check for
updates

Citation: Sha, Z.; Pu, H.; Xu, J.
Dynamic Deformation and Failure
Characteristics of Deep Underground
Coal Measures Sandstone: The
Influence of Accumulated Damage.
Minerals 2022, 12, 1589. https://
doi.org/10.3390/min12121589

Academic Editors: Yosoon Choi and
Abbas Taheri

Received: 23 September 2022
Accepted: 9 December 2022
Published: 11 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Junce Xu !

State Key Laboratory for Geomechanics & Deep Underground Engineering, China University of
Mining & Technology, Xuzhou 221116, China

College of Mining Engineering and Geology, Xinjiang Institute of Engineering, Urumgqi 830091, China
Correspondence: haipu@cumt.edu.cn

Abstract: Understanding accumulated damage effects is essential when undertaking deep under-
ground rock engineering, as complex in situ environments and intense engineering disturbances
realistically affect the physical and mechanical properties of rocks. Accumulated damage mainly
causes the extension of micro-cracks and the sprouting of specific defects in the rocks, altering the
microstructural parameters. In this investigation, loading and unloading tests were used to simulate
the damage states of the deep underground coal measures sandstone. The accumulated damage
factor was formed by combining the P-wave and energy damage variables. The effect of accumulated
damage on the bearing capacity and deformation behavior of sandstone was particularly pronounced
after experiencing impact loading. The experimental results demonstrate that the accumulated
damage factor can depict the initial damage state of sandstone as well as the subsequent dynamic
and progressive damage. There is a mutually governing effect between accumulated damage and
strain rate. In contrast, accumulated damage significantly extends the range of strain rates, which
is fed back into the dynamic uniaxial compressive strength of the sandstone. There is a negative
correlation between dynamic fracture energy and accumulated damage, which strongly agrees with
the sandstone’s deformation mechanism. The combination of accumulated damage and impact loads
can be used to assess the long-term safety of deep underground rock engineering.

Keywords: deep underground sandstone; accumulated damage; SHPB; failure mode; fracture energy

1. Introduction

Deep underground rock engineering is closely related to projects such as highly
radioactive nuclear waste disposal, deep mineral resources exploration, and geothermal
development [1] (Figure 1). Studies have shown that rocks around or far from deep
underground caves may experience deep fracturing [2], increasing the risk of major
hazardous events. It is generally accepted that the in situ mechanical behavior of deep
rocks is closely related to their deep in situ environment [3]. As the in situ strength
of the rocks is significantly lower than the laboratory strength, damage to the deep
surrounding rock begins when the tangential stress at the excavation boundary of the
deep cave exceeds 0.3-0.5 times the uniaxial compressive strength of rocks [4]. The
physical excavation process weakens the surrounding rock, resulting in a reduction
in the physical, mechanical and hydraulic properties of rocks [5,6]. It is due to the
generation, expansion, and movement of discontinuous cracks in the rock mass as a result
of engineering disturbances, forming large areas of accumulated damage [7-9]. The
accumulated damage dramatically impacts the engineering rock, significantly affecting
the design, construction, and use of deep rock engineering [8]. In addition, deep rock
engineering is often subjected to dynamic disturbances such as earthquakes, rock bursts,
and explosions, which make the rocks undergo dynamic loading under a wide range of
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strain rates [10-12]. Therefore, investigating the deformation and failure characteristics
of rocks under the coupled action of accumulated damage and dynamic loading is crucial
for deep rock engineering.
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Figure 1. Overview of deep underground engineering.

Dynamic tests on a variety of rock materials have demonstrated the close link between
the loading rate and the mechanical properties as well as the fracture behavior [13]. Nu-
merous tests have concentrated on testing the dynamic characteristics of intact rocks and
the results have shown that impact loading will significantly enhance the strength of rocks,
which is expressed as the strain rate effect [14,15]. Fundamentally, the dependence of rock
strength on strain rate is determined by internal damage and microcrack extension. The
rocks involved in deep underground engineering are exposed to a complex geomechanical
environment, which causes them to experience different types and degrees of damage.
Therefore, it seems more interesting to explore the dynamic nature of rocks with damage.
Accordingly, many scholars have studied the physical and mechanical properties of dam-
aged rocks or rock mass. Work by Baud et al. [16] and Regnet et al. [17] had shown that the
initial damage level, which is closely related to the porosity, pore size, and pore distribution
of rocks, is a micro-structural parameter that strongly influences the mechanical properties
of rocks. Peng et al. [18] considered the quasi-static and dynamic mechanical properties of
granite at different burial depths. He found that the initial damage variables of the rock
specimens increased rapidly and then decreased gradually with increasing burial depth,
which resulted in a non-linear pattern of variation in the mechanical properties. In order
to examine in detail the threats posed to rocks by in situ and engineering damage, a great
deal of research has focused on the effects caused by specific defects on the mechanics and
fracture behavior of rocks. Li et al. [19] carried out dynamic impact tests on flawed marble.
They investigated the effects of flaw inclination angle and ligament angle on the fracture
behavior and energy evolution of the marble specimens. Dai et al. [20] and Wu et al. [21]
recorded the transient fracture process of rock-like materials with flaws with high-speed
cameras, respectively. They revealed the dynamic fracture modes of defective rocks by the
digital image correlation (DIC) technique. The damaged area of flawed rocks is mainly
concentrated near specific defects, and these specific defects mainly determine the failure
characteristics. In geological formation and cavern excavation, the original grain-scale
damage in the rocks may occur in situ [22]. Unlike the previous damage types, this in
situ accumulated damage will greatly weaken the whole rocks. Zhang et al. [23] prefabri-
cated the initial damage of sandstone through loading and unloading tests to simulate the
damage caused by underground space construction on rocks. It was found that the initial
damage had a great influence on the creep failure stress and instantaneous deformation of
sandstone. Qiu et al. [24] carried out unloading tests under different initial damage levels.
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They noted that the initial damage degree strongly controlled the deformation and failure
of unloading deep marble. The initial damage attenuated the dilatancy effect of the rock
mass but increased the irreversible deformation. Yu et al. [25] considered the disturbance
of dynamic load on surrounding rock in underground engineering and explored the quasi-
static tensile behavior of marble after multiple impacts. Multiple impact actions caused a
progressive increase in the damage degree of marble, resulting in a significant reduction
in tensile strength. Li et al. [26] produced initial microcrack damage by repeated impact
tests and later performed SHPB tests. They evaluated the microcrack density in sandstone
specimens and discussed the effect on the energy absorption capacity of sandstone and the
fractal dimension of failed specimens. Rae et al. [27] pointed out that the weakest available
flaw in a rock specimen would rapidly develop and dominate the failure at low loading
rates, whereas the same thing would not happen at high loading rates. They restricted
their investigations to rocks with similar mineralogy, and studied the role of porosity on
fracture and dynamic characteristics in lithologies. The rocks used in the laboratory tests
have different damage degrees from the in situ rocks, and this variability is due to the rock
coring technique. Therefore, it seems slightly inaccurate to refer to the damage caused by
subsequent loads as the initial damage. Hence, this is described uniformly as accumulated
damage in this paper. Since accumulated damage is difficult to be characterized by some
intuitive parameters, there is still little research on deep rocks under accumulated damage,
especially under impact loads.

The method of characterizing damage variables has been of interest to many scholars.
Early studies demonstrated that seismic velocity could measure the rocks” damage charac-
teristics in the laboratory and in geotechnical practice [28]. Subsequent studies have also
supported the existence of a strong correlation between P-wave velocity and physical and
mechanical parameters such as rock density, porosity, Poisson’s ratio, compressive strength,
tensile strength, and Young’s modulus [29-33]. Seismic velocity is consequently an appro-
priate indicator of rock damage variables, and it is also one of the methods recognized
by researchers [18,25,34]. However, to measure the superimposed effect of accumulated
damage on the dynamic damage of rocks, it seems inadequate to characterize the accu-
mulated damage variable only by P-wave velocity. It is well known that the deformation
and destruction of rocks is an irreversible process of energy dissipation. The release of the
elastic energy stored in rocks causes rock damage [35]. Many studies have investigated the
energetic evolutionary characteristics of rocks and assessed the deformation and failure
behavior of rocks [35-37]. Xie et al. [38] proposed a rock damage criterion based on an
energy dissipation mechanism. At present, few studies consider both seismic wave velocity
and energy dissipation mechanisms.

To this end, the accumulated damage on the sandstone was simulated in this paper
by loading and unloading tests, while combining P-wave velocity and energy dissipation
to establish a distinctive accumulated damage factor. The effects of accumulated damage
and impact load on the sandstone strength were investigated. The effects of accumulated
damage and impact load on the deformation and failure characteristics of sandstone
were discussed on the basis of high-speed images and microscopic images. The kinetic
energy of the rock fragments was measured using high-speed images, and the dynamic
fracture energy of the sandstone was finally analyzed. The results show that the strength of
sandstone is highly consistent with deformation, failure, and fracture characteristics.

2. Test Material and Scheme
2.1. Specimen Processing

The coal measures sandstone is a medium-grained clastic rock with mineral sizes
between 0.25 mm and 1 mm, taken from a coal mine in Xuzhou, China, at a maximum
depth of over 800 m. According to the XRD results, the main composition of the sandstone
is quartz, with a slight quantity of albite, berlinite, clinochlore, kaolinite, and nacrite.
Optical microscope observations showed a homogeneous distribution of mineral grains
in this sort of sandstone, so that the error caused by rock anisotropy and heterogeneity
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can be eliminated to the greatest extent. The uniform spread of tiny porosities on the
sandstone surface also predicts that it may be relatively sensitive to the accumulated
damage effect. The sandstone specimens were manufactured in strict accordance with
the International Society for Rock Mechanics (ISRM) recommended methods [39,40]. The
cylindrical specimens were all 50 mm in diameter, with the 100 mm length used for quasi-
static tests and the 50 mm length used in the SHPB tests (Figure 2).

Figure 2. Coal measures sandstone specimens.

2.2. Dynamic Test Techniques

The Split Hopkinson pressure bar (SHPB) equipment at the China University of
Mining and Technology was employed to perform dynamic uniaxial compression tests
on the sandstone (Figure 3). The equipment was manufactured and installed by Lu-
oyang Liwei Technology Co., Ltd. from Luoyang, China. The dynamic response of the
sandstone (o (t), &(t), €(t)) can be calculated by the following equations [39,40]:

o(t) = g4 [ex(t) + er(t) +ex(t)]
e(t) = £ [yler(t) — er(t) — ex(t))dt 1)
e(t) = £ler(t) —er(t) —ex(t)]
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Figure 3. Schematic diagram of SHPB device.

In this set of equations, ¢1(t), er(t) and et(t) represent the incident pulse signal,
reflected pulse signal, and transmitted pulse signal, respectively, A, E, and C correspond to
the cross-sectional area, Young’s modulus, and P-wave velocity of the elastic bars in turn,
and As and L stand for the cross-sectional area and length of the sandstone specimen.

Particular attention should be paid to the fact that the constant strain rate (CSR) during
dynamic loading and the stress equilibrium (SE) at both ends of the sandstone specimen
are the basic prerequisites to ensure the validity of the SHPB tests [41]. On the one hand, as
a brittle material, the failure strain of rocks tends to be comparatively small. In order to
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avoid significant non-uniform strains in sandstone during deformation, CSR conditions
need to be satisfied during loading. CSR is also a key index for determining the specific
strain rate of a given sandstone specimen. On the other hand, the large diameter of the
rock specimen results in a long rise time of the incident pulse, causing significant stress
gradients and strain gradients at both ends of the specimen. Thus, it is necessary to ensure
that the stresses at both ends of the specimen reach the SE condition before the sandstone
specimen begins to be destroyed [10]. The pulse shaping technique is one of the most
important means of achieving the two basic prerequisites mentioned earlier. In particular,
the technique helps reduce the dispersion effect of the pulse. In this study, a thin brass disc
and a slightly smaller rubber sheet were combined to form a suitable pulse shaper and
placed in the center of the front face of the incident bar (Figure 3). For a typical compression
test in Figure 4, the sum of the incident pulse and reflected pulse is in high agreement
with the transmitted pulse, proving that the forces at both ends of the sandstone specimen
are approximately equivalent. In addition, a stress equilibrium factor was introduced to
further assess the SE condition [41-43].
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Figure 4. Dynamic stress equilibrium and the stress equilibrium factor R(#).

At the beginning of the dynamic loading, R is greater than 5%, indicating that the
stresses at the ends of the specimen are asymmetrical during this period. When the loading
time exceeds 40 ps, R starts to be less than 5% and continues until 142 us. Dynamic loading
maintained the SE condition during this period and covered the entire failure process
of the sandstone specimen. Simultaneously, the reflected pulse signal transitions to a
platform wave at 75 us, which demonstrates that the sandstone specimen was loaded at
a constant strain rate before damage occurred and maintained until the specimen was
severely destroyed. The strain rate represented by the platform reflected pulse is used as
an important parameter to measure the dynamic response of the sandstone. In this study,
the SE condition and CSR condition have been validated in all dynamic tests.

2.3. Definition of Accumulated Damage

Deep underground rock engineering usually causes redistribution and concentra-
tion of in situ stresses, resulting in damage to the rocks or rock mass, also known as
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an excavation damaged zone (EDZ) [44]. Once the EDZ is subjected to impact loads
such as earthquakes and blasting, the geomechanics and damage patterns exhibited in
the EDZ will be different from the previous state. Field practice has also revealed that
excavation-induced damage to the surrounding rock significantly affects the safety of deep
rock engineering [45]. This excavation damage effect demonstrates the impact that the
duration of the loading has on the surrounding rock. On the basis of this long-term damage
effect, the surrounding rock will be more sensitive to impact loads. Therefore, this study
first applied accumulated damage to coal measures sandstone specimens. It then revealed
the influence of accumulated damage on the dynamic response of sandstone.

Early studies have shown that the stress-strain response of rocks is mainly determined
by cracks when the stress is higher than that of crack initiation [46—48]. The volumetric
strain method is one of the methods to determine the initiation and propagation of com-
pressive cracks in rocks [49,50]. They pointed out that as the volumetric strain gradually
deviated from the initial linear portion, dilatancy began to occur in the rock specimen,
representing the crack initiation. Unstable cracks developed rapidly when the volumetric
strain reached the maximum (Figure 5). Uniaxial loading and unloading tests were used
to impart accumulated damage to the sandstone specimens in order to maximize the ac-
cumulated damage effect. The stress at the rotation point of volumetric strain was taken
as the minimum unloading stress. Furthermore, to ensure the integrity of the specimen
appearance and structure and meet the requirements of impact tests, 0.95 times of uniaxial
compressive strength (UCS) is set as the maximum unloading stress.

s
=
~ 50 =20
7
g o-uc.\- =
7 s
40 b | 416
§ )
O § T:’
0 3 i R -
1 72}
i L
: D
20 b i1 Jos §
O ! § S
1olF 5 il do4
1 " 0 " L i 1 i 1 s 00
-0.4 0.0 0.4 0.8 1.2 1.6
Lateral strain (%) Axial strain (%)

Figure 5. A typical stress-strain curve in a quasi-static test and corresponding strain evolutions
(black line: the complete stress-strain curve; red line: the volumetric strain curve; blue line: the
lateral strain curve).

In a series of typical quasi-static uniaxial compression tests, the sandstone used in this
study had an average UCS of 45.16 MPa, Young’'s modulus of 4.19 GPa, and an average
Poisson’s ratio of 0.31. The stress level corresponding to the maximum volumetric strain is
very close to 0.70 UCS (Figure 5). Therefore, the unloading stresses were set to 0.70 UCS,
0.75 UCS, 0.80 UCS, 0.85 UCS, 0.90 UCS, and 0.95 UCS, respectively (Figure 6).
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Figure 6. Complete uniaxial loading and unloading compression curves of sandstone (black line: the
complete stress-strain curve; the unloading stress-strain curve when unloading stress is (1) 0.95 UCS
in red line; (2) 0.90 UCS in green line; (3) 0.85 UCS in blue line; (4) 0.80 UCS in cyan line; (5) 0.75 UCS
in peach line; (6) 0.70 UCS in purple line).

Obviously, the accumulated damage mainly affects the internal structure of sandstone,
bringing about a dramatic expansion of cracks and the sprouting of flaws that alter the
original porosity. As mentioned in the introduction, P-wave velocity is closely related to
crack development and porosity within rocks, so it is reasonable to use the loss rate of
P-wave velocity to describe the degradation caused by accumulated damage to sandstone
specimens [51]. A P-wave damage variable Dp was introduced to characterize the initial
damage arising from crack extension and pore variation in the sandstone [25,34]:

2
Dp=1- (UD) 3)

(4]

where vp represents the average P-wave velocity for sandstone specimens with accumu-
lated damage and v represents the average P-wave velocity for intact sandstone specimens,
which is 3890 m/s.

However, Dp demonstrates a static damage state which seems unable to capture
the dynamic and progressive damage caused by the initial damage state to impact loads
further. As we all know, the deformation and failure of rocks is a dynamic equilibrium
process, which is a figurative realization of energy transformation. Variations in the energy
storage pattern of sandstone brought by accumulated damage cause dynamic deformation
and failure of rocks [35,36]. The energy damage is adequate to reflect the further effects
of accumulated damage on the sandstone. Based on uniaxial compression loading and
unloading curves, an energy damage variable Dg was brought in to characterize such a
progressive damage effect [38]:

Dp=2d_q1_"% @)
o Uo
where 1 is the total input energy density, which is the total energy stored in the sandstone
after the external force has done its work on the sandstone, and it is the closed area under
the loading curve. u, is the released elastic strain energy density, which is the closed region
under the unloading curve. u4 is the dissipated strain energy density, which takes the
difference between the total input energy density and the elastic strain energy density.
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P-wave velocity damage and energy damage jointly lead to the accumulated damage
effect, and there is a coupling relationship between them. Thus, the final accumulated
damage factor D, is as follows:

Dpo=1-(1-Dp)(1—Dg)=Dp+ Dg—Dp-Dg @)

Table 1, Figures 7 and 8, display the relationship between P-wave velocity, energy den-
sity, and damage variables for sandstone specimens under different accumulated damage
conditions. It can be seen that with the increase of unloading stress, the total input en-
ergy density increases approximately linearly, while the elastic strain energy density shows
a gradual and slow growth trend (Figure 7). At higher unloading stresses (0.90 UCS and
0.95 UCS), the elastic strain energy density is almost identical, suggesting a limit to the elastic
energy stored in sandstone. The dissipated strain energy density is far less than the other two
energy densities, showing a nonlinear growth. Similar results have also been reported in previ-
ous studies [52]. At the same time, the relationship between the energy damage variable and
the unloading stress can be fitted with a quadratic function, which proves a strong correlation
between them. In parallel, the average P-wave velocity of the sandstone specimens tends to de-
crease almost linearly as the unloading stress increases (Figure 8). This phenomenon observed
in this study is also common in other studies, such as rocks after freeze-thaw cycles [53]. The
accumulated damage factor D that can characterize the initial damage state and dynamic and
progressive damage of the sandstone is obtained by combining the P-wave velocity damage
variable Dp with the energy damage variable Dg. A quadratic function is fitted to plot the
accumulated damage factor against the unloading stress, with a slightly weaker growth trend
than that of the energy damage variable. In the present study, six kinds of sandstone specimens
with different levels of accumulated damage were obtained according to different unloading
stresses, with accumulated damage factors of 0.1080, 0.1566, 0.2288, 0.3067, 0.3874, and 0.5002,
respectively. These specimens were then used in SHPB tests.

Table 1. Average values of different parameters obtained at complete pore water pressure dissipation.

Unloading Stress Level 0.70 UCS 0.75 UCS 0.80 UCS 0.85 UCS 0.90 UCS 0.95 UCS

Axial stress (MPa) 31.61 33.87 36.13 38.39 40.64 42.90

o (MJ/md) 0.1301 0.1445 0.1639 0.1825 0.2015 0.2268

e (MJ/m3) 0.1209 0.1329 0.1496 0.1597 0.1696 0.1725

uq MJ/m?) 0.0092 0.0116 0.0170 0.0228 0.0319 0.0543

up (m/s) 3734 3567 3347 3082 2831 2556

Dg 0.0707 0.0803 0.1037 0.1249 0.1583 0.2394

Dp 0.0401 0.0830 0.1396 0.2077 0.2722 0.3429

Da 0.1080 0.1566 0.2288 0.3067 0.3874 0.5002

0.30 0.30

I Total input energy density
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= Energy damage variable ]
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Figure 7. Variation in the energy densities and energy damage variable.
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Figure 8. Variation in the P-wave velocity and damage variables.

3. Dynamic Test Results
3.1. Effect of Accumulated Damage on Stress-Strain Curves

Dynamic uniaxial compression tests were performed on sandstone specimens with
different accumulated damage conditions, and dynamic stress-strain curves at different
strain rates were obtained (Figure 9). Overall, for each accumulated damage condition,
an increase in strain rate has a dramatically enhanced effect on dynamic uniaxial com-
pressive strength (DUCS). This rate effect has been verified in dynamic impact tests for
most rocks [54-57]. As the D, increases, there is a significant decrease in the DUCS.
The possible reason for such a change is that the minimum unloading stress exceeds
the crack extension stress. Even if the loading stress is gradually reduced to 0, the
evolution of cracks caused by the loading is already irrecoverable. The microstructure
of the sandstone has been altered and its porosity has grown as a result of the increase
in fractures and the formation of new faults. This phenomenon is superimposed on the
energy dissipation of sandstone to form an accumulated damage effect, which makes
DUCS decay more intense when Dy is large.

In contrast to the quasi-static tests on sandstone (Figure 5), the dynamic tests on
sandstone (Figure 9a) directly enter the approximate elastic deformation stage and skip
the compaction stage. The general pattern in Figure 10 shows the basic features of a
dynamic stress-strain curve, consisting of three components: the elastic deformation
stage, the yielding stage, and the failure stage. The low number of initial micro-cracks in
the sandstone, and their lack of inter-connection, prevent them from closing in time when
subjected to dynamic loading. In consequence, the overall structure of the sandstone
specimen dominates the bearing capacity, so the specimen goes directly to the elastic
deformation stage. In other words, the deformation rate of the sandstone specimen is
lower than the propagation rate of the stress pulse. This phenomenon has been observed
and supported in numerous previous works [18,58,59]. In this study, specimens at lower
accumulated damage factors and higher strain rates exhibit this property (Figure 9a—d).
When the accumulated damage factor is relatively high and the strain rate is lower
(Figure 9d-g), the sandstone specimens show comparable features to the quasi-static tests,
as shown in general pattern two in Figure 10. The number of micro-cracks in sandstone
is considerably increased and progressively penetrated after suffering accumulated
damage, which becomes one of the key elements in determining the bearing capacity.
As a result, the compaction stage comes to the fore when the accumulated damage is
more serious. Thus, it can be seen that the accumulated damage effect has a particularly
adverse effect on sandstone.
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Figure 10. Dynamic stress-strain curves of sandstone.

3.2. Effect of Accumulated Damage on Uniaxial Compressive Strength

The dynamic test results for the sandstone specimens are listed in Table 2. Through
the analysis of the test results, the relationship between the DUCS and the strain rate of
sandstone for different accumulated damage conditions can be fitted as [60]:

0=(1—Dp)xbxloge+ f (6)

where b and f are the fitting parameters in units of MPa - s and MPa, respectively. The test
data and fitting curves are compared in Figure 11. All the corresponding fitting functions
are given in Table 3. The DUCS of sandstone under any accumulated damage conditions
has a remarkable sensitivity to strain rate, increasing in varying amplitudes with increasing
strain rate. Such a rate effect is common in rock-like materials.
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Figure 11. Relationship between the uniaxial compressive strength and strain rate.
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Table 2. Results of the dynamic uniaxial compression tests.

Strain DUCS Strain DUCS

No. Da Rate (s—1) (MPa) DIF No. Da Rate (s—1) (MPa) DIF
0-1 77.79 86.39 191 1-1 80.00 85.87 1.90
0-2 86.34 92.57 2.05 1-2 88.83 92.05 2.04
0-3 93.52 100.57 223 1-3 99.31 99.53 220
04 0 103.72 10623 235 14 0.1080 109.24 102.87 228
0-5 11338 11423 253 1-5 120.83 108.79 241
0-6 123.86 119.63 2.65 1-6 128.55 114.98 255
0-7 133.24 124.01 275 1-7 145.10 120.64 2.67
21 81.38 84.06 1.86 3-1 88.28 85.08 1.88
22 86.62 87.15 1.93 32 101.79 91.52 2.03
23 93.52 91.53 2.03 3.3 118.07 96.66 214
24 0.1566 103.45 94.62 2.10 34 0.2288 13021 102.33 227
25 119.17 102.86 228 35 148.69 106.95 237
26 13545 110.58 245 36 154.48 109.53 243
27 155.03 117.53 2.60 3.7 166.62 112.61 2.49
41 91.59 80.95 1.79 5-1 96.28 76.30 1.69
42 113.93 88.92 1.97 5.2 112,55 79.89 1.77
43 134.90 94.06 2.08 5-3 120.83 83.49 1.85
44 0.3067 144.00 97.92 217 54 0.3874 136.28 86.83 1.92
45 161.66 102.80 228 5.5 158.90 90.16 2.00
46 168.83 102.02 226 5.6 168.28 93.76 2.08
47 175.45 105.11 233 5-7 181.79 95.29 211

1 101.79 68.29 151 6-5 158.07 79.83 1.77
6-2 11531 7291 161 6-6 0.5002 17821 81.10 1.80
6-3 0.5002 131.31 7470 1.65 6-7 192.83 83.66 1.85
64 141.24 77.27 171

Table 3. Fitting functions between the uniaxial compressive strength and strain rate.

Unloading Stress Level Dy Fitting Functions R?
0 0 o= 164.49 x log ¢ — 224.76 0.98

0.70 UCS 0.1080 o= 0.892 x 150.76 x log ¢ — 170.03 0.98
0.75UCS 0.1566 o= 0.8434 x 141.74 x log ¢ — 144.66 0.99

0.80 UCS 0.2288 o= 0.7712 x 128.89 x log ¢ — 108.41 0.99

0.85 UCS 0.3067 o= 0.6933 x 121.93 x log ¢ — 85.01 0.98

0.90 UCS 0.3874 o= 0.6126 x 114.05 x log ¢ — 62.57 0.99
0.95UCS 0.5002 o= 0.4998 x 104.69 x log ¢ — 35.85 0.98

In attempting to provide a more visual comparison of the hardening effect of impact
loading on sandstone UCS, a dynamic increase factor (DIF) was calculated. DIF is defined
as the ratio of the DUCS to quasi-static UCS [41]. The DIF of the sandstone strength
is documented in Figure 12. The DIF of the complete sandstone rises from 1.91 to 2.75,
whereas the DIF of the sandstone with the highest accumulated damage factor falls between
1.51 and 1.85. It can be concluded that the accumulated damage has had a dramatic effect
on the sandstone, as evidenced by the progressively smaller increase in the DIF as the
accumulated damage factor increases. A reasonable inference can be made that the increase
in the DIF will be minimized as the accumulated damage increases to a specific limit.
The phenomenon implies that the rate effect in the sandstone will disappear when the
accumulated damage factor is sufficiently large. This supposition was obtained based
on the microstructure and porosity of the specimens and was verified on limestone with
a loose structure and high porosity [61]. Here, an effort was made to understand the
evolution of the sandstone DIF with accumulated damage factors at similar strain rates. As
the range of strain rates corresponding to each group of accumulated damage conditions
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varies considerably, the range of strain rates could only be narrowed down as a better
choice, and this range was chosen to be between 100 s~ and 135 s~!. When the strain
rate is relatively lower (around 100 s—!), the DIF for the intact sandstone specimen is 2.35,
while the DIF for the sandstone with the greatest accumulated damage is 1.51, with a
reduction of 35.74%. At slightly higher strain rates (around 135 s~ 1), the DIF decreases from
2.75 to 1.65 with increasing accumulated damage, a reduction of 40.00%. It means that an
increase in strain rate will enhance the deterioration effect of accumulated damage on the
sandstone strength. When the specimen is subjected to a high strain rate, unconnected
cracks and flaws cannot have time to develop fully, and the mineral grains immediately
attempt to resist the applied impact load. The larger accumulated damage will greatly
reduce the bonding force between the grains, leaving them unable to resist the impact
load [62]. It thus reveals the strain rate correlation of this deterioration effect.
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Figure 12. Variation in the DIF with the strain rate and accumulated damage variable.

4. Dynamic Deformation and Failure Modes

In addition to the quantitative characterization of the material, the macroscopic and mi-
croscopic behavior and the establishment of fragments play a crucial role in the acquisition
of the accumulated damage mechanism of the deep underground sandstone.

4.1. Macroscopic Deformation Process

A 40,000 fps high-speed camera was used to record the dynamic compression process
of the sandstone specimens. Figure 13 exhibits the dynamic fragmentation evolution of
the sandstone specimen with/without accumulated damage and the corresponding time
points. During dynamic compression loading, cracks are always first formed close to the
incident bar (right end face of the specimen). Over time, new cracks may appear on the
specimen against the position close to the transmitted bar. Cracks always develop along the
axial direction until the specimen is wholly destroyed. The principal distinction brought by
accumulated damage to the specimens is the difference in the duration of pore compression
and volumetric expansion. For the specimen with a Da of 0.5002 (Figure 13b), pore
compression and volumetric expansion took place up to 125 ps, which can be attributed
to more micro-cracks and a looser structure. The differences in the microstructure of
intact sandstone allow for a more transient damage time throughout, reflecting a higher
brittleness (Figure 13a). Comparing 150-175 ps in Figure 13b with 100-125 ps in Figure 13a,
extensive crack initiation can be observed in the specimen with accumulated damage,
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implying a weaker bonding force between grains. Shear cracks appear more frequently
in Figure 13b due to the reduction in the internal friction angle and the cohesion of the
specimen caused by the accumulated damage.

Figure 13. Failure process of sandstone specimens: (a) Dy = 0; (b) Do = 0.5002.

The mechanisms of deformation and failure in the deep sandstone can be revealed
by the size distribution of the recovered fragments. Figure 14 corresponds to the frag-
ment size curves for the intact sandstone and the larger accumulated damaged sandstone
specimen. In Figure 14a, for strain rates less than 150 s~ !, the particle size curves main-
tain a similar shape, with the crushed sandstone dominated by larger sized fragments
(>10 mm), accounting for over 50%, and smaller sized fragments (<10 mm) increasing
slowly with increasing strain rate. As strain rates exceed 150 s~!, smaller-sized frag-
ments (<10 mm) already occupy the vast majority of the crushed sandstone, accounting
for over 60%. This variation confirms the existence of a clear strain rate correlation in the
failure modes of the sandstone. Figure 14b presents the different failure features caused
by the more extensive accumulated damage. Recovered sandstone with predominantly
larger-sized fragments (>10 mm) only occurs at strain rates of less than 80 s~ 1. With a
particle size of 10 mm and a proportion of 50%, a critical strain rate can be identified
to determine the severity of sandstone damage. The critical strain rate for the intact
sandstone is around 150 s—1, while the critical strain rate for the maximum accumulated
damage sandstone is 80 s 7!, suggesting that the lower the critical strain rate, the more
dramatic the fragmentation of the specimen. For a visual comparison, 83 s~ and 124 s™!
were set as the lower and upper limits of the statistical strain rate. The smallest particle
size for which the total mass distribution reaches 50% was set as the critical particle
size. For the selected strain rate range, the critical size of intact sandstone is fixed as
50 mm, meaning that less than 50% of the recovered fragments have a particle size of less
than 20 mm when the strain rate is less than 124 s~1. In contrast, the critical particle size
shrinks from 5 mm to 2.5 mm when the strain rate increases from 83.1s7! to 123.9 57!
for the sandstone with greater accumulated damage. The enormous difference in critical
particle size intuitively reflects the reduction in stiffness of the deep sandstone specimens
due to accumulated damage, which is exemplified on a macro scale by the progressive
drop in the size of the recovered fragments.
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Figure 14. The particle size distribution of specimens: (a) Ds = 0; (b) Do = 0.5002.

4.2. Microscopic Failure Analysis

The high-speed images and particle size distributions of recovered sandstone frag-
ments provide macro-scale evidence of the dramatic impact of accumulated damage on
the sandstone. Scanning electron microscopy (SEM) can be used to investigate the damage
caused by accumulated damage on the fine grains and internal microstructure of sandstone
at different strain rates. Figure 15 presents the micro-morphology of the sandstone with
different accumulated damage conditions before and after the application of the impact
load at the same magnification. As shown in Figure 15a, a large number of primordial
micro-voids and a few primordial micro-cracks are prevalent on the surface of sandstone in
the primary state, and they are more evenly distributed within the sandstone. When the
sandstone experiences a lower level of accumulated damage (Figure 15b), some primordial
micro-voids close as a response to the loading, while others slowly expand into micro-
cracks, accompanied by a large number of new micro-defects and micro-cracks caused by
the accumulated damage loading. With the intensification of the accumulated damage
(Figure 15¢), numerous exposed tiny mineral particles appear on the sandstone surface,
and the scale of micro-cracks will increase markedly, even up to 1-2 um. Concurrently, a
larger area of complex damage region will emerge, containing a multitude of micro-cracks,
micro-defects, and complex rupture surfaces. Figure 15d—f shows the micro-morphology of
the sandstone fragments after impact loading. As shown in Figure 15d, multiple intersect-
ing micro-cracks occur on the surface of the crystal particles, and the angle between the
micro-cracks is greater than 90°. There are no significant origins for the development of
these cracks, and it can be assumed that they are transgranular fractures arising from the
action of impact loads. Additionally, multiple intergranular fractures, larger-sized voids,
and defects are notable features of the impact loading action. For the sandstone specimen
with minor accumulated damage (Figure 15e), the impact load allows quantities of intact
and separate mineral particles and debris to be stripped from the fracture surface. The
presence of the main rupture belt is one of the most striking features of the destruction.
The fractured surface gradually becomes rougher and is covered with uneven granular
skeletons and small bevels. The sliding surface is gradually pierced and produced under
external forces due to the quantity of micro-defects and micro-cracks within the sandstone,
demonstrating that the accumulated damage lessens the brittleness and enhances the
toughness of the sandstone. In Figure 15f, as the degree of accumulated damage rises, the
micro-morphology of the sandstone after impact loading is vastly different from that before.
The micro-crack network is more pronounced, and the size of the cracks is mostly above
4 um. Large-scale defects occur on the sandstone surface, which is a feature not previously
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observed. The roughness of the sandstone surface increases substantially, and there are two
reasons for this phenomenon. On the one hand, the larger accumulated damage leads to
more micro-cracks and complex fracture surfaces in the sandstone even before subjected to
impact loading. On the other hand, a higher strain rate causes more crack branches in the
dynamic failure process of sandstone.
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Figure 15. The SEM images of sandstone: (a) primordial sandstone; (b) sandstone with Dy = 0.1080;
(c) sandstone with Do = 0.5002; (d) primordial sandstone after impact loading; (e) sandstone with
D4 = 0.1080 after impact loading; and (f) sandstone with D4 = 0.5002 after impact loading.

5. Discussion
5.1. Dynamic Energy Consumption

The energy evolution and dissipation characteristics in the process of dynamic rock
failure is one of the frontier topics in the study of rock instability mechanisms. The
dynamic failure process of rocks is, in fact, a thermodynamic evolutionary event [63]. The
energy transported by the stress pulse acts on the fractures and pores inside the rock
specimen, causing new fracture surfaces to be generated in the specimen, which includes
the expansion of primordial micro-voids and micro-cracks, as well as the formation of
new micro-defects. After the specimen has been damaged, the energy carried by the stress
pulse causes the fragments to move. A tiny part of the energy will also be converted into
thermal and acoustic energy absorbed by the specimen. Eventually, the remaining energy
continues to propagate with the stress pulse in the form of the reflected wave (reflected
energy) and transmitted wave (transmitted energy) [64]. Thereby, the total incident energy
can be expressed as Equation (7):

Wi = Wy + Wi + Wr + Wg + W, + W, (7)

where W is the fracture energy required in a rock specimen to form new fracture surfaces,
Wy is the kinetic energy of the fragments, Wr and Ws represent the thermal and acoustic
energy associated with the rock specimen, and W, W; and W; denote the incident, reflected
and transmitted energy, respectively.
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On the basis of wave propagation theory, the energy W carried by a stress pulse can
be converted into Equation (8) [64,65]:

W = / Ee2ACdt ®)

Accordingly, the incident, reflected, and transmitted energies in the SHPB tests can be
stated as follows:
W, = f E0812A0C0df
W = f E()SronC()dt 9)
Wy = f E()StzAOcOdt

Since the thermal and acoustic energy absorbed by rocks can be ignored, the fracture
energy W¢ can be simplified as follows:

Wi = W; — Wy — Wy — Wi (10)

The kinetic energy of fragments after a dynamic impact can be estimated using the
high-speed photography technique [64,66]. The high-speed images of fragments from
a typical dynamic test are displayed in Figure 16. The upper and lower borders of the
specimen and fragments are marked by the red lines in Figure 16. It was observed that the
rock specimen was transformed from an axial compression state to a transverse volumetric
expansion state at 75 ps, and this time was set as the onset of movement at the upper and
lower boundaries of the specimen. The lower boundary first moved to the bottom of the
high-speed image at 225 pus, while the upper boundary moved to the top at 300 us. Thereby,
the moving velocities of the upper and lower boundaries can be evaluated as 25.78 m/s
and 24.67 m/s, respectively. Here, it is assumed that all the fragments are moving at the
same speed. Therefore, the average moving velocity of the upper and lower boundaries
(25.23 m/s) can be taken as the velocity of the fragments. The kinetic energy of the rock
specimen will be assessed by the average velocity of the fragments as follows:

Wy = %mvz (11)

where m is the overall mass of the rock specimen.

5.8 mm

Figure 16. The high-speed images of fragments in a typical test: (a) 75 us; (b) 225 us; and (c) 300 ps.

For comparison purposes, the exact impact gas pressure (0.6 MPa) was applied to
specimens with different levels of accumulated damage, and the test results are listed in
Table 4. Figure 17 contrasts the non-linear variation of fragment velocity and kinetic
energy of the specimen. The average fragment velocity increases from 16.21 m/s to
31.09 m/s when D, increases from 0 to 0.5002, an increase of 88.31%. The kinetic energy of
the specimen increases by 256.30 percent as a result of this. Figure 18 intuitively illustrates
the energy distribution in different sandstone specimens. Since only a fixed impact gas
pressure (0.6 MPa) is used, the incident energy remains almost constant over multiple
tests, which is the total input energy in dynamic tests. The transmitted energy takes the
absolute lead in terms of total input energy for both intact and low accumulated damage
specimens, and it is far more than the reflected energy. This phenomenon demonstrates
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that, for specimens with modest accumulated damage, the input energy mostly permits
the sandstone to gain greater strength rather than influencing the deformation properties.
For the specimen with a large D (0.5002), the magnitudes of the reflected and transmitted
energies are pretty close to each other, while the kinetic energy of the fragments becomes
the greatest component of the total incident energy. It implies that the input energy
effects the bearing capacity and deformation characteristics of the sandstone in the same
way for high accumulated damage specimens. In other words, the specimen with great
accumulated damage obtains a lower strength, even at a higher strain rate. The rise in
reflected energy and decrease in transmitted energy indicate a significant increase in the
specimen’s interior fracture surface. Because it represents the energy required by crack
expansion and fracture surface creation, fracture energy always takes up the least share of
the input energy. Figure 19 depicts the fracture energy and energy efficiency in relation
to the accumulated damage. Energy efficiency is defined as the ratio of fracture energy to
incident energy [64]. As Dy rises from 0 to 0.5002, the fracture energy drops from 19.84 ]
to 1.76 ], and the energy efficiency also has a similar downward trend. With almost the
same input energy, the lower the energy efficiency, the less fracture energy is required
to produce new crack networks. This is due to the fact that with given incident energy,
greater accumulated damage leads to finer fragments, which is consistent with the results
shown in Figure 14. The SEM image (Figure 15) also demonstrates that only a small amount
of micro-cracks are visible in intact sandstone, and therefore, the specimen needs to absorb
more energy to induce the development and penetration of new cracks to ensure that the
specimen is completely destroyed. In turn, the accumulated damage allows the primordial
micro-voids to gradually expand into micro-cracks while the length and density of the cracks
keep increasing. Very slight fracture energy enables a large number of cracks to be joined
together, while most of the input energy is converted into the kinetic energy of the fragments.
In general, the dynamic dissipation pattern of energy is extremely closely related to the
macroscopic deformation and microscopic damage characteristics of the sandstone.

Table 4. Energy distribution of sandstone at an impact air pressure of 0.6 MPa.

Impact Pressure (MPa) 0.60
Da 0 0.1080 0.1566 0.2288 0.3067 0.3874 0.5002
m(g) 218.31 219.56 222.49 220.87 223.42 221.16 219..33
Wi (J) 202.37 192.46 189.51 199.37 197.66 196.83 194.58
Wr (J) 20.05 25.93 27.36 28.75 30.41 33.18 41.62
W (J) 132.73 119.56 110.07 105.01 93.08 86.69 45.20
v (m/s) 16.51 17.15 18.92 2217 23.94 25.23 31.09
Wi () 29.75 32.29 39.82 54.28 64.02 70.39 106.00
We (J) 19.84 14.68 12.26 11.33 10.15 6.57 1.76
120
60 —— [ragments velocity
—e— Kinctic cnergy 5
i< 100
E sof ~
g ! =
5 ] 80 Eﬁ
< ol 256.30% | &
= — ! ;
& 30F ! .
B i
88.31% . 440
T Y P S \ N
1 1 1 20

1
0.0 0.1 0.2 03 0.4 0.5

Damage variable

Figure 17. Variation of fragments velocity and kinetic energy with accumulated damage variable.
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Figure 19. Variation of fracture energy and energy efficiency with accumulated damage variable.

5.2. Unified Expression of Sandstone Strength and Failure Modes

Based on the experimental results of dynamic uniaxial compression on sandstone,
the effect of accumulated damage on the DUCS, failure mode, and the energy dissipation
pattern of sandstone was investigated. Due to the limitations of rock materials and test
methods, the results and conclusions obtained in this paper are preliminary. In response to
this study, the following two issues remain of concern.

5.2.1. Interaction of the Accumulated Damage Effect with the Strain Rate Effect

The relationship between dynamic strength and the strain rate of the sandstone for
different accumulated damage conditions is given in Equation (6) and Table 3. Figure 20
describes the variation of parameters b and f with accumulated damage. It should be
noted that the parameter b decreases with increasing D 5, indicating that the rate effect is
weakened when the accumulated damage goes higher. According to Millon et al. [61],
the behavior of two selected sedimentary rocks under impact loading is diametrically
opposed, and the answer can be found in the microstructure of the specimens. Fewer
micro-cracks result in a more homogeneous sandstone specimen when it is undamaged
or has less accumulated damage. At normally high strain rates, the loading rate is faster
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than the crack growth velocity, and crack expansion is impeded. The bearing capacity
is consequently controlled by the impact load (high strain rate); whereas with higher
accumulated damage, the pore spaces appear to be better networked in the specimen,
resulting in a looser micro-structure. The inter-grain contacts thus become weaker, which
may lead to a higher crack growth velocity and a lower strength macroscopically [61].
Additionally, the absolute value of the parameter f shows a negative correlation with
Da, which represents a steady downward shift in the fitting curves. In other words, the
greater the Dp, the lower the strength at similar strain rates, which is common-sense and
expected before the tests. Another phenomenon is found to be a surprise, namely, that
the range of strain rates under similar impact loads expands remarkably with increasing
D4. Specifically, over a similar range of impact loads, the strain rate of intact sandstone
increases from 77.79 s~ to 133.24 s~ !, while the strain rate of sandstone with maximum
Dy varies between 101.79 s~ and 192.83 s 1. The strain rate range lifts from 55.45 s !
to 91.04 s~1, with an increase of 64.18%. This phenomenon can likewise be explained
by variations in sandstone porosity [67,68]. The strain rate is greatly influenced by
porosity, so the strain rate will be higher and vary over a broader range for porous rocks.
In summary, parameter b demonstrates the attenuation effect of accumulated damage
on the strain rate effect, while parameter f verifies the softening effect of accumulated
damage on the overall bearing capacity of the specimen.
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Figure 20. Variation of parameter b and f with Dj.

5.2.2. Comparison of Different Sorts of Accumulated Damage

Deep rocks, in contrast to laboratory rock studies, have significant non-linear variabil-
ity and a high stress sensitivity [4,6]. The goal of accumulated damage effect research is to
highlight the in situ characters of deep rocks. Therefore, how to distinguish accumulated
damage from other forms of damage (such as freeze-thaw damage [51] and thermal dam-
age [69]) has become an urgent problem to be solved. Meanwhile, the distinction between
different sorts of accumulated damage is also a subject of great debate. The damage state
that develops only when rocks are loaded over a period of time is called accumulated
damage, which means that accumulated damage emphasizes the time effect of the damage
state. The purpose of accumulated damage studies is to assess the long-term stability of
deep underground rocks. In this study, uniaxial loading and unloading tests were used to
apply accumulated damage to sandstone specimens, with seismic velocity and strain en-
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ergy density comprising the accumulated damage factor. However, it does not fully resolve
the two doubts mentioned above. A more reasonable approach is proposed, which permits
a quantitative description of micro-cracks in rocks caused by accumulated damage. The
nuclear magnetic resonance (NMR) method [70,71] and 3-D X-ray computed tomography
(CT) technology [72,73] have been introduced into the related research of rock materials,
making it possible to visualize parameters such as fracture distribution, crack volume, pore
size, and connectedness. The next attempt is to alter the type of accumulated damage using
different stress paths and to reproduce the variability of the pore structure using NMR tech-
nology and CT scanning technology. New tools offer fresh perspectives on how to estimate
the accumulated damage impacts of deep in situ rock environments. A further study is the
comparison of laboratory test results with in situ rocks for the purpose of predicting in situ
rock strength. The research of accumulated damage can eventually provide a guarantee for
assessing the long-term safety of deep underground rock engineering.

6. Conclusions

This study reports the dynamic deformation behavior and failure modes of deep
underground coal, and measures sandstone after sustaining accumulated damage. The
mechanism of accumulated damage is revealed via pre-loading and dynamic impact testing,
as well as longitudinal wave velocity measurements, high-speed photography, and SEM
observation. The main conclusions are as follows:

1. The intact sandstone reaches the elastic deformation stage directly in dynamic stress-
strain curves, but the existence of accumulated damage causes a more prominent
compaction stage. This phenomenon is confirmed in the high-speed images.

2. The strengthening effect of strain rate on the dynamic strength of sandstone still
persists, but it becomes weaker as the extent of accumulated damage increases. The
DIF for dynamic strength shows that an increase in strain rate will enhance the deteri-
oration effect of accumulated damage on the sandstone strength. In addition, across a
similar range of impact loads, the range of actual sandstone strain rates extends as
accumulated damage increases, but the strain rate value eventually diminishes.

3. The macroscopic damage pattern of the sandstone is in good agreement with the
microscopic morphology of fracture surfaces. The accumulated damage leads to a
reduction in the internal friction angle and the cohesion of the specimen, causing
more shear cracks. This is reflected macroscopically in the fact that the size of the
recovered fragments gradually decreases as the accumulated damage increases. On a
microscopic level, the intergranular fracture is mainly caused by accumulated damage,
while the transgranular fracture mainly originates from the impact loading.

4. The kinetic energy of the fragments plays a significant role in the dynamic energy
evolution process. An increase in accumulated damage leads to more and smaller
fragments with progressively higher kinetic energy. The results of fracture energy
show a negative correlation between fracture energy and accumulated damage. The
most probable explanation is the presence of extensive fracture networks within
sandstone with severe accumulated damage, leading to greater destruction even with
lower fracture energy.
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Abbreviation

CSR Constant strain rate

DIC Digital image correlation

DIF Dynamic increase factor

DUCS Dynamic uniaxial compressive strength
EDZ Excavation damaged zone

ISRM  International Society for Rock Mechanics
SE Stress equilibrium

SEM Scanning electron microscopy

SHPB  Split Hopkinson pressure bar

ucs Uniaxial compressive strength

A Cross-sectional area of the elastic bars
As Cross-sectional area of the sandstone specimen
b Fitting parameter

C P-wave velocity of the elastic bars

Dp Accumulated damage factor

Dg Energy damage variable

Dp P-wave damage variable

E Young’s modulus of the elastic bars

f Fitting parameter

Ls Length of the sandstone specimen

m Mass of the rock specimen

R(t) Stress equilibrium factor

g Total input energy density

g Dissipated strain energy density

Ue Released elastic strain energy density

v Average velocity of the fragments

() Average P-wave velocity for intact sandstone specimens
Up Average P-wave velocity for sandstone specimens with accumulated damage
w Stress pulse energy

We Fracture energy

W; Incident energy

Wy Kinetic energy

W; Reflected energy

Wg Acoustic energy

Wi Transmitted energy

Wr Thermal energy

e(t) Dynamic strain of the sandstone

er(t) Incident pulse signal

er(t)  Reflected pulse signal

er(t)  Transmitted pulse signal

€ Dynamic strain rate of the sandstone
e(t) Dynamic strain rate

o Dynamic stress of the sandstone

o(t) Dynamic stress
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