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Accurately characterizing the mechanical responses and cracking mechanism of three-dimensional
confined fractured rocks under coupled static-dynamic loading is of paramount importance for under-
ground engineering construction. Using a modified split Hopkinson pressure bar (SHPB) system, five
groups of single-flawed specimens with the axial prestress ratio from 0 to 0.8 are tested at the strain
rates in the range of 65e205 s�1 under a fixed radial prestress. Our results indicate that both the dynamic
strength and total strength show significant positive linear correlations with the strain rate, and the
dynamic strength shows more strain rate sensitivity under higher axial prestress. The dynamic strength
and corresponding failure strain decrease with increasing axial prestress, while the total strength is
barely affected by the axial prestress. The dynamic elastic modulus initially increases before the axial
prestress ratio reaches 0.6 and then decreases. The failure pattern of tested specimens changes from
single diagonal failure to an “X” shaped conjugated failure as axial prestress increases. Furthermore, the
progressive cracking processes of confined single-flawed specimens under different axial prestresses are
numerically visualized by the discrete element method (DEM). Based on the displacement trend lines on
both sides of cracking surface, five crack types are identified and classified in our simulation. The
displacement field distributions of the DEM models reveal that the macroscopic single diagonal failure
under lower axial prestress is mainly controlled by mixed tensile-shear cracks, while the “X” shaped
conjugated failure under higher axial prestress is shear dominated.
� 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

With the increasing demand for resources and spaces, amyriad of
engineering structures are constructed in the deep underground,
involving tunnel, hydropower house, nuclear waste repository, and
oil depot (Jiang et al., 2021; Li et al., 2021). These underground rock
structures are usually subjected to three-dimensional (3D) static in
situ stress and dynamic disturbance simultaneously (Li et al., 2008;
Liu and Dai, 2021), as depicted in Fig. 1. Widely existing in various
underground structures, rocks containing many discontinuous flaws
are generally in a triaxial stress state, and are extremely sensitive to
coupled static-dynamic loading conditions (Zhao et al., 1999; Li et al.,
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
y-nc-nd/4.0/).
2017a). It is thus crucial to investigate the dynamic response and
cracking behaviors of 3D confined flawed rocks for the safety in the
construction and operation of underground engineering.

Numerous studies about the flawed rocks were mainly
concentrated on the static loading conditions (Wei et al., 2021).
Under the uniaxial compression loading, rock specimens contain-
ing single flaw (Bobet and Einstein, 1998; Li et al., 2005), double
flaws (Wong and Chau, 1998; Lee and Jeon, 2011; Shaunik and
Singh, 2019) and even multiple flaws (Sagong and Bobet, 2002;
Feng et al., 2018; Huang et al., 2019) were tested to investigate the
mechanical properties and cracking behaviors. Results show that
the strength and deformation characteristics of flawed rocks are
significantly affected by the flawgeometric configuration, including
the length and angle of the flaw, the length and angle of rock bridge,
and the space between two flaws. Since rocks in practical engi-
neering are generally confined by in situ stress in multiple di-
rections, the effects of confining pressure on the static mechanical
responses of flawed rocks were studied (Huang et al., 2016a, 2016b;
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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Fig. 1. The stress state of flawed rocks in underground engineering structure. s1, s2 and s3 are the major, intermediate and minor principal stresses, respectively; sd is the dynamic
loading.
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Tang et al., 2019). For example, Huang et al. (2016b) investigated the
failure and internal damage behaviors of rock-like material speci-
mens containing two un-parallel flaws using conventional triaxial
compression tests. Results show that the crack evolution and failure
mode are mainly affected by the fissure angle under lower
confining pressure, while the effect of confining pressure becomes
more significant under higher confining pressure.

Since the dynamic properties of rocks distinctly differ from that
under static loading conditions, the dynamic characteristics of rocks
at high strain rates have been further investigated using the split
Hopkinson pressure bar (SHPB) apparatus (Frew et al., 2001; Dai
et al., 2010; Xia and Yao, 2015; Xu et al., 2020). With increasing
strain rate, the dynamic strength of rocks generally increases
remarkably and the breakage degree of specimens turns serious.
Recently, several dynamic loading tests have been conducted on the
rocks containing differentflaws (Zou andWong, 2014; Li et al., 2017b,
2019). It is found that the flawed specimen usually shows a shear-
dominated “X” shaped failure mode under individual dynamic
loading, while the geometry of the flaws shows a little influence on
the failure pattern.Meanwhile, a considerable number of researchers
have investigated the coupled static-dynamic effect on the me-
chanical behaviors of intact specimens under one-dimensional (1D)
or 3D stress conditions (Li et al., 2008; Gong et al., 2019; Pei et al.,
2020; Liu et al., 2021). It is concluded that the coupled dynamic
behaviors of rocks are influenced by both the initial prestress and
dynamic loading rates. Nevertheless, the literature discussing the
mechanical and cracking behaviors of the flawed rocks under
coupled static-dynamic loading is rather limited (Yan et al., 2020,
2021; Xiao et al., 2020). Yan et al. (2020) reported that the failure
modes of single-flawed specimens changed from a shear-dominated
“X” shaped failure under individual dynamic loading tomixed shear-
tensile failure under coupled static-dynamic loading. However, their
study was limited in 1D prestress condition. So far, the dynamic
behavior of 3D confined flawed rock under the coupled static-
dynamic loading has never been investigated.

In this study, the sandstone specimen containing a prefabricated
flaw is introduced into the coupled static-dynamic triaxial SHPB
tests to investigate the effect of the axial prestress on the strength
characteristics, deformation properties, failure pattern and cracking
mechanism of the confined single-flawed rocks. After the labora-
tory tests, a numerical triaxial SHPB system is established by the
open-source discrete element method (DEM) code, and the
microscopic parameters of the DEM model are calibrated based on
our experimental results. By the DEM simulations, the stress dis-
tribution, progressive cracking process and final displacement field
are described for a further insight into the cracking mechanism of
confined single-flawed specimens under coupled static-dynamic
loading.
2. Experimental and numerical methodology

2.1. Testing apparatus and sealing process

As depicted in Fig. 2, the coupled static-dynamic tests on the
confined single-flawed specimen are conducted in the modified
SHPB experimental apparatus, which is mainly composed of bar
system, pressure system and data acquisition system. The bar sys-
tem is made of low-alloy ultrahigh strength steel, including a
striker bar (300mm in length), an incident bar (3000mm in length)
and a transmitted bar (2000 mm in length). The elastic modulus,
density and diameter of these bars are 211 GPa, 7800 kg/m3 and
50 mm, respectively. Two groups of strain gauges are mounted on
appropriate positions of the incident bar and transmitted bar. Each
group contains two strain gauges oppositely pasted on the
circumferential surfaces of the bar. The pressure system includes a
radial confining pressure system at the specimen and an axial
confining pressure system at the end of the transmitted bar. Driven
by the axial confining system, the axial prestress is exerted by the
transmitted bar on the single-flawed specimen, while the radial
prestress is applied by hydraulic oil in the chamber of radial
confining system. Fig. 3a demonstrates the time histories of the
radial confining pressure in different loading conditions. The
maximum variation of radial confining pressure is lower than



Fig. 2. (a) Photographs and (b) schematic diagram of the modified SHPB apparatus with radial and axial confining system.

Fig. 3. Radial confining pressure variation in different axial prestress conditions: (a) Experiment and (b) Numerical simulation. The legends represent different axial prestress ratios.
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1 MPa, indicating that the radial chamber is large enough to ensure
the stability of confining pressure in the dynamic impact process.
If the single-flawed specimen was directly placed in the radial
confining chamber to apply the confining pressures, high pressure



Table 1
Basic physico-mechanical parameters of Neijiang sandstone.

Parameter Unit Value

Density, r kg/m3 2354
Young’s modulus, E GPa 6.7
Poisson’s ratio, n 0.23
UCS, sc MPa 61
Brazilian tensile strength, st MPa 7

W. You et al. / Journal of Rock Mechanics and Geotechnical Engineering 14 (2022) 477e493480
oil would fill the flaw and permeate the bar-specimen interfaces,
which counteracts the confining pressure and hardly access the
initial stress state of the rock. Therefore, the specimen should be
well sealed between the incident and transmitted bars. The spe-
cific sealing process is shown in Fig. 4, mainly including five steps:

(1) Three O-shape rubber gaskets are set at the contact end
between the specimen and each bar, respectively.

(2) With both ends lubricated by grease, rock specimens are
sandwiched between the incident and transmitted bars and
then wrapped by a heat shrink tube.

(3) After heating the heat shrink tube, steel hoops are tightened
at the positions of rubber gaskets for sealing.

(4) The two ends of the heat shrink tube are coated with hot
melt adhesive to prevent the high pressure oil from seeping
through the heat shrink tube, which further ensures good
sealing performance.

(5) Finally, a metal strainer is tied on the outside of the heat
shrink tube to collect the fragments and residue of the rock
specimen in case the heat shrink tube is punctured during
the dynamic loading.

To prevent the high-pressure oil from penetrating the heat
shrink tube through the preformed flaw, two high-strength alloy
sheets are placed on the sidesurface of the single-flawed rock
specimen with lubricating grease.

2.2. Specimen preparation and test scheme

The tested sandstone taken from Neijiang, Sichuan Province of
China, which is homogenous without distinct defects and the
average density is 2354 kg/m3. A hydraulic servo-controlled MTS-
793 rock testing system is used to determine the static mechanical
properties of tested sandstone, including the uniaxial compressive
strength (UCS) and indirect tensile strength. The basic physico-
mechanical parameters of tested sandstone are listed in Table 1,
in which the cylinder specimen with a diameter of 50 mm and an
Fig. 4. (a) Sealing tools and (b) sealing process of the confined sing
aspect ratio of 2:1 was used for calculating the UCS, and the Bra-
zilian disc specimen with the geometry of 50 mm � 25 mm
(diameter � thickness) was used for calculating the tensile
strength.

The geometry of cuboid sandstone specimens is 35 mm �
35 mm � 45 mm, as illustrated in Fig. 5a. A prefabricated flaw is
located in the center of the specimen and the angle between the flaw
and the loading direction is 45�. The fabrication process of the single
flaw includes the following two steps. Firstly, a drilling bit is adopted
to drill a small hole in the center of the specimen, and then a diamond
wire saw with a thickness of 1 mm is passed through the hole to cut
out a flawwith a length of 7 mm along the predetermined direction.
After carefully polishing, all the specimens have a surface roughness
less than0.02mmand thedeviationof perpendicularitybetween two
adjacent surfaces is smaller than 80.

Fig. 5b briefly depicts the loading conditions of the single-
flawed specimen in this study. For investigating the influence of
axial prestress on dynamic response and cracking behaviors of
flawed rock under 3D in situ stress, single-flawed specimens would
be subjected to a fixed radial confining pressure and different axial
prestress firstly, and then the dynamic pulse acts on the axial di-
rection of rock specimen. The average UCS of single-flawed spec-
imen is 56.8 MPa, and the radial confining pressure is fixed as 20%
of the UCS (microcrack closure threshold) of single-flawed spec-
imen, i.e. 11.4 MPa. Such level ground stress is commonly seen in
the depth around 400e500 m where numerous engineering pro-
jects exist. In this study, the ratio of the static axial prestress to the
le-flawed rock specimen in coupled static-dynamic SHPB tests.



Fig. 5. (a) Geometrical parameters of the single-flawed specimen, and (b) the schematic loading conditions of the confined single-flawed specimen in coupled static-dynamic SHPB
tests.
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UCS of single-flawed specimen is defined as the axial prestress
ratio. Five axial prestress ratios are selected to the confined single-
flawed specimen, i.e. 0, 0.2, 0.4, 0.6 and 0.8, and thus the axial
prestresses are set at 0 MPa, 11.4 MPa, 22.7 MPa, 34.1 MPa and
45.6 MPa, respectively. The specimens are divided into five groups
based on different axial prestress ratios, and six specimens are
tested in each group for different strain rates. Note that the applied
radial prestress also acts on the exposed ends of the incident and
transmitted bars, which reduces the designed axial prestress on the
specimen. Therefore, to apply desired axial prestress on the spec-
imen, the pressure in the axial confining chamber should be
adjusted rather than make it equal to the axial prestress. Based on
the force analysis of the transmitted bar at the static prestress stage,
the following formula can be obtained:

sa; cAb ¼ sa; pAs þ sr; pAe (1)

where sa, c, sa, p and sr, p are the axial chamber pressure, axial
prestress and radial prestress, respectively; Ab, As and Ae are the
cross-sectional areas of bar and specimen, and the exposed area of
bars, respectively. By transforming this formula, the pressure in
axial confining chamber at different axial prestresses can be
calculated as follows:

sa; c ¼ sa; pAs þ sr; pAe

Ab
(2)

Under different axial prestress ratios, the adjusted axial cham-
ber pressures are 4.3 MPa, 11.4 MPa, 18.4 MPa, 25.5 MPa and
32.6 MPa, respectively.

2.3. Data acquisition and processing

When the designed axial and radial prestresses are achieved, the
striker bar impacts upon the right end of incident bar and produces
a comprehensive incident wave (εi). In order to obtain a ramp
incident wave and facilitate the dynamic stress equilibrium state in
the specimen, a red copper disk with dimensions of 10 mm� 2mm
(diameter � thickness) is glued on the right end of the incident bar
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as a pulse shaper. When the incident wave propagates along the
incident bar to the bar-specimen interface, part of the wave is re-
flected back as the reflected wave (εr), and the remainder goes
through the specimen and travels into the transmitted bar as the
transmitted wave (εt). All these strain signals are collected by the
data acquisition system with a frequency of 107 s�1 during the
dynamic tests.

In the coupled static-dynamic triaxial SHPB tests, there exists a
detachment wave due to the separation between the reaction plate
and flange (Chen et al., 2018). Data processing methods vary
depending on whether the detachment wave arrives at the strain
gauge after the reflected wave. With careful examination, the
detachment wave passes through the strain gauge after the re-
flected wave in all tests of this study. Thus, the starting point of the
reflected wave is zero. Meanwhile, affected by the axial constraint,
the starting point of the incident wave and the transmitted wave is
equal to the static axial prestress. Therefore, the dynamic stresses
on the incident end (si) and the transmitted end (st) of the spec-
imen can be calculated by the following equation:

si ¼ Ab
As

Ebðεi þ εrÞ; st ¼ Ab
As

Ebεt (3)

where Eb is the Young’s modulus of the steel bars.
According to Chen et al. (2018) and Du et al. (2020a), the 1D

stress wave theory by Kolsky (1949) is also applicable in coupled
static-dynamic triaxial SHPB tests. Once the dynamic stress equi-
librium is achieved during the loading process, i.e. si z st, the time-
varying strain rate _εðtÞ, dynamic strain εdynðtÞ, and dynamic
compressive stress sdynðtÞ of specimen can be calculated as follows:

_εðtÞ ¼ �2Cb
ls

εrðtÞ

εdynðtÞ ¼ �2Cb
ls

Zt

0

εrðtÞdt

sdynðtÞ ¼ AbEb
As

½εtðtÞ � εpre�

9>>>>>>>>=
>>>>>>>>;

(4)

where Cb is the longitudinal wave velocity of the bar, εpre is the pre-
strain caused by the axial prestress, and ls is the length of specimen.
2.4. Brief introduction to DEM

To investigate the failure process and the crackingmechanism of
the confined single-flawed specimen under coupled static-dynamic
loading, the open-source DEM code ESyS-Particle (Weatherley
et al., 2014) is employed to build up the whole triaxial SHPB sys-
tem. In the simulation, the specimens and bars are modeled as
collections of nonuniform-size spherical rigid particles. At the
contact point, two adjacent particles are bonded together using a
bond particle model (BPM) proposed by Potyondy and Cundall
(2004). The BPM has been widely used to analyze the mechanical
behavior of rock materials (Xu et al., 2016; Liu et al., 2017; Du et al.,
2020b; You et al., 2021). The forces and moments between bonded
particles can be calculated using the following equation:

Fbn ¼ kbnDdn
Fbs ¼ kbsDds
Mb ¼ kbDab
Mt ¼ ktDat

9>>=
>>;

(5)

where Fbn, Fbs, Mb and Mt are the normal bond force, shear bond
force, bendingmoment and twisting moment, respectively; kbn, kbs,
kb and kt denote the normal, shear, bonding and twisting stiffnesses
of bond, respectively; and Ddn, Dds, Dab and Dat are the corre-
sponding relative displacements. The criterion of BPM breakage is
as follows:

Fbn
Fbn; max

þ Fbs
Fbs; max

þ Mb
Mb; max

þ Mt

Mt; max
� 1 (6)

where the subscript max denotes the maximum value of the cor-
responding force.

3. Experimental results

3.1. Dynamic stress equilibrium

The dynamic stress equilibrium on both ends of the specimen is
a prerequisite for the quasi-static data analysis method in SHPB
tests (Zhou et al., 2012; Xia and Yao, 2015). In our tests, the pulse
shaping technique is employed to produce a ramp impact wave
with a duration of about 300 ms, which provides enough time for
wave reverberation in the specimen to achieve a dynamic stress
equilibrium state. Fig. 6 demonstrates time-varying stresses on the
two ends of the single-flawed specimens with confining pressure of
11.4 MPa under five typical axial prestress ratios of 0, 0.2, 0.4, 0.6
and 0.8, respectively. Due to the existence of the axial prestress, the
starting point of the incident and transmitted waves is equal to
corresponding axial prestress. The dynamic stress on the incident
end is the sum of the incident and transmitted waves, marked as
In þ Re, while the dynamic stress on the transmitted end of the
specimen is expressed by the transmitted wave, noted as Tr. At the
beginning of dynamic loading, the incident stress (In þ Re) is
generally greater than the transmitted stress (Tr). After several
wave reverberations, the dynamic stresses on two ends of the
specimen are almost identical, which means that the dynamic
stress equilibrium of the single-flawed specimen is well achieved in
our coupled static-dynamic tests. The analysis in the following is
based on the results of valid SHPB tests.

After the dynamic stress equilibrium is achieved, the time-
varying strain rate and dynamic stress are obtained by Eq. (4).
The evolutions of the strain rate _εðtÞ and dynamic stress sdynðtÞ in a
typical test are presented in Fig. 7a. In the vicinity of the peak stress,
it is clear that there exists a flat plateau in the time-strain rate curve
during 171 ms and 204 ms, which indicates that the specimen is
axially deformed at a constant speed. The strain rate is defined as
the average value of the plateau. Fig. 7b depicts the dynamic stress-
strain curve of the specimen. The peak value of the dynamic stress
history is defined as the dynamic strength (sd) of the confined
single-flawed specimens, and the corresponding dynamic strain is
set as the dynamic failure strain ðεdf Þ. Note that this stress-strain
curve only exhibits the dynamic loading part while excluding the
static pre-loading part. The slope of the dynamic stress-strain curve
at the liner increasing stage is defined as the dynamic elastic
modulus (Ed).

3.2. Strain rate effect on strength characteristics

The mechanical properties, including the dynamic strength,
total strength, dynamic elastic modulus and dynamic failure strain
of all tested specimens, are listed in Table 2. Note that the total
strength for each confined specimen is the sum of the corre-
sponding axial prestress and dynamic strength. In our tests, the
strain rates of the specimens are distributed between 65 s�1 and
205 s�1 in different axial prestress groups. Fig. 8a and b depicts the
strain rate effects on the dynamic strength and total strength of
single-flawed specimens under different axial prestress ratios,



Fig. 6. Dynamic stress balance check of the confined single-flawed specimens under the axial prestress ratios of (a) 0, (b) 0.2, (c) 0.4, (d) 0.6 and (e) 0.8. In, Re and Tr represent the
incident, reflected and transmitted stress waves, respectively.

W. You et al. / Journal of Rock Mechanics and Geotechnical Engineering 14 (2022) 477e493 483



Fig. 7. Typical test data in coupled static-dynamic triaxial SHPB tests: (a) Evolutions of strain rate and dynamic stress, and (b) Dynamic stressestrain curve.

Table 2
Mechanical properties of the confined single-flawed specimens in coupled static-
dynamic SHPB tests.

Specimen
No.

Axial
prestress
(MPa)

Strain
rate
(s�1)

Dynamic
strength
(MPa)

Total
strength
(MPa)

Dynamic
elastic
modulus
(GPa)

Dynamic
failure
strain (%)

A-0-3 0 67.5 171.6 171.6 20.5 1.03
A-0-5 0 95.5 173.5 173.5 13.9 1.11
A-0-2 0 125.2 183 183 14.7 1.26
A-0-1 0 166.4 191.7 191.7 17.1 1.39
A-0-6 0 188.0 196 196 20.2 1.69
A-0-4 0 204.3 203.7 203.7 19.3 1.63
A-2-3 11.4 100.4 169 180.4 17.1 1
A-2-2 11.4 123.5 174.9 186.3 19.9 1.09
A-2-1 11.4 146.4 180.6 192 11.2 1.22
A-2-5 11.4 160.6 188.9 200.3 20.4 1.21
A-2-6 11.4 178.9 195.6 207 16.5 1.52
A-2-4 11.4 203.9 208.8 220.2 18.3 1.81
A-4-5 22.7 94.7 153.8 176.5 17.5 0.95
A-4-4 22.7 110.7 158.3 181 17.4 1.03
A-4-6 22.7 124.1 162.8 185.5 18.6 1.02
A-4-2 22.7 137.4 167.3 190 19.5 1.06
A-4-3 22.7 153.2 171.8 194.5 21 1.16
A-4-1 22.7 161.2 179.4 202.1 20.4 1.19
A-6-2 34.1 69.7 141.3 175.4 24.1 0.77
A-6-1 34.1 92.1 152.2 186.3 13.9 0.76
A-6-3 34.1 122.8 155.7 189.8 20.9 0.9
A-6-4 34.1 137.8 156.4 190.5 16.6 0.93
A-6-6 34.1 153.8 165.1 199.2 24.2 1.22
A-6-5 34.1 161.7 170.2 204.3 22.1 1.27
A-8-5 45.4 87.9 123 168.4 16.8 0.7
A-8-6 45.4 106.8 136.4 181.8 17.2 0.93
A-8-4 45.4 123.4 143.4 188.8 20.2 0.81
A-8-2 45.4 143.9 146.3 191.7 18.3 0.97
A-8-3 45.4 154.7 156.7 202.1 17.1 1.06
A-8-1 45.4 170.1 181.4 226.8 20.7 1.11
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respectively. At a given axial prestress ratio, the dynamic strength
shows high rate dependence and increases with the rising of the
strain rate. The final failure of rock is caused by the initiation,
propagation and interaction of microcracks. From the perspective
of energy, more microcracks are active in rock with the increase of
strain rate, and more energy is thus consumed for crack generation
in a short time. In this case, more micro-structures in rock speci-
mens are involved in the resistance to damage, leading to the
increase in macro-strength of rocks. The positive linear rate
dependence of the total strength is also distinct under different
axial prestress ratios.

It is observed that the increasing rate of dynamic strength under
higher axial prestress ratio is faster than that under lower axial
prestress ratio. Due to compaction of the radial confining pressure,
most microcracks in rock specimen are closed. With the increasing
axial prestress, however, more and more microcracks open again,
and these open microcracks provide abundant reflected surfaces
for the stress wave, leading to higher local damage in rocks. In this
case, just a small dynamic strain rate could lead the failure of
specimen, and the dynamic strength is thus more sensitive with
strain rate under higher axial prestresses. Additionally, the super-
position of axial static prestress and dynamic strength reduces the
dispersion of total strength. Though under different axial prestress
ratios, the distribution of total strength is closer and most data are
gathered near a fit line (excluding specimen No. A-8-1), quite
different from the relatively dispersed distribution of dynamic
strength. Under the similar strain rate, the influence of axial
prestress on dynamic strength is much greater than that on total
strength. For example, at the strain rate about 123 s�1, the
maximum difference of dynamic strength is 39.6 MPa, while that of
total strength is only 6.8 MPa.
3.3. Influence of axial prestress on mechanical and deformation
behaviors of single-flawed sandstone

In order to further investigate the influence of the axial prestress
on the strength characteristics, the dynamic strength and total
strength of single-flawed specimens with confining pressure of
11.4 MPa are plotted against the axial prestress ratio in Fig. 9a and b,
respectively. The strain rate is represented by the rainbow color. It
can be found from Fig. 9a that there is a marked drop in dynamic
strength as the axial prestress ratio increases from 0 to 0.8, indi-
cating that the axial prestress weakens the dynamic bearing ca-
pacity of rock specimens. However, the total strength of tested
specimen shows little sensitivity to the axial prestress (Fig. 9b).
Compared with the specimens without axial preload, the total
strength of specimens with axial preload is slightly increased.
When the axial prestress ratio increases from 0.2 to 0.8, the total
strength remains steady with little fluctuations. Compacted by



Fig. 8. (a) Dynamic strength and (b) total strength versus strain rate of the confined single-flawed specimens in coupled static-dynamic SHPB tests.

Fig. 9. Influence of axial prestress on mechanical and deformation behavior of the confined single-flawed specimen: (a) Dynamic strength, (b) Total strength, (c) Dynamic elastic
modulus, and (d) Dynamic failure strain.
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radial confining pressure, the rock specimen exhibits higher
ductility. According to the maximum shear stress theory, the total
axial yield point of rock is stable under the same radial stress
environment, thus the higher the static axial prestress, the lower
the dynamic bearing capacity under similar loading rate. Similar
testing results were reported byWu et al. (2015) about the dynamic
tensile behavior of rocks under static pre-tension.

For characterizing the deformation behavior, Fig. 9c and d de-
picts the influence of axial prestress on the dynamic elastic
modulus and dynamic failure strain, respectively. The dynamic
elastic modulus first shows an increasing trend as the prestress
ratio increases from 0 to 0.6, and then decreases at the ratio of 0.8,
which probably because the microcracks gradually close and the
porosity of specimen is decreasing when the axial prestress ratio is
less than a critical level (around 0.6 in this study). While, as the
axial prestress ratio surpasses the critical value, the closed micro-
cracks are activated again and even extended. In addition, the dy-
namic failure strain in Fig. 9d presents a declining trend with
increasing axial prestress under a similar strain rate, which is the
same as the effect of axial prestress on the dynamic strength.
3.4. Failure pattern of single-flawed sandstone under different axial
prestresses

The failure pattern analysis is an important method to learn the
cracking mechanism of rocks. To reveal the effect of the axial
prestress, the failure pattern of confined single-flawed specimens
under the strain rate of about 122 s�1 is carefully examined, as
depicted in Fig. 10. It can be observed that the failure modes of
tested specimens are quite different as the axial prestress ratio
increases from 0 to 0.8.

According to the crack types classification proposed by Li et al.
(2017b), four basic crack types of single-flawed specimen are
observed in this study, including coplanar shear (CS) crack, oblique
shear (OS) crack, mixed shear-tensile (MST) crack, and far-field
shear (FS) crack. Under lower axial prestress (i.e. the prestress ra-
tios of 0 and 0.2), the OS or MST cracks coalesce with the FS cracks,
forming two noncoplanar shear bands with pulverized rock pow-
der. Therefore, the specimens generally exhibit a macroscopic di-
agonal failure pattern and broke into two major fragments. Under
Fig. 10. The typical failure patterns of the confined single-flawed specimens at the axial pre
tests. CS - coplanar shear crack; OS - oblique shear crack; MST - mixed shear-tensile crack;
higher axial prestress (i.e. the prestress ratios between 0.4 and 0.8),
accompanied by a series of FS and OS cracks, the CS cracks extend
on another diagonal plane, whichmakes the failure pattern convert
into an “X” shaped conjugated failure mode. Usually, four major
fragments are formed after failure.

From the above analysis, the axial prestress appears a significant
influence on the failure pattern of the confined single-flawed
specimen. The failure mode changes from macroscopic diagonal
failure for lower axial prestress to an “X” shaped conjugated failure
for higher axial prestress. On the other hand, almost all crack types
are shear cracks, and the tensile cracks are barely observed in our
tests, which indicates that the failure mode is shear-dominated for
the confined single-flawed specimens under coupled static-
dynamic loading.

4. Numerical results

For further revealing the cracking mechanism of the confined
single-flawed specimen under coupled static-dynamic loading, the
numerical triaxial SHPB tests are conducted by the DEM simulation.
With the aid of a self-compiled monitoring program, the invisible
mechanical behavior of rocks in the laboratory tests can be ob-
tained and visualized, including the stress distribution, crack
propagation and final displacement field. The simulation results are
exhibited and discussed in this section.

4.1. Model setup and micro-parameters calibration

As shown in Fig. 11, the numerical coupled static-dynamic
triaxial SHPB system mainly consists of 3 bars (i.e. a striker bar,
an incident bar and a transmitted bar), a pulse shaper and four
lateral servo walls. The geometric sizes of these 3 bars in DEM
model are the same as the realistic experimental SHPB apparatus
mentioned in Section 2.1. Meanwhile, five measuring spheres are
placed at Points A-E to record the propagating process of the stress
waves. The single-flawed specimen is created by the following two
steps. First, the particles assemble in a domain with the size of
35 mm � 35 mm � 45 mm to generate an intact specimen with
bonds; then the particles in the designed flaw region are deleted. To
obtain reliable mechanical properties and failure behavior of rock, a
stress ratios of (a) 0, (b) 0.2, (c) 0.4, (d) 0.6, and (e) 0.8 in coupled static-dynamic SHPB
FS - far-field shear crack.



Fig. 11. The 3D discrete element model of the coupled static-dynamic triaxial SHPB system and the single-flawed specimen.

Table 3
Microscopic parameters of the numerical SHPB model.

Component Microscopic parameter Value

Specimen SHPB bars

Particles Radius (mm) 0.26e0.43 1.35e2.24
Density (kg/m3) 3923.3 12,582.1
Elastic modulus (GPa) 16.5 300
Stiffness ratio, kn/ks 2.5 2.5
Friction coefficient 0.5 0.5

Bonds Effective modulus (GPa) 18.5 300
Stiffness ratio, kn/ks 2.5 2.5
Tensile strength (MPa) 50 � 5 1 � 10100

Shear strength (MPa) 60 � 6 1 � 10100

Friction angle (�) 30 30
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sufficiently small particle diameter must be set for the numerical
specimen. Ding et al. (2014) carefully analyzed the particle size
effects on the simulation results, and recommended that the ratio
of the minimum dimension of the specimen to the average particle
diameter is at least 25. In our simulation, the particle radius of
specimen follows the uniform distribution rmax/rmin ¼ 1.66 with
rmin ¼ 0.26 mm, where rmax and rmin are the maximum and mini-
mum radii of the particles, respectively. Therefore, the ratio of the
thickness of the specimen to the average particle diameter is about
50, which is large enough to eliminate the particle size effects on
the simulation results.

The axial prestress is directly applied to the numerical single-
flawed specimen by driving the incident and transmitted bars
with a small displacement increment of 0.05 m/s. To dissipate the
energy induced by applying the prestress, high damping is set in
the simulated bars. Before the dynamic loading, the damping of
bars is set as zero. In addition, four orthogonal rectangular walls
form a lateral confining chamber to apply radial prestress on the
specimen. Sufficient stiffness is allocated to these walls to simulate
the high radial hydraulic pressure on the specimen (Weatherley
et al., 2014; Du et al., 2020b). To ensure stable radial pressure in
the dynamic loading process, an adaptive controller factor (G) is
introduced to control the shrinkage of the servo wall. The relation
between vertex velocity yw of servo wall and the stress difference
Ds can be expressed as follows:

yw ¼ Gðsm � spÞ ¼ GDs (7)

where sm and sp represent the measurement and predetermined
lateral stresses, respectively. The controller factor G can be calcu-
lated as follows:

G ¼ aAw

kaven NcDt
(8)

where a is a relaxation parameter generally set as 0.5 in DEM
simulations; Aw denotes the lateral servo wall area contacted with
specimen; kaven and Nc are the average normal stiffness and total
number of all contacts between the wall and specimen, respec-
tively; and Dt is the duration of each calculation step and auto-
matically determined according to the scale of the whole model. All
the lateral confinement variations of each axial prestress ratio
group are negligible in the simulated dynamic loading process, as
depicted in Fig. 3b.

By varying the microscopic parameters of the single-flawed
specimen, a series of trial and error tests is performed to achieve
a good agreement between numerical results and experimental
results. In the calibration process, the static uniaxial compression
tests are first simulated to acquire the designed elastic modulus and
Poisson’s ratio of rock specimen (macro), which is controlled by
elastic modulus of particles and effective modulus and stiffness
ratio of BPM model (micro). Secondly, the dynamic strength
(macro) is matched by changing the bond cohesion parameter
(micro) of BPM in the triaxial dynamic tests. The calibrated
microscopic parameters of DEM model are listed in Table 3. The
bond strength of simulated bars is set to a sufficiently large value
because the steel bars never break in the common experiments (Xu
et al., 2016, 2020; Du et al., 2020b). To examine the representative
of the selected microscopic parameters, the comparison of nu-
merical and experimental dynamic stress-strain curves under
different axial prestress ratios with the similar strain rate is shown
in Fig. 12a. It can be seen that the numerical and experimental
curves exhibit well consistency in the region before the peak stress,
though the DEM models are more brittle after the peak. The peak
stresses (i.e. dynamic strength) of the DEMmodels are also in good
agreement with the experiment results. In addition, the failure
pattern of numerical specimen is similar to the laboratory results.



Fig. 12. (a) Comparisons of dynamic stress-strain curves and failure patterns between experimental and numerical results, and (b) axial and radial stress histories monitored by the
measuring spheres (AeE) in our simulation under the axial prestress ratio of 0.6 and strain rate of about 122 s�1.
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For example, under axial prestress ratio of 0.6, both of them present
an “X” shaped conjugated failure pattern. These consistent results
guarantee that the selected microscopic parameters in our DEM
models are appropriate to reproduce the mechanical and failure
characteristics of the confined single-flawed rock specimens sub-
jected to coupled static-dynamic loading.

In order to validate the numerical triaxial SHPB system, it is
necessary to check whether two basic hypotheses are satisfied, i.e.
the 1D stress propagation of bars and the dynamic stress equilib-
rium state of specimens. Fig. 12b displays the axial and radial stress
signals in the incident and transmitted bars under the axial
prestress ratio of 0.6 and strain rate of about 122 s�1. For the axial
stress, it can be clearly seen that these stress waves recorded at
different positions in these 2 bars are almost identical in both the
amplitudes and the waveforms. For the radial stress, the maximum
amplitude of all radial stresses is only about 1.5 MPa, which is
negligible compared with that of axial stress. These results indicate
that the wave propagation attenuation and dispersion are not sig-
nificant. Therefore, the 1D stress wave propagation assumption is
verified in the numerical triaxial SHPB system.

For checking the dynamic stress equilibrium assumption, the
stresses on the incident end and the transmitted end of the spec-
imen are directly computed by monitoring the contact forces be-
tween the specimen and the bars. For example, Fig. 13 shows the
axial dynamic stress on both ends of the specimen under the axial
prestress ratios of 0.2 and 0.8, respectively. A stress equilibrium
coefficient m is used to assess the stress balance level of the spec-
imen (Hokka et al., 2016; Du et al., 2020b):

m ¼ 2ðsi � stÞ
si þ st

(9)

Four typical moments are also marked in Fig. 13, including Tb, Tf,
Tp and Te representing balanced, fracturing, peak and ending times
of the cubic specimen failure process, respectively. Tb is the
moment when m is less than 10% for the first time, while Te is the
moment when m is higher than 10% after Tb. Tf and Tp are the mo-
ments when the dynamic stress of specimen reaches 85% and 100%
peak value, respectively. Between Tb and Te, the stress equilibrium
coefficient oscillates around zero with small amplitudes, which
suggests that the dynamic stress balance level is acceptable in the
DEM simulation.

4.2. Cracking process and stress field evolution

The dynamic stress field evolution and progressive cracking
process are visualized to investigate the effect of axial prestress on
rock failure behavior. In the view of the direction perpendicular to
the dynamic loading, three slices with a thickness of 1 mm and an
interval of 15 mm are shown to demonstrate the stress and crack
changes at the center and surface of the specimens. The slice II is at
the center, while the slices I and III are at the external position of
the single-flawed specimen. The specific location of slices IeIII is
schematically depicted in Fig. 14. For comparison, under the radial
prestress of 11.4 MPa, two typical tests, i.e. the axial prestress ratios
of 0.2 and 0.8 under the strain rate of about 160 s�1, are selected,
and corresponding results are shown in Figs. 15 and 16, respec-
tively. In the stress field evolution (Figs. 15a and 16a), the magni-
tude of stress is represented by different colors. The red indicates a
large compressive stress and the dark blue indicates a small stress.
The spatial distribution of microcracks can be visualized by
recording the breakage of the bond in DEM model (Figs. 15b and
16b), in which the red and blue dots denote the shear and tensile
microcracks, respectively.

For the axial prestress ratio of 0.2, at time Tb, the dynamic
maximum principal stress is at a lower level, and the distribution is
also comparatively homogeneous since the specimen reached a
dynamic force equilibrium state. Some damage (both tensile and
shear) distributes randomly on both loading ends due to the
irregular contact surfaces between the numerical specimens and
bars. At time Tf, the maximum principal stress gradually concen-
trates on both tips of the flaw, and both OS and CS cracks initiate
from the tips. At time Tp, the compressive stress increases to the
peak value, and the maximum principal stress is mainly concen-
trated on the two OS crack regions. The microcracks coalesce and
the OS cracks further propagate to the root of the specimen forming
the main cracks, but the CS cracks barely develop. At time Te, the
maximum principal stress declines to a small value due to finally



Fig. 13. Dynamic stress equilibrium check under the strain rete of 160 s�1 and the axial prestress ratio of (a) 0.2 and (b) 0.8.

Fig. 14. Schematic diagram of the location of slices IeIII for the demonstration of stress
evolution and progressive cracking process.
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failure of the specimen, and the OS cracks coalesce with the FS
cracks eventually forming a macroscopic diagonal crack.

For the axial prestress ratio of 0.8, at time Tb, the maximum
principal stress distribution is mainly marked with the same color,
further showing that the specimen reached a dynamic force equi-
librium state. At time Tf, stress concentrations at flaw tips are
intensified, and many microcracks occur around the flaw tips. At
time Tp, the maximum principal stress is concentrated on two di-
agonal regions of the numerical specimen. Not only OS cracks but
also CS cracks develop from the flaw tips to the roots of the spec-
imen. At time Te, the OS and CS cracks finally coalesce with the root
FS cracks, and the specimen exhibits an “X” shaped conjugated
failure pattern. There are more red dots in the damage region of the
specimen, indicating that the shear failuremore easily occurs in the
specimen.

From the above analysis, although both the CS and OS cracks
initiate when the dynamic load reaches a high level, the maximum
principal stress tends to concentrate on the direction opposite to
wing crack, and only the OS cracks develop and coalesce to form a
macroscopic non-coplanar shear crack under lower axial static
prestress. Under higher axial prestress, the stress concentration is
more obvious in the two diagonal directions, and the CS and OS
cracks develop simultaneously, which makes the specimen present
macroscopic “X” shaped conjugated failure mode.
4.3. Displacement field distribution and cracking mechanisms

Although the effect of the axial prestress on the failure pattern
and cracking process of the confined single-flawed specimen has
been discussed in previous sections, the cracking mechanism is
not well understood. To better identify the microscopic cracking
mechanism of the single-flawed specimen, the displacement field
distribution of the specimen is visualized in this section. With the
radial prestress of 11.4 MPa, the displacement fields of the single-
flawed specimen under different axial prestresses are shown in
Fig. 17. Different magnitudes of displacement are represented by
different colors, and a warmer color indicates a larger displace-
ment. The macrocracks are plotted by black dash line and the
displacement interfaces are obvious at the macrocracks. To better
understand the origin of different macrocrack types, the enlarged
views of typical crack coalesce types are presented along different
macrocracks. The enlarged views show the displacement magni-
tude and direction of the particles on both sides of the
macrocrack.

According to Zhang and Wong (2014), the displacement trend
line (DTL) is introduced for revealing the cracking mechanism,
which represents the general displacement trends on both sides of
a newly developed crack. As shown in Fig. 18, The DTLs on both
sides of the cracking surface are indicated by the red arrows, and
the green and blue arrows represent the components perpendic-
ular and parallel to the cracking surface, respectively. The tensile
properties of the newly developed crack can be identified by
comparing the direction and magnitude of the two perpendicular
component vectors, and the shear crack can be identified by
comparing the two parallel component vectors. Therefore, five
main microscopic cracking mechanism types are summarized in
our tests:



Fig. 15. (a) Dynamic maximum principal stress evolution and (b) the progressive cracking process of the single-flawed specimen at the strain rate of about 160 s�1 and axial
prestress ratio of 0.2.

Fig. 16. (a) Dynamic maximum principal stress evolution and (b) the progressive cracking process of the single-flawed specimen at the strain rate of about 160 s�1 and axial
prestress ratio of 0.8.
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(1) Type I: Direct tensile (DT) crack. The parallel component
vectors on both sides of the cracking surface are similar in
magnitude and direction, while the perpendicular compo-
nent vectors move in the opposite direction (Fig. 18a).

(2) Type II: Relative tensile (RT) crack. The parallel component
vectors on both sides of the cracking surface are similar in
magnitude and direction, while the perpendicular
component vectors move in the same direction but unequal
in magnitude (Fig. 18b).

(3) Type III: Relative shear (RS) crack. The perpendicular
component vectors on both sides of the cracking surface are
similar in magnitude and direction, while the parallel
component vectors move in the same direction but unequal
in magnitude (Fig. 18c).



Fig. 17. Displacement field distribution of confined single-flawed specimen under the axial prestress ratios of (a) 0.2 and (b) 0.8. Narrow solid arrows and thick open arrows
represent the displacement vectors and DTLs, respectively.
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(4) Type IV: Tensile-shear (TS) crack. The parallel component
vectors on both sides of the cracking surface move in the
same direction but unequal in magnitude. The relative mo-
tion between perpendicular component vectors is separating
from each other (Fig. 18d).

(5) Type V: Compression-shear (CS) crack. The parallel compo-
nent vectors on both sides of the cracking surface move in
the same direction but unequal in magnitude. The relative
motion between perpendicular component vectors is
approaching each other (Fig. 18e).

Generally, a DT or RT crack leads to a tensile crack, while RS, TS
or CS crack will cause a shear crack. Based on the enlarged views
shown in Fig. 17a, we can find that the diagonal macroscopic OS
cracks at the flaw tips are actually mixed tensile-shear cracks
dominated by TS cracks. The macroscopic FS cracks near the root
region of the specimen are shear cracks characterized by RS or CS
cracks. The results indicate that a macroscopic diagonal failure at
lower axial prestress is mainly controlled by mixed tensile-shear
cracks. Under a higher axial prestress ratio of 0.8, the
macroscopic OS and CS cracks initiating at the flaw tips are shear
cracks mainly controlled by RS cracks, while the macroscopic FS
cracks are also shear cracks characterized by RS or CS cracks, as
shown in Fig. 17b. Therefore, the “X” shaped conjugated failure for
higher axial prestress is shear dominated. In the DEM simulation,
most of the cracks, especially the FS cracks, are shear cracks, while
tensile cracks (DT and RT) are hardly observed, which is highly
consistent with the experimental results of the confined single-
flawed specimen in coupled static-dynamic tests.
5. Conclusions

In this study, to simulate the fractured rock confronted with 3D
in situ stress and dynamic disturbance simultaneously, the triaxial
SHPB tests are experimentally and numerically conducted on
single-flawed rocks. Our experimental results reveal the influences
of axial prestress and strain rate on the dynamic mechanical
response of confined single-flawed rocks, and the numerical results
provide further insights into the progressive fracture process and



Fig. 18. Five displacement field types defined by DTLs: (a) DT, (b) RT, (c) RS, (d) TS, and (e) CS.
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cracking mechanism. The following main conclusions can be
drawn:

(1) Both the dynamic strength and total strength of single-
flawed rocks show significant positive linear correlations
with the strain rate, and strain rate sensitivity of dynamic
strength is more obvious under higher axial prestress. The
dynamic strength and corresponding failure strain decrease
with increasing axial prestress, while the total strength is
barely affected by the axial prestress. The dynamic elastic
modulus first increases and then decreases at a turning point,
i.e. the axial prestress ratio about 0.6.

(2) The axial prestress significantly affects the failure pattern of
the confined single-flawed specimen under coupled static-
dynamic loading. Under lower axial prestress (i.e. the
prestress ratio of 0.2), rocks generally exhibit a macroscopic
diagonal failure pattern and are broken into two major
fragments. Under higher axial prestress (i.e. the prestress
ratio between 0.4 and 0.8), the failure pattern converts into
an “X” shaped conjugated failure mode, and four major
fragments are usually formed after failure.

(3) The dynamic stress field evolution and the displacement
field distributions of confined single-flawed rocks are
numerically visualized, and five main microscopic cracking
mechanism types are identified and classified in our simu-
lation based on DTLs on both sides of the cracking surface.
The displacement field distributions of the DEM models
reveal that the macroscopic single diagonal failure under
lower axial prestress is mainly controlled by mixed tensile-
shear cracks, while the “X” shaped conjugated failure un-
der higher axial prestress is shear dominated.
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