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In order to analyze the dynamic fracture responses of surrounding rocks in underground
space to cyclic impact loads, a series of dynamic compressive tests were conducted
using hollow cylindrical and intact sandstone specimens under confining pressures
corresponding to 5, 10, and 12 MPa, and the hollow cylindrical sandstone were subject to
radial gradient stresses. In the study, the impact loads were applied via a large diameter
split Hopkinson pressure bar (SHPB). The results indicated that the hollow cylindrical
sandstone exhibited a lower dynamic strength and larger critical strain under radial
gradient stress as compared to intact sandstone. The dynamic strength and critical strain
of all rock specimens increased significantly with the increase of the number of impact
loading, whereas the cumulative absorption energy decreased. Under impact loads with
velocity of 11.89 m/s, the cumulative absorption energy increased with the increase of
confining pressure. The impact load was a complex process of repeated tension and
compression which easily affected the hollow cylindrical sandstone in the radial direction
during cyclical impact loading, and the characteristics of zonal disintegration indicated
dominant tensile failure and local shear failure. However, a compression-shear failure
mode was observed under confining pressure for intact sandstone.

Keywords: sandstone, radial gradient stress, SHPB, cyclical impact loading, failure properties

INTRODUCTION

After the excavation of an underground space (e.g., underground tunnels and mining roadways),
the surrounding rocks near the surface of the underground space experience a radial gradient stress.
The vertical and horizontal stress values increase from zero to the primary stress values along
their effect directions and change from the maximum value to the primary stress value along the
directions perpendicular to their effect directions (Brady and Brown, 1985), as shown in Figure 1.
Hence, it is necessary to examine the mechanical properties of the rock under a radial gradient
stress in detail. Thus, hollow cylindrical rock specimens (with a hole along the axial direction
of the rock specimens) were used to investigate the failure properties of rocks under a radial
gradient stress (Wang et al., 2018a). Based on previous studies (Yang, 2016; Zhao et al., 2016,
2019; Weng et al., 2017), the radial gradient stress can be realized by the effect of the holes that
significantly affect the failure properties of rocks. A series of conversional triaxial compression tests
using hollow cylindrical rock specimens were performed by Lee et al. (1999) to investigate the
potential effect of stress paths on the mechanical behavior of sandstone were carried out, and the
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Wang et al.

Dynamic Failure Properties of Sandstone

FIGURE 1 | Radial stress gradient state of rocks: (A) overall perspective; (B) vertical stress; (C) horizontal stress.

tests were successfully used to determine the effect of stress paths
on the mechanical behavior and to construct its failure surface
(Lee et al,, 1999). A simple and practical solution to designing an
apparatus for a hollow cylinder test through a novel conventional
triaxial cell, was proposed by Alsayed (2002) and an internal
pressure loading configuration was also designed. A simulation
numerical mode predicting the mechanical responses of concrete
hollow cylinders under multiaxial compression stresses was
proposed by Fantilli and Vallini (2010). With increases in the
diameter of the borehole, the ductility of rocks decreases, and the
level of peak strength increment in thick-walled hollow cylinder
specimens decreases with an increase in the confining pressure
(Hashemi et al., 2015). The deformation, peak strength, and
crack damage behavior of hollow sandstone specimens, with
various hole diameters (d = 0, 11, 15, and 26 mm), under varying
confining pressures were investigated (Yang, 2016).

However, the aforementioned experimental studies mainly
focused on the static failure properties of the rocks. The
surrounding rocks of the underground excavation are also
affected by dynamic loadings such as repeated blasting,
earthquakes, and rock bursts. It was reported that the dynamic
loads significantly affected safety of underground tunnels (Wang
et al, 2019b), and it is necessary to examine the dynamic
failure properties of rocks under radial gradient stress. An
ideal and reliable testing technique to measure the dynamic
properties of rocks at a high strain rate (up to 10!-10° s71)
corresponds to a split Hopkinson pressure bar (SHPB) test
(Kolsky, 1949; Xia and Yao, 2015; Yin et al., 2019), which is
commonly used to study mechanical properties of rock under
uniaxial compression and tension loads (Li et al, 2009; Lu
and Li, 2011; Gong and Zhao, 2014; Wu et al, 2019a,b).
After a significant improvement in obtaining a complete triaxial

loading test by many researchers, SHPB is a commonly used
method to investigate dynamic mechanical properties under
confining pressure (Li et al, 2008; Frew et al., 2010; Bailly
et al, 2011; Peng et al, 2019). Many studies on the failure
properties of intact cylindrical specimens under conversional
confining pressure were performed using SHPB. However,
there is a paucity of studies that use hollow cylindrical
rock specimens.

Therefore, in the study, a novel SHPB testing system with
a confining pressure vessel was used to investigate the failure
properties of rocks under various confining pressures and
cyclical impact loading. A series of tests using hollow cylindrical
sandstone specimens were conducted under different levels
of confining pressures subjected to multiple impacts. For the
purpose of comparison, a series of confining pressure impact tests
using intact specimens, under the same conditions as the hollow
cylindrical specimens, were also performed systematically.

EXPERIENTIAL PROCEDURES

Specimen Preparation

Based on the suggested methods for determining the basic
mechanical parameters of rocks (Du et al., 2019; Wang et al,,
2019a), the rocks are tested using specimens with a diameter
corresponding to 50 mm and height corresponding to 100 mm.
The mechanical parameters of the specimens are summarized in
Table 1. With reference to studies related to SHPB tests (Zhou
et al,, 2012; Wu et al,, 2019¢), the size of specimens for impact
loading test included specimens with a diameter corresponding
to 50mm and height corresponding to 25mm. The top and
bottom ends of the specimens were polished to ensure that
the two surfaces were smooth and parallel to each other.
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TABLE 1 | Physical and mechanical parameters of sandstone under static loading.

Physical and mechanical parameters Value
Density/(kg/m®) 2,326
Poisson’s ratio 0.196
P wave speed/(m/s) 3,185
Compressive strength/MPa 75.01
Elastic modulus/GPa 10.18

FIGURE 2 | Specimen: (A) Intact specimen (Type A), (B) B Hollow specimen
(Type B).

Additionally, a circular hole with an aperture corresponding to
10 mm is drilled in the rock specimens used in the SHPB tests, as
shown in Figure 2) (You and Su, 2010; Yang, 2016).

Testing Apparatus and Stress Path

An RMT-150C testing system was used to determine the basic
mechanical indexes of the rock specimens with a diameter
corresponding to 50 mm and height corresponding to 100 mm,
while a novel SHPB testing system with a large diameter
corresponding to 50 mm, was used to investigate the impact
failure properties of hollow cylindrical rock specimens. The
schematic of the SHPB experimental system used in the study
is shown in Figure 3. A confining pressure vessel was located at
the middle of the device, and the hydrostatic confinement stress
was loaded by the vessel (Li et al., 2008; Xia and Yao, 2015). The
SHPB testing system can apply impact loads with the medium
at high strain rates ranging from 10!-10° s~!. Additionally, the
impact loads generated by a spindle-type structure punch in the
SHPB testing system were shaped as a half-sine stress wave (Li
et al,, 2000). The experimental steps undertaken in the study was
as follows:

Applied Confining Pressure

The rock specimen, packed in a barrel-shaped rubber sleeve, was
placed in the confining pressure vessel, and fixed by the input
and output bars. A small amount of butter was smeared into
the contact face of the rock specimens and bars to minimize the
friction effect. Additionally, confining pressures corresponding
to 5, 10, and 12 MPa were applied on the curved surface of the
cylindrical specimens. It was noted that the axial stress was equal
to the value of the confining pressure.

Loaded Cyclic Impact Loads

Impact loads excited by a spindle-type structure punch were
applied along the axial direction of the rock specimens. The
information of stress wave was recorded and saved by a strain
instrument. In the absence of macroscopic damage to the
specimen, it is impacted again until the rock breaks. During
SHPB testing of the sandstones under the three confining
pressures, if the confining pressure corresponds to 5 MPa, then
the impact velocity corresponds to 10.89 m/s, and the specimen
should be impacted more than 10 times to undergo macroscopic
crack damage. When the impact velocity corresponds to 13.90
m/s, the specimen is destroyed after two impacts. As the
experiment should consider the cyclic impact and failure form
analysis of the specimen, we comprehensively consider the test
effect and operability of the test. Hence, the test mainly analyzes
the mechanical characteristics of the specimen at the impact
velocity corresponding to 11.89 m/s under the confining pressure
corresponding to 5, 10, and 12 MPa. Furthermore, the test
of the specimen under traditional confining pressure (radial
uniform stress) under identical conditions is performed. A typical
waveform is recorded during the test. As shown in Figure 4, the
stress—strain curve, strain rate, and incident energy of the rock
specimens are numbered as DH4-3, transmission energy, and
absorption energy, respectively, and are calculated by Equations
(1-7). The test data are shown in Table 2.

Ae
0= CF [e1() + er(t) + e (t)] )
ces !
e — f/ [e1(t) — er(t) — er(t)] dt )
s JO
. G
= S et — eutt) - ex )] Q
A [!
E = a/(; ef(t)dt @)
A, [!
B = /O e2(Hdt ®)
A [!
Er= /0 ek (t)dt ©)
E; = Ef—Eg — Er 2

where A, denotes the area of the input or output rods, A; denotes
the area of the rock specimens, p, denotes the density of the input
or output rods, C, denotes the velocity of the input or output
rods, L; denotes the height of the rock specimens, t denotes the
duration of the stress wave, E; denotes the absorption energy
of the rock specimens, and Ej, Eg, and E7 denote the incident,
reflected, and transmitted energy, respectively.

RESULTS AND DISCUSSION

Figure 4 shows the cyclic impact waveform of the specimen
(DH4-3) under radial gradient stress. The impact velocities are
well-controlled, and the incident wave is almost identical for
each impact. With increases in the impact times, the waveform
changes significantly, transmitted waves are increasingly smaller,
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FIGURE 3 | Schematic of the SHPB experimental system.
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FIGURE 4 | Waveform of specimen under cyclic impact.
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and reflected waves are increasingly larger. With increases in the
impact times, the waveform of the falling edge of the reflected
wave changes from the initial gradual decline to a gentle, even
rising. This is because increase in impact times continuously
damages the specimen while the increased cracks decrease the
wave impedance of the specimen. This is expressed as a decrease
in the transmitted wave, increase in the reflected wave, and an
early arrival of the peak value of the transmitted wave until
macroscopic cracking occurs in the specimen, which prevents
some of the stress wave from transmitting and directly reflects
back to the input bar, thereby manifesting itself as a delay or even
elevation of the reflected wave (for e.g., reflected waves 5 and 6 in
Figure 4). It should be noted that the destructive form in Figure 4
corresponds to the destruction of different specimens.

Figure 5 shows the stress-strain curves of the specimen,
which are obtained after the signal wave was processed by
Equation (1). As shown in Figure 5, increases in the impact
times changes the stress—strain curve in a similar pattern wherein
strength decreases, the rebound becomes increasingly smaller,
and the critical strain increases in different confining pressure

conditions. Therefore, when combined with Figures 4, 5F, the
variation in stress and strain with respect to impact times is
analyzed. As shown in Figure 5F, the strength and deformability
of the specimen exhibit a slight weakening in the first three
impacts. With increases in the impact times, the amplitude of the
stress—strain curve decreased. When compared with the previous
impacts, the specimen does not show macroscopic cracks during
the fourth impact and still exhibits good strength as shown
in curve 4 in Figure 5. The strength of the specimen severely
weakens, and the critical strain is high at the fifth impact, which
displays macroscopic cracks as shown in Figure 4. It should be
noted that the crack does not penetrate, and the specimen still
exhibits a high strength of ~150 MPa. The critical strain of the
specimen during the sixth impact evidently increases, and then
the specimen crack leads to a certain misalignment as shown
in Figure 4. The crack misalignment causes more stress waves
to be reflected during the propagation when compared with
the fifth impact, which was manifested because the reflection
wave is significantly raised. However, given the existence of
confining pressure, the specimen is still maintained as intact and
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TABLE 2 | Mechanical properties of sandstone under cyclical impact loading.

Number Confining pressure  Impact time  Strain rate/s=1  Dynamic strength/MPa  Critical strain  Absorption energy per unit volume/(J/cm?3)
DW3-7 5 MPa 1 86 185 0.0078 0.280
106 176 0.0086 0.588
167 168 0.0099 1.009
DW3-8 10 MPa 1 73 194 0.0073 0.223
2 85 187 0.0081 0.313
3 96 179 0.0093 0.603
4 135 168 0.0110 0.987
DW3-9 12 MPa 1 77 222 0.0071 0.277
2 78 224 0.0074 0.354
3 75 215 0.0078 0.353
4 95 208 0.0086 0.4858
5 103 189 0.0096 0.564
6 144 169 0.0121 0.639
DH2-2 5 MPa 1 105 180 0.0106 0.188
2 115 164 0.0113 0.308
3 151 141 0.0125 0.584
4 189 114 0.0168 0.523
5 201 100 0.0183 0.510
DH3-3 10 MPa 1 103 183 0.0095 0.216
2 108 178 0.0101 0.224
3 115 170 0.0106 0.251
4 122 160 0.0119 0.271
DH4-3 12 MPa 1 106 215 0.0090 0.258
2 112 209 0.0093 0.309
3 126 200 0.0099 0.386
4 143 190 0.0113 0.798
5 150 150 0.0117 1.003
6 200 134 0.0147 0.835

DW represents Type A, DH represents Type B.

exhibits a certain degree of strength. This is consistent with the
two failure modes as shown in Figure 4. Additionally, under
confining pressure conditions, even if macroscopic damage
occurs in the specimen, the specimen still exhibits a certain
compressive strength due to the presence of confining pressure
as shown in curves 5 and 6 in Figure4. It should be noted
that although the stress—strain curves vary with impact times,
they are similar in different confining pressures, and the strength
and deformation of the specimen are more affected by the
impact times under the radial gradient stress condition as
shown in Figure 5. Therefore, we analyze the effects of radial
gradient stress on the mechanical properties of sandstone in
terms of several aspects such as strength, critical strain, and
energy absorption.

Strength Characteristics

The relationship between the dynamic strength, strain rate, and
impact times of the specimen under cyclic impact loading is
shown in Figure 6. The representative strain rate in the study

corresponds to the average strain rate, which is the average
value of the strain rate between the specimen to reach a stress
equilibrium state and peak stress (Zhou et al., 2012). As shown in
Figure 6, an increase in the impact times decreases the strength
and increases the strain rate under different confining pressure
conditions. Additionally, the strain rate is more sensitive to the
change in impact times under radial gradient stress conditions
with the exception of Figure 5E because the specimen in DH3-
3 only exhibits slight damage. For example, in Figure 6C, at
identical impact level, the average strain rate and strength do not
exhibit significant change during the first three impacts under
radial uniform stress while it is change significantly after the
second impact under the radial gradient stress. Furthermore,
the average strain rate gradually increases. Specifically, during
the last impact, the average strain rate is almost twice that at
first time. This implies that when the impact progresses, the
micro cracks of the specimen initiate and expand and result
in a decrease in deformability of the specimen. This cannot be
clearly observed from the strain-stress curves. Therefore, under
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pressure at 12 MPa.
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cyclic shock conditions, the change in strain rate with impact
times is used as a basis for determining the degree of damage
of the specimen. This is also proven by the results of the DH3-
3 specimen in Table 2, wherein it is observed that the change in
the strain rate is small because only small local cracks appear after
the impact.

Figure 7 shows the variation in the dynamic strength of
sandstone with impact times under different confining pressures
at the impact velocity corresponding to 11.89 m/s. As shown
in the Figure8, the impact times and confining pressure
affect the dynamic strength of sandstone (Guo et al, 2017;
Ma et al, 2017; Zhao et al., 2018). Under identical impact
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level, the dynamic strength of sandstone under radial gradient
stress is lower than that under uniform stress conditions. The
dynamic strength varies significantly with the impact times
under confining pressure at 5 MPa. With increases in the
impact times, the strength of the specimen under gradient stress
significantly decreases when compared with that under radial
uniform stress, and the degree of decrease subsequently increases
although the phenomenon is not evident with increases in the
confining pressure.

Deformation Characteristics

Figure 8 shows the critical strain of sandstone with the impact
times under different radial stresses at the impact velocity
corresponding to 11.89 m/s. As shown in Figure 8, the critical
strain of sandstone increases with increases in the impact times
while it decreases with increases in the confining pressure under
different radial stresses. At an identical impact level, the critical
strain of sandstone under radial gradient stress exceeds that

Impact times

FIGURE 9 | Variation in cumulative absorption energy with respect to impact
times.

under radial uniform stress, and the rate of increase rises with
increases in the impact times although the phenomenon is not
evident with increases in confining pressure. The difference in
strength and deformation with respect to the impact times under
different types of confining pressures decrease with increases in
the confining pressure. This is potentially due to the existence of
a hole, and holes allow for greater deformation of the specimen
in the radial direction. The confining pressure effect was also
lower and resulted in a higher strain rate and a lower strength of
the sandstone under radial gradient stress at an identical impact
level (Wang et al., 2018b). Given the small size of the hole, the
deformability provided by the free faces of the hole is limited.
Hence, the aforementioned phenomena are also not evident with
increases in the confining pressure. Additionally, the sandstone
exhibits better deformation ability under the radial gradient
stress although the deformation ability decreases with increases
in impact times. In engineering practice, rock deformability
can be increased by changing the model of rock stress or
it can be accelerated by changing the model of rock stress.

Energy Absorption Characteristics

Figure 9 shows the change in cumulative energy absorbed by
sandstone with respect to impact times under different radial
stress modes. As shown in Figure9, cumulative absorption
energy of sandstone increases with the impact times under
different conditions and decreases with increases in the confining
pressure. The cumulative absorption energy varies with the
impact times under different radial stress modes as shown
in Figure9. Generally, sandstone can absorb more energy
under the condition of radial uniform stress while sandstone
absorbs less energy in the first few impacts under radial
gradient stress although this increases with increases in the
confining pressure. Subsequently, the amount of absorbing
energy can increase rapidly. This is different from the
accumulative absorption energy of sandstone with increases in
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5 MPa

10 MPa
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FIGURE 10 | Failure modes of sandstone impact under cyclic loading under difference stress modes: (A) Type A, (B) Type B.

12 MPa

the impact times under uniform conditions. This is potentially
related to the deformation characteristics of the specimen
under radial gradient stress. Large deformations can better
mitigate the dynamic load impact when the specimen is intact.
Hence, when cracks appear, the amount of absorbing energy
increases rapidly.

Failure Mode

Figure 10 shows the failure mode of the specimen after cyclic
loading under different radial stress modes (damage was not
observed after a single impact under different radial stresses).
As shown in the figure, under the condition of a uniform
radial stress, the failure mode of sandstone is dominated by
compression and shear (Li et al, 2009; Lu and Li, 2011; Xia
and Yao, 2015; Zhou et al, 2016; Wang et al, 2017). It is
clearly seen that the evident shear cracks appear in the axial

direction under confining pressures corresponding to 5 MPa and
12 MPa, as shown in Figure 10A. However, the failure mode
of sandstone under radial gradient stress appears similar to the
zonal disintegration phenomenon (Guo et al., 2017). As shown
in Figure 10B, under the three levels of confining pressure, two
evident zonings appear in the specimen as denoted by the red
circle. The first area corresponds to a complete rock area. In
the area, the whole area appears as a complete rock with few
cracks. The second zone corresponds to the tensile failure zone
and there is an evident loop line with the first zone. As shown in
the lateral view of the specimen under confining pressure of 10
MPa, as shown in Figure 10B, the axial cracks of the specimen
are essentially parallel to the loading stress and a shear failure
exists locally, which is consistent with the characteristics of the
zonal disintegration phenomenon as reported in extant studies
(Li et al., 2017).
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At the first few impacts, the specimen does not exhibit any
damage (for e.g., macroscopic cracks). Additionally, a gradient
stress exists in the radial direction of the specimen due to the
existence of confining pressure and holes. The displacement is
extended to the hole during the loading process and shrinks back
during the unloading process. With increases in the impact times,
the specimen is repeatedly compressed and stretched in the radial
direction until the formation of zonal disintegration.

Hence, under cyclic impact, the specimen repeats the above
process and is repeatedly subject to loading and unloading. Rock
radial deformation occurs toward the hole in the loading section
of the incident wave due to the existence of confining pressure
and holes. The hole shrinks in the unloading section of the
incident wave and subjects the specimen to repeated tension and
compression in the radial direction until a detachment circle is
formed. Chen and Weng noted that the transient unloading in
surrounding rock can induce dynamic action on the rock near
cavern periphery, thereby resulting in a tension crack zone (Chen
etal, 2011; Weng et al,, 2018). This is consistent with the cyclical
impact failure mode of sandstone under gradient stress in the
experiment. The rock outside the circle is dominated by tensile
failure after the formation of the detachment circle.

With respect to the zonal disintegration phenomenon of deep
rock subdivisions, several extant studies focused on numerical
simulations, similar materials, and theoretical analysis, and
many conclusions were obtained. However, the new findings
discovered in the present study indicated that the zonal
disintegration phenomenon can occur when using cyclic impact
on sandstone under radial gradient stress, and this provides a
new testing method to examine partition rupture although the
feasibility requires further verification.

CONCLUSIONS

In the study, cyclic impact tests of sandstone under different
confining pressures corresponding to 5, 10, and 12 MPa, were
conducted using a SHPB. The mechanical properties of the
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