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Abstract

To deeply understand the failure characteristics of defective rock under actual stress condition, impact tests were conducted
on prismatic granite containing two rectangular holes with different axial static pre-stresses by a modified split Hopkinson
pressure bar (SHPB), and uniaxial compression tests were also carried out for comparison. Combined with digital image
correlation (DIC), the dynamic damage and fracture process of specimens were observed by low-speed and high-speed
cameras. Moreover, the energy evolution characteristics of specimens were analyzed to further understand the failure
mechanism. The results indicate that the pre-stress has dual effects on the dynamic mechanical behavior of rock specimens,
and the transition mechanism of the effect of pre-stress can be revealed by the elastic deformation limit. Observations show
that the failure of specimens under different loads is caused by the growth of secondary cracks at hole corners. However,
with the increase in pre-stress, the crack mode tends to shear and the strain localization tends to concentrate on sidewalls,
resulting in severe rock bursting and extensive fracturing. Four coalescence modes around two rectangular holes were
summarized: diagonal shear coalescence under static load, no coalescence under dynamic load, shear coalescence inside
the middle rock bridge area under the pre-stress of 25-55% UCS, and indirect coalescence outside the rock bridge area
under the pre-stress of 75% UCS. The specimen with the pre-stress of 75% UCS releases the internal strain energy during
dynamic failure process, while the specimen with lower pre-stress absorbs the external impact energy. Finally, some
insights are provided for deep rock engineering based on the test results.

Keywords Coupled loads - Digital image correlation - Energy - Fracture process - Mechanical behavior -
Rectangular holes

1 Introduction

Rock mass is a complex geological medium containing
various initial defects, such as joints, fissures and pores.
Under external loads, new cracks may initiate and propa-
gate from tips or corners of these defects due to stress
concentration, and finally coalesce with each other into
macro cracks, leading to the failure and instability of rock
structures such as tunnels and pillars [14, 18]. The strength
and deformation behaviors of rock material are highly
dependent on the crack propagation around the flaws [60].
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Therefore, the investigation on the mechanical behavior
and fracture evolution of rock with flaws are of great sig-
nificance to understand the failure mechanism of rock since
it is highly related to the stability of rock engineering.

In the past decades, the mechanical properties and
cracking behavior of rock or rock-like specimens contain-
ing single flaws under static compression have been sys-
tematically studied by experimental, numerical and
theoretical methods [4, 16, 20, 34, 39, 54, 60, 68, 69].
Results indicated that strength attenuation and failure
process of rock are controlled by a series of factors, such as
the flaw geometries, the material properties and the loading
conditions. It is generally recognized that, for a single
crack-like flaw under uniaxial compression, wing cracks
first initiate from the flaw tip and propagate towards the
major stress direction, and then secondary cracks occur at
the flaw tip and propagate in the coplanar or oblique
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direction with the flaw [39, 54, 60]. For a single hole-like
flaw, three types of cracks can be observed around a cir-
cular hole: primary cracks resulting from tensile stress
concentration at roof and floor, secondary cracks dis-
tributed at corners and slabbing cracks induced by com-
pressive stress at sidewalls [4, 16, 34, 68, 69]. Moreover, as
the confining stress increases, both the primary crack and
secondary crack will be arrested and disappear gradually
[20]. Great efforts have also been devoted to double or
multiple flaws, and the cracking behavior and coalescence
pattern are strongly affected by the interaction of flaws
[3, 15, 17, 35, 36, 43, 44, 47, 52, 53, 55, 58, 59, 65, 67].
Wong and Chau [52] summarized crack coalescence
between double crack flaws into three modes: shear cracks
between flaws, mixed shear/tensile cracks within the bridge
area and wing tensile cracks from tips of flaws. Crack
patterns in rock with multiple flaws can also be classified as
wing cracks and secondary cracks, and the formation of
different crack coalescence modes is a consequence of
competition of mechanisms in tensile or shear
[3, 15, 35, 43]. For double or multiple hole-like flaws,
Sammis and Ashby [44] proposed the theoretical analysis
of the brittle failure of solids containing multiple holes.
Zhu et al. [67], Zhou et al. [65] and Wu et al. [55] inves-
tigate the mechanical behavior and fracture evolution of
rock containing double circular holes, rectangular holes
and inverted U-shaped holes with different layouts under
uniaxial compression by DIC and AE techniques. Yang
et al. [59] summarized four distinct modes around two oval
flaws: no crack coalescence failure, indirect crack coales-
cence outside the bridge area failure, single crack coales-
cence inside the bridge area failure and tensile crack
coalescence outside the bridge area failure. Tang et al. [47],
Lin et al. [36] and Huang et al. [17] further studied the
cracking behavior of specimens containing multiple cir-
cular holes. They found that the rock failure was induced
by the coalescence of partial holes, and the coalescence
behavior was controlled by rock material, hole geometry
and load condition.

Apart from static loading condition, rock fracture under
dynamic loading has attracted the attention of many
scholars in recent years. To study the influence of flaw
inclination angle and loading condition on dynamic crack
propagation, Li and Wong [29] carried out numerical study
on rock with a pre-existing flaw by means of finite element
method (FEM) and non-linear dynamics method, and the
numerical results were later verified by similar experiments
on marble [31, 71] and gypsum [72] using a split Hop-
kinson pressure bar (SHPB). They found that the
mechanical properties of rock under dynamic load were
significant higher than that of under static load, and showed
rate-dependent. In addition, shear cracks initiated from
flaw tips appeared earlier than tensile wing cracks and
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dominated the rock failure under dynamic loading. Li et al.
[23] further investigated the effects of flaw angle and
ligament angle on coalescence behaviors of rock with
double flaws in SHPB tests, and nine types of crack coa-
lescence behaviors are identified. The failure mode of the
flawed specimens under dynamic compression is mainly
the shear failure in “X” shape regardless of the flaw
inclination angle, which is quite different from that of the
rock failure dominated by tensile splitting under static
loading.

The above efforts provide strong evidence to reveal the
failure mechanisms of defective rocks under different
stress states. However, most of them were focused on the
effect of flaw geometry on crack process of rock under
static or dynamic compression, while the effect of pre-
stress on dynamic mechanical behavior and fracture evo-
lution of rock, as well as the crack coalescence between
rectangular holes were rarely discussed. Essentially,
underground rock structures are likely to be subjected to
both in-situ stress and dynamic disturbances induced by
blasting, drilling or earthquakes [41]. Inspired by this, the
dynamic stress concentration, mechanical response and
failure process of intact rock or defective rock under cou-
pled static-dynamic loads were investigated
[2, 9, 25, 30, 50, 56, 63] based on the modified SHPB
system developed Li et al. [33]. It was concluded that the
mechanical behavior and failure characteristics of rock
under coupled loads were quite different from that solely
under either static or dynamic load, and were affected by
both static pre-stress and dynamic load. Virtually, the
energy partition of rock with different pre-stresses is dif-
ferent, and the failure process of rock structures is con-
trolled by the combined effects of the strain energy stored
in rock and the external dynamic disturbance [63]. Hence,
it is great practical significance to investigate the fracture
and energy evolution characteristics of defective rock that
are subjected to coupled static and dynamic loads.

In view of this, uniaxial compression tests and coupled
static-dynamic loading tests were conducted on prismatic
granite specimens with double rectangular holes. The effect
of static pre-stress on dynamic mechanical behavior of rock
was investigated. The damage and fracture process (espe-
cially crack coalescence) of specimens under different
loads were observed and analyzed in detail by using low-
speed and high-speed cameras with digital image correla-
tion (DIC) method. Moreover, the energy evolution char-
acteristics were studied for better understanding the failure
mechanism.
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Fig. 1 Polarized light micrographs of the tested granite: a PPL; b CPL. (The letters Pl, Q, Bt, Px and Hbl represent plagioclase, quartz, biotite,

pyroxene and hornblende, respectively)

2 Test methodology
2.1 Material characterization

In this study, granite collected from a quarry in Zhangzhou
city, Fujian Province of China, was used as the rock
material. A thin section of the granite was examined with a
petrographic microscope under plane polarization light
(PPL) and cross polarization light (CPL), as shown in
Fig. 1. The mineral composition and grain size distribution
of the granite are listed in Table 1. Optical microscopy
analysis revealed that the rock is classified as fine-grained
quartz diorite with holocrystalline texture and massive
structure. Some basic physical and mechanical parameters
of the tested granite are tabulated in Table 2. The uniaxial
compressive strength (UCS) and Brazilian tensile strength
(BTS) of the granite are 181.73 and 11.08 MPa, respec-
tively, and the ratio of UCS to BTS is about 16, which
indicates that the granite rock is a typical brittle rock [10].

Table 1 Mineral composition and grain size distribution of the tested
granite

Mineral composition Grain size (mm) Content (%)

Plagioclase 0.05 x 0.2-0.4 x 0.7 65
Quartz 0.02-0.6 18
Biotite 0.02 x 0.05-0.6 x 1.3 8
Pyroxene 0.1-0.45 5
Hornblende 0.05 x 0.2-04 x 1.1 3
Opaque minerals 0.01-0.2 1

2.2 Specimen preparation

In order to obtain more explicit observations of the fracture
evolution [40], a single granite block with good geomet-
rical integrity and petrographic uniformity was sliced to
obtain prismatic specimens with average height, width and
thickness of 45, 45, and 20 mm, respectively, and the
feasibility and validity of prismatic rock specimens in
SHPB test have been proved [32]. Then two rectangular
holes with height of 12 mm and width of 9 mm were cut
through on each specimen by a high-pressure water-jet
cutting machine. The geometries of the pre-holed specimen
and stress conditions are sketched in Fig. 2. For a better
comprehension, figures of the specimen in coupled loading
test have been rotated to the left by 90° to make the lon-
gitudinal axis of the hole consistent with the vertical
direction. The region of interest (ROI) is the specimen
surface observed by the camera, and the solid arrow indi-
cates the direction of applied loads. In the uniaxial com-
pression test, the axial static load is applied on the upper
end of the specimen. In the coupled static-dynamic loading

Table 2 Basic physical and mechanical parameters of the tested
granite

Properties Values

Density p (kg/m?) 2796.05
Longitudinal wave velocity V,, (m/s) 5482.29
Poisson ratio v 0.23
Young modulus E (GPa) 69.27
Uniaxial compressive strength o, (MPa) 181.73
Brazilian tensile strength o, (MPa) 11.08
Fracture toughness K¢ (MPam” 2) 1.61
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Fig. 2 Geometries of specimen with double rectangular holes and stress conditions

test, the axial static pre-load is first applied on the lower
end of the specimen, and then the dynamic load is applied
on the upper end of the specimen. After cutting, the loading
ends of all specimens were then polished smooth in
accordance with the standards of the International Society
for Rock Mechanics (ISRM) [66].

Specimens were prepared in five groups with three in
each. The detailed geometrical sizes and mechanical
parameters of various groups of specimens are listed in
Table 3. Among them, Group D is the specimen under
coupled static-dynamic loads. Group S is the specimen
under static uniaxial compression, and the average UCS of
the pre-holed specimen is 114.23 MPa. Prior studies sug-
gested that the static pre-stress should not exceed 80%
UCS due to the abrupt failure tendency of specimen before
impact [21, 33]. The reason probably lies in the fact that
the stiffness of coupled static—dynamic loading system is
lower than that of conventional servo-hydraulic loading
system, resulting in the reduction of the apparent strength
of specimen. When the pre-stress reaches 80% UCS, the
specimen may reach or even exceed its failure stress, fur-
ther decreasing the stability of the specimen and system.
Therefore, before the dynamic load with the constant gas
pressure of 0.45 MPa, the axial static pre-stresses for these
specimens are set to 0, 28.89, 62.78 and 86.63 MPa,
respectively, which is approximately equivalent to 0%,
25%, 55%, 75% of UCS. Before testing, an artificial
speckle field was made on the specimen surface due to the
utilization of DIC method, which relies on a contrasting
random texture [46]. Due to the different test conditions
and the resolution of the camera used in the static and
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dynamic tests, the typical speckle patterns on specimen
surface in these two groups of tests are shown in Fig. 2.

2.3 Testing setup and method

In order to understand the mechanical behavior of the
granite specimen under static compression and coupled
static-dynamic compression, two series of tests were con-
ducted by a servo-hydraulic loading system and a modified
split Hopkinson pressure bar (SHPB), respectively. During
the test, the damage and fracture evolution on the specimen
surface were simultaneously recorded and analyzed by DIC
technology combined with a low-speed (LS) camera or a
high-speed (HS) camera. Details for respective testing
procedures are introduced in the following parts.

2.3.1 Uniaxial compression test

Uniaxial compression test was carried out using a MTS-
322 servo-hydraulic loading system manufactured by the
MTS System Corporation in the Advanced Research
Center at Central South University. The system consists of
hydraulic power unit, hydraulic wedge grip and system
electronics, with a maximum axial load capacity of 500 kN.
Before applying the load, in order to minimize the friction
effect, rigid metallic plates were placed on the loading ends
of specimens, and the contact surfaces were lubricated with
some grease. Under displacement-controlled condition, the
axial force was applied on the end of the specimen at a
constant vertical loading speed of 0.6 mm/min (strain rate
of 2.22 x 107 s7") to ensure the quasi-static equilibrium
of the specimen during the test. In this test, under the
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Table 3 Geometrical sizes and mechanical parameters of intact and pre-holed specimens under uniaxial compression and coupled static-dynamic

loads

Specimenno H/mm W/mm 7T /mm o,/MPa o4/MPa o./MPa e /1073 E. /GPa é/s™!

Note

S-H-1 45.15 45.16 19.75 - - 112.20
S-H-2 45.09 4509 2054 - - 111.58
S-H-3 45.15 45.15  20.66 - - 118.91
S-Int-1 45.05 4505 2030 - - 206.49
S-Int-2 45.10 45.10 2045 - - 213.62
S-Int-3 45.16  45.16  20.66 - - 231.90
D-Int-1 45.09 45.10 2027 O 285.95  285.95
D-Int-2 4513 4513 2045 O 281.16  281.16
D-Int-3 4513 4513 2081 O 282.10  282.10
D-H-0-1 45.07 4507 2066 O 177.15  177.15
D-H-0-2 45.03 4509 2050 O 133.72  133.72
D-H-0-3 45.10 45.10 2058 O 126.64  126.64
D-H-25-1 45.10 45.10  20.39  28.89 175.28  204.17
D-H-25-2 4530 4530 2036  28.89 159.32  188.21
D-H-25-3 45.06 45.06  20.30 28.89 17740  206.29
D-H-55-1 45.05 45.05 2045 62.78 92.19 154.97
D-H-55-2 45.09  45.09  20.66 62.78 148.61  211.39
D-H-55-3 45.05 45.05 2047 62.78 154.30  217.08
D-H-75-1 45.05 45.05 20.55 86.63 130.13  216.76
D-H-75-2 45.09 45.09  20.58 86.63 119.47  206.10
D-H-75-3 45.06 45.06  20.59 86.63 106.18  192.81

11.91 14.62 2.22 x 107 Static uniaxial compressive test
1239 1433 222 x 10°

1130 1571 222 x 107

13.66  21.80 222 x 1074

12.77 21.62 222 x 107

14.05 22.97 222 x 107

5.06  61.31 59.62 0% UCS
4.93 66.48 60.47

426  62.60 52.19

5.84  32.60 101.36 0% UCS
4.88 29.66 63.53

502 2756 62.717

442 4312 53.15 25% UCS
422 4250 49.33

436 4338 54.85

233 4273 32.26 55% UCS
355  46.55 53.57

377 4551 56.91

3.55 41.47 60.59 75% UCS
3.47 38.06 60.69

334 38.04 59.86

illumination of two LED lights (ZF-3000) with a brightness
of 2800 Lumens, a complementary metal oxide semicon-
ductor (CMOS) sensor-based LS camera (Point Gray
Research Inc.-GS3-U3-123S6M-C) was placed perpendic-
ularly to the front surface of the specimen so as to simul-
taneously capture the images that were stored in a
computer for subsequent processing. The resolution of the
camera is 4096 x 3000 pixels with an 8-bit digitization for
gray levels, and the length-pixel ratio of the imaging sys-
tem is 0.0613 mm/pixel. The CMOS camera was pro-
grammed to capture the images automatically at a frame
rate of 10 fps (frames per second).

2.3.2 SHPB test

A modified SHPB system at Central South University was
adopted to load the specimens with coupled static-dynamic
loads. The photographic view of the experimental setup is
shown in Fig. 3. It can be seen that the experimental setup
mainly consists of a coupled static-dynamic loading system
and a LS/HS photography system. The coupled loading
system consists of a gas gun, a cone-shaped striker, an
incident bar, a transmitted bar, a momentum bar, a set of
axial static pressure device and a data acquisition system (a
SDY2107A super dynamic strain meter coupled with a

DL850E digital oscilloscope). The striker and bars are
made of high-strength 40Cr alloy steel. The diameter,
elastic modulus, P-wave velocity and density of the bars
are 50 mm, 233 GPa, 5458 m/s and 7817 kg/m’, respec-
tively. For more detailed information about this system
please refer to Li et al. [33]. In SHPB tests, specimens were
sandwiched between the incident bar and transmitted bar
with some lubricant on the contact surfaces of the specimen
and the bars to minimize the end friction effect. Based on
the one-wave propagation theory, the axial stress (),
strain &(7) and strain rate £(¢) are derived by the following
equations [21]:

o0) = e (1) + ox(e) + o2(0)] (1
o)) = 5= [ a0 = ox(t)  exlo)r @
(1) = 7= l0) = an() = ox(0) ®)

where A., C. and E. are the cross-sectional area, P-wave
velocity and Young’s modulus of the elastic bar, respec-
tively. A; and L; are the cross-sectional area and length of
the specimen, respectively. &(7), ér(f) and er(¢) are inci-
dent, reflected and transmitted strain pulses, respectively.
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Fig. 3 Experimental setup for SHPB test

In coupled static-dynamic loading test, the loading
process is divided into two parts: static pre-load and
dynamic load. Therefore, the damage process of rock under
static pre-load was recorded by a LS camera (as used in
Sect. 2.3.1). A CMOS sensor-based HS camera (Vision
Research Inc.-Phantom V711), mounted with the lens of
Nikon AF Zoom-Nikkor 80-200 mm f/2.8D ED, was used
to capture the fracture process of specimens under dynamic
load. The resolution was set as 256 x 256 pixels at a frame
rate of 79,161 fps with 6 ps exposure time. The specimen
was illuminated from the front by two LED spotlights
(Visual Instrumentation Corp.-Model 900420H) with
intensity controlled by a Video Flood controller source
(Visual Instrumentation Corp.-Model 201240A). The HS
camera and the oscilloscope were both triggered by a
transistor-transistor logic (TTL) signal generated by the
strain gage on the incident bar. Thus, the number of cap-
tured images before the stress wave arrived at the specimen
end could be obtained as follows [61]:

ts —tip — 1
n= S In TTL (4)
trame
where #; is the time-of-arrival of the specimen; 7y, is the
time-of-arrival of the incident wave; trrp is the time trig-
gered by a TTL signal that is determined from the incident

wave data; ffame 1S the inter-frame time of the HS camera.
From Egq. (4), the time matching with microsecond
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accuracy between high-speed image and loading stress
could be achieved.

2.3.3 Digital image correlation method

DIC belongs to a class of non-contact methods that acquire
images of an object, store images in digital form and per-
form images analysis to extract full-field shape, deforma-
tion or motion measurements [46]. Conceptually, DIC is
simply a particle tracking method that can be used to
determine displacements of speckles in a digital image.
This calculation technique starts with a reference image
taken before loading, coupled with a series of pictures
during the loading period. An assumption is proposed that
the gray value of the images remains the same before and
after the deformation. First of all, select a region of interest
(ROI) on the specimen surface; and then, divide this region
into numbers of subsets; calculate the initial displacements
of these subsets; search for the corresponding subsets after
deformation based on the assumption and calculate the
displacements; finally, the deformation fields of specimens
were then obtained and analyzed by post-processing.

The calculation configurations of VIC-2D software in
DIC post-processing are as follows [57]: subset: 17, step: 1,
subset weights: Gaussian weights, interpolation: optimized
8-tap, correlation criterion: normalized squared differ-
ences. During the correlation, the confidence margins (er-
ror tolerance during the matching) were under 0.05 pixel
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controlled by a computing threshold, and the filter size was
chosen to be 5 in the strain computation.

3 Uniaxial compression test results
and analyses

In order to study the deformation and fracture process of
intact and pre-holed specimens under static uniaxial com-
pression, the typical intact specimen S-Int-2 and pre-holed
specimen S-H-1 are taken as an example to discuss and
analyze in this section. The stress—strain curves and final
failure patterns of the intact and pre-holed specimens under
uniaxial compression are shown in Fig. 4. Based on the
evolution process of strain fields on the specimen surface,
the stress—strain curve of the pre-holed specimen under
uniaxial compression can be roughly divided into five
stages [68]: I stage (0%-25% UCS) is the pore compaction
stage; II stage (25%-55% UCS) is the elastic deformation
stage; III stage (55%-75% UCS) is the stable crack growth
stage; IV stage (75%-100% UCS) is the unstable crack
growth stage; V stage (100%-0% UCS) is the post-peak
stage.

By comparison, it can be found that the stress—strain
behavior of the intact specimen and the pre-holed specimen
both show plastic-elastic deformation characteristics before
the peak stress. The difference is that the length and slope
of the elastic deformation stage in the stress—strain curve of
the intact specimen are obviously larger than that of the

(b)

Fig. 4 Stress—strain curves a and final failure patterns b of intact specimen and pre-holed specimen under uniaxial compression

pre-holed specimen, and the strength and deformation
properties of the rock are significantly deteriorated due to
the holes. The specific mechanical parameters are listed in
Table 3. The results show that the peak stress and elastic
modulus of the intact specimen are 217.34 MPa and 22.13
GPa, respectively, while those of the pre-holed specimens
are 114.23 MPa and 14.89 GPa, which are reduced by
47.44% and 32.72%, respectively. In the post-peak region,
the crack propagates rapidly from the upper right corner of
the intact specimen to the lower end, and the stress drops
rapidly to 0 MPa, accompanied by a loud sound, showing
obvious brittle failure characteristics. However, for the pre-
holed specimen, there are several secondary cracks around
the holes at 90% UCS after the peak, but the specimen has
not been penetrated by the cracks. Subsequently, with the
rapid propagation of secondary cracks around the holes and
shear crack in the middle rock bridge, the rock structure
loses its structural integrity.

Figure 5 presents the major principal strain fields of the
pre-holed specimen at the six stress points in the uniaxial
compression test. A positive value of the strain in Fig. 5
corresponds to a tensile strain, while a negative value
denotes compression [46]. It can be seen that there exists a
significant pore compaction stage in the initial stage of the
stress—strain curve. When the stress increases to 25% of
UCS, the strain feature on the specimen surface is ran-
domly distributed around the holes, and most areas are
subjected to compression strain (Fig. 5a). After that, the
stress—strain curve turns into the elastic deformation stage
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Fig. 5 Major principal strain fields of specimen S-H-1 at corresponding stress stages

with the increase in the axial loading. When the stress
reaches 55% of UCS, it can be observed from Fig. 5b that,
the high strain zones first appear at the top and bottom
locations surrounding the holes due to tensile stress con-
centration [51]. Therefore, the stress of 55% UCS can be
considered as the critical stress of tensile crack initiation.
As the stress increases from 55 to 75% UCS, the stress—
strain curve is in the stable crack growth stage, and both of
the crack density and length increase steadily with stress. It
can be seen from the comparison between Fig. 5b and c
that the high strain zones widen, intensify and lengthen
along the loading direction, and a potential inclined shear
band with low strain intensity initiates from the lower
corner of the hole. After that, the stress—strain curve turns
into the unstable crack growth stage, and a secondary crack
growth characterized by strain localization appears near the
upper left corner of the left hole as the stress increases to
90% UCS (Fig. 5d).

As the stress rises to the peak, it can be seen from
Fig. Se that, strain localizations gradually occur at the other
corners of the holes as a result of high compression-shear
stress concentration [51], while tensile cracks at the top or
bottom of the holes are forced to be closed by the nucle-
ation and propagation of localized zones [4, 34].
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Meanwhile, sidewall slabbing is observed in the left wall of
the left hole, which is just like the rib slabbing in under-
ground tunnel engineering [7]. In addition, high strain
concentrates along the right sidewall of the middle rock
bridge, which eventually evolves into slabbing or spalling
in the post-peak stage. Subsequently, as the stress drops to
90% UCS, the rapid growth of secondary cracks and far-
field cracks can be observed on the specimen surface
(Fig. 5f). Finally, with the further development and coa-
lescence of high strain localizations or visible cracks, the
specimen is destroyed, accompanied with a dramatic stress
drop and a loud sound during the dropping. The failure of
rock bridge is caused by the diagonal coalescence of shear
cracks initiated from the lower corner of the hole, with the
upper corner of another hole, i.e., shear coalescence [59].
Notably, the failure of load-bearing structure of the spec-
imen is mainly caused by the secondary crack propagation
at the hole corners, rather than the tensile cracks at the top
and bottom locations of the holes, showing a mixed tensile-
shear failure.
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Fig. 6 Dynamic stress equilibrium a and strain uniformity b in specimen D-H-0-3

4 Dynamic test results and analyses
4.1 Dynamic stress equilibrium

For an effective SHPB test, dynamic stress equilibrium
should be achieved prior to rock failure, which can be
verified by comparing the dynamic stress histories on both
ends of the specimen. In particular, the cone-shaped striker
invented by Li et al. [26] was used in this test, which can
generate a slow-rising half-sine wave to eliminate
Pochhammer-Chree oscillation, minimize dispersion effect,
overcome premature failure and achieve constant strain
rate on brittle materials [66]. Figure 6a presents stress
histories on both ends of the typical specimen D-H-0-3.
The dynamic stress on the incident side of the specimen is
the sum of the incident stress and reflected stress, and the
dynamic stress on the transmitted side is the transmitted
stress. Obviously, the dynamic stresses on both sides are
almost the same during the whole loading process, indi-
cating that the dynamic stress equilibrium condition can be
achieved and maintained for the specimen with double
rectangular holes during the dynamic loading. Since there
is no global force difference in the specimen which induces

inertial force, the axial inertial effect can be ignored [6]. In
addition, the evolution process of strain fields in y-direction
on the specimen surface was obtained by DIC method to
verify the strain uniformity of the specimen under dynamic
load, as shown in Fig. 6b. It can be seen that the strain
fields on the specimen surface before the peak stress
(t = 104 ps) are basically uniform. The above results
indicate that the stress balance and strain uniformity of the
specimen in the SHPB test are reliable, and thus the SHPB
test results are validated to be effective.

4.2 Dynamic stress—strain behavior

In SHPB tests, the dynamic strength of rock material is
dependent on the strain rate [62]. Therefore, the dynamic
strength of rock is comparable only at similar strain rates.
In order to characterize the dynamic loading of each test,
the strain rate of the specimen was determined from the
strain rate history using Eq. (3) according to the ISRM
suggested method for rock dynamics [66]. The time evo-
lution of strain rate and dynamic stress of the typical
specimen D-H-25-3 is shown in Fig. 7. It can be seen that
there exists an approximate plateau lasting from 47 to
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Fig. 7 Histories of strain rate and dynamic stress of specimen D-H-
25-3

92 us before the peak stress, indicating that the rock
specimen deforms at a constant speed during this stage.
The average value of the plateau can be defined as the
strain rate of the specimen.

The typical dynamic stress—strain curves and final fail-
ure patterns of intact specimen and pre-holed specimens
under dynamic loading are plotted in Fig. 8. Compared
with the static stress—strain curve in Fig. 4, it can be seen
that the pore compaction stage is not involved in the
dynamic stress—strain curve, which is mainly due to the
compaction effect of axial pre-load on initial micro-cracks
in rock. On the other hand, initial micro-cracks are not
closed timely under dynamic load due to the extremely
short impulse duration, resulting in the pre-peak region of
dynamic ones is nearly linear without a compaction stage
[33]. The dynamic stress—strain behavior of intact and pre-
holed specimens show elastic—plastic deformation charac-
teristics before the peak stress, which can be roughly
divided into three typical stages: (1) the linear elastic
deformation stage, where the stress increases linearly with
the increasing strain; (2) the crack growth stage, where the
stress—strain curve deviates from the linearity, and micro-
cracks begin to initiate, nucleate and propagate; (3) the
macro failure stage, where the stress—strain curve enters the
decreasing part after the peak stress, and the further
development of cracks leads to rock failure.

Consistent with the static results, the length and slope of
the elastic deformation stage in the dynamic stress—strain
curve of the intact specimen are obviously larger than that
of the pre-holed specimen, and the dynamic mechanical
properties of the rock under dynamic loading are signifi-
cantly deteriorated due to the holes. The specific mechan-
ical parameters are listed in Table 3. The results show that
the dynamic strength and elastic modulus of the intact
specimen are 283.07 MPa and 63.46 GPa, respectively,
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while those of the pre-holed specimens are 130.18 MPa
and 28.61 GPa, which are reduced by 54.01% and 54.92%,
respectively. In addition, it can be seen from the final
failure patterns that, different from the mixed tensile-shear
failure of the specimen under static compression, the fail-
ure of intact specimen and pre-holed specimen under
dynamic loading is mainly caused by multiple tensile
cracks parallel to the loading direction. The tensile cracks
in the pre-holed specimen mainly initiate at the roof, floor
or corners of the holes due to stress concentration and
propagate to the end of the specimen, while most of the
tensile cracks in the intact specimen propagate from the
incident end to the transmitted end.

4.3 Dynamic mechanical properties

Figure 9 further gives the dynamic strength and combined
strength of specimens with different pre-stresses under the
same dynamic load. The detailed results of the testing
specimens are listed in Table 3, in which ¢,5 and g4 are
defined as the axial static pre-stress and dynamic strength
of specimens respectively, and the definition of combined
strength o is the sum of the axial static pre-stress and
dynamic strength [30]. The strain rate of the specimens is
maintained at about 50-60 s~!, which can be regard as a
constant strain rate range. However, it may be due to the
test operation problems that the strain rate and mechanical
parameters of specimens D-H-0-1 and D-H-55-1 differ
greatly from the average values of the same group of
specimens, so the corresponding test results have been
excluded.

It can be seen from Fig. 9 that, the static strength of the
specimen is 114.23 MPa, while the dynamic strength of the
specimen without pre-stress jumps to 130.18 MPa,
increased by 13.96%. Under coupled static and dynamic
loads, as the pre-stress increases, the dynamic strength of
the specimen increases first and then decreases, and reaches
the maximum value of 170.67 MPa when the pre-stress is
25% UCS, which is 31.10% higher than that of the speci-
men without pre-stress. When the pre-stress is 75% UCS,
the dynamic strength has a significant reduction to
118.59 MPa, even 8.90% lower than that under pure
dynamic load. It also can be seen that the combined
strength of the specimen increases with the pre-stress until
the pre-stress reaches 75% UCS, but the combined strength
of the specimen with pre-stress of 75% UCS is still 57.64%
higher than that of the specimen without pre-stress.

Figure 10 depicts variations in dynamic elastic modulus
and peak strain versus pre-stress. The tangent modulus is
defined as the dynamic elastic modulus of the specimen,
which is the slope of a straight line segment or an
approximate straight line segment in the dynamic stress—
strain curve, and the strain at dynamic peak strength is
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Fig. 8 Dynamic stress—strain curves a and failure patterns b of intact specimen and pre-holed specimens under dynamic loading

defined as the dynamic peak strain. With the increase in
pre-stress, the dynamic elastic modulus has the same
change trend as the combined strength. The maximum
value is 46.03 GPa at the pre-stress of 55% UCS, which is
60.89% higher than that of the specimen without pre-stress.
However, the dynamic peak strain decreases with the
increase in pre-stress. Especially, when the pre-stress ran-
ges from 0 to 55% UCS, the dynamic peak strain seems to
decrease linearly as the pre-stress increases, which is due to
the elastic deformation during this stage. According to the
second strength theory [1], the critical strain of material
controls its failure. The static pre-stress exerting on the
rock specimen induces the initial static strain. The greater
the static pre-stress, the larger the initial static strain of
rock, which results in a descending trend of dynamic peak
strain.

The above results show that the pre-stress has dual
effects on mechanical behavior of granite specimen. When
it is at a lower level, the ability of the specimen to bear the
combined loads and its stiffness increase sharply, which
can be considered as the enhancing effect of the axial pre-
load on rock [33]. However, the enhancing effect is limited
and gradually decreases with the increase in pre-stress. As
the pre-stress exceeds the critical value (55% UCS in this
study), the weakening effect emerges, resulting in the
decrease of strength and elastic modulus. This phenomenon
is consistent with the previous researches on siltstone [33]
and sandstone [63]. The transition mechanism of the effect

of the axial pre-stress can be revealed by the elastic
deformation limit under uniaxial compression (see Fig. 4).

When no axial pre-stress exerts on the rock specimen,
the compressive stress wave will be reflected as a tensile
wave on the surface of the initial micro-cracks, driving the
crack propagation, especially for the crack with a perpen-
dicular direction to the axial load [21]. When the axial pre-
stress value reaches the elastic deformation stage (25-55%
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of UCS), the initial micro-cracks will be closed entirely,
and thus the stress wave can be transmitted through the
closed crack without reflection, which greatly inhibits the
deterioration of rock material [33, 63]. In addition, the
crack closure reduces the porosity of rock specimen, which
enhances the deformation resistance of the specimen [11].
That is why the strength and elastic modulus of rock
specimens are significantly improved under the pre-stress
of 25-55% UCS. However, as the axial static load exceeds
the elastic deformation limit of the rock, i.e., the crack
initiation stress threshold, the closed initial cracks will
open again and slide along the crack surface, and the
secondary cracks will be generated at crack tips under
greater pre-stress, which provides abundant reflected sur-
faces for the stress wave, further promoting crack propa-
gation, nucleation and coalescence under dynamic loading.
The intense crack density in the rock dramatically deteri-
orates its mechanical properties, which is the reason why
the dynamic strength and elastic modulus of the specimen
are the weakest under the pre-stress of 75% UCS.

4.4 Full-field strain and fracture analysis

In this study, special attentions are paid to the fracture
process around rectangular holes under coupled static and
dynamic loads. During the test, LS and HS cameras were
used to record the static pre-load and dynamic load process
of specimens respectively, and then the captured images
were post-processed by the VIC-2D software. Table 4
summarizes the major principal strain fields. The relative
stress level at each stage is calculated by normalizing the
respective stress level when those particular cracks
develop, with the peak stress. The relative stress level and
its corresponding time are reported below every image. In
addition, the crack modes are marked on the final image,
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where T represents tensile crack; S represents shear crack;
TS represents a mixture of tensile crack and shear crack
and B represents rock ejection or bursting.

4.4.1 Specimen under pure dynamic load

As can be seen from Table 4, for the specimen under pure
dynamic load, i.e., the static pre-stress is 0% UCS, when
the dynamic stress reaches 61.19% of the peak value,
tensile cracks first initiate from the roof and the corner of
the holes due to local tensile stress concentration [51]. The
initiation position of the cracks is similar to that of the
specimen under static uniaxial compression (Fig. 5), but
the corresponding crack initiation stress level and the strain
value are higher than that under static compression. Sub-
sequently, with the increase in dynamic load, more sec-
ondary cracks are generated at the hole corners, and
propagate to the ends of the specimen along the loading
direction. After the peak stress, two remote tensile cracks
appear in the middle of ends of the specimen, and the
middle rock bridge is finally penetrated by the coalescence
of them. However, there is no crack coalescence between
the two holes, which is consistent with the results observed
by Zhou et al. [65]. Notably, compared with the static
compression results, the failure of rock structure under
dynamic load is also mainly caused by secondary crack
propagation, but the difference is that the specimen under
dynamic load is tensile failure, excluding shear cracks,
which is quite different from the dynamic failure domi-
nated by shear cracks around crack-like flaws
[23, 31, 71, 72].

4.4.2 Specimen under coupled loads

For the specimen under coupled static and dynamic loads,
previous studies have paid little attention to the deforma-
tion and damage of specimen under pre-stress. However, in
this study, through the joint application of LS camera and
DIC technique, the major principal strain fields on speci-
men surface under pre-stress are obtained. It can be seen
from Table 4 that the specimens have undergone varying
degrees of deformation and damage under different pre-
stress levels compared with the specimen without pre-
stress. With the increase in pre-stress, the number of cracks
and the value of strain localizations on the specimen sur-
face increases. Especially when the pre-stress is 75% UCS,
the crack density and damage degree increase greatly,
which proves that the dynamic strength of rock with high
pre-stress will decrease under the dynamic load. Further-
more, the cracks mainly initiate from the roof and floor of
the holes, and propagate parallel to the loading direction in
the form of tensile cracks, which strongly indicates that
tensile cracks do appear earlier than shear cracks under
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Table 4 Damage and fracture evolution of pre-holed specimens under coupled static-dynamic loads

Loading Typical major principal strain fields of specimens with different pre-stress levels
stage 0% UCS 25% UCS 55% UCS 75% UCS
-0.068 -0.010 0.049 11107 0.166 0.224 -0.150 0.134 0418 0.702 0.986 1270 -0.180 0.182 0.544 .090-6 1.268 1.630 -0.160 0.404 0.968 1532 2.096 2660
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<0270 0012 0.294 0.576 0.858 1.140 -0.240 0.088 0416 0.744 1.072 1400 -0.205 0.025 0.255 0485 0.715 0.945
[ CEEeesa——— | [ e ]
Fracture
evolution
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coupled loads, since the tensile strength of the test granite
is about a sixteenth of its compressive strength. It is
noteworthy that, under the same static stress level, the
damage and crack extent of specimens under pre-stress are
more severe than that under uniaxial compression. This is
mainly due to the fact that the loading rate loaded by the
axial static pressure device of SHPB system is not constant,
and the stiffness of the SHPB system is lower than that of
MTS-322 servo-hydraulic material testing machine, which
reduces the apparent strength of the rock specimen [33].

Through careful observation, it is found that compared
with the specimen under pure dynamic load, the tensile
cracks initiated from the roof and floor of the holes under
the static pre-stress almost disappear during the dynamic
load process and will not further expand into macro frac-
tures. In addition, the final failure of the specimen under
coupled loads is also caused by the initiation and propa-
gation of secondary cracks at the corners of the holes, but
the mode of cracks around the holes tends to shear with the
increase in pre-stress, which agrees with the previous
researches [30, 50]. For instance, under the static pre-stress
of 55% UCS, tensile cracks initiated from the roof and floor
of the holes have propagated to a certain distance. How-
ever, when the dynamic stress reaches 52.30% of the peak
value, there are no obvious tensile cracks characterized by
high strain zones around the holes. When the dynamic
stress increases to 93.61% of the peak, a pair of strain
localized bands first concentrate at the upper corners of the
upper hole, and then strain localizations with low intensity
also appear at the other corners and the sidewalls of the
holes as the stress reaches its peak.

In the post-peak stage, the strain localization zones
around the holes further concentrate, and an inclined shear
band emerges at the lower left corner of the lower hole
where compression-shear stress concentrates. When the
dynamic stress drops to 67.54% of the peak, the overall
strain distribution on the rock surface evolves into com-
pressive strain, and only high strains concentrate on the
sidewalls of the holes. At this time, the strain localized
bands at the upper corners of the upper hole incline to the
upper end of the specimen, forming TS cracks composed of
tensile cracks and shear cracks [50]. Finally, with the
growth of two macro TS cracks and one macro shear crack
towards the loading ends, the specimen is penetrated by
them and loses its structure integrity. Meanwhile, the strain
energy accumulated in the middle rock bridge and the
sidewalls of the openings are rapidly released, resulting in
sidewall extensive fracturing and the ejection of rock
fragments.

By comparison, it is found that as the increase in pre-
stress, the localization degree of high strain zones around
the holes increases after the dynamic peak stress, and tends
to concentrate on the sidewalls of the holes, resulting in
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more severe rock bursting and extensive fracturing.
Therefore, the influence of dynamic disturbance should be
considered in the design of support and reinforcement
systems of deep underground structures. In addition, due to
the effect of pre-stress, the failure of the specimen under
coupled static and dynamic loads is dominated by shear
cracks. The difference is that under the pre-stress of
25-55% UCS, the failure of the middle rock bridge is
caused by shear coalescence inside the bridge area, while
under the pre-stress of 75% UCS, it is the indirect coa-
lescence outside the bridge area with a U shape.

4.5 Energy evolution characteristics

Under coupled static and dynamic loads, the energy evo-
lution of specimens can be divided into two stages
according to the loading mode: The first stage is the static
pre-load stage. In this stage, the specimen is deformed by
axial pre-load, and the work done by the pre-load is mainly
transformed into strain energy Es stored in rock, which can
be calculated according to Eq. (5).

ES = st()'ldS] (5)

The second stage is the dynamic load stage. In the
process of stress wave propagation, the original static pre-
stress and dynamic impact stress are coupled to work on
the specimen and destroy it. Among them, a part of energy
is dissipated in the form of reflected wave and transmitted
wave, and even some energy is dissipated in the form of
rock ejection, acoustic emission, electromagnetic radiation,
etc., which can be negligible in this study because it is
relatively small and cannot be effectively calculated.

When the energy of the static pre-load acting on the
specimen is not considered, using the one-dimensional
stress wave theory and the results from the SHPB tests, the
incident energy Ej, the reflected energy Eg, the transmitted
energy Et, the absorbed energy E, and the energy
absorption ratio R, in the rock failure process under
dynamic load are expressed as follows [37]:

Ei = pACf 2(1)d (6)
Er = p?ée { o2 (1)dt 7
Er = p?ée { o2 (1)dr 8)
Epr = E; — Egr — E 9)
Ry :‘;—f (10)
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Table 5 Energy properties of pre-holed specimens with different pre-stresses under dynamic load

Specimen no E|l] ER/l Er/] EA/T Ecall Rp/% Rcal%
D-H-0-2 46.32 14.12 14.06 18.14 18.14 39.17 39.17

D-H-0-3 43.65 13.04 13.42 17.20 17.20 39.40 39.40

D-H-25-1 57.05 15.25 17.36 24.44 26.39 42.85 44.73

D-H-25-2 56.65 16.79 15.12 24.74 26.69 43.68 45.55

D-H-25-3 57.39 13.47 20.24 23.69 25.64 41.27 43.21

D-H-55-2 50.65 21.41 14.34 14.90 21.03 29.41 37.04

D-H-55-3 52.10 22.97 14.64 14.49 20.62 27.80 35.41

D-H-75-1 54.17 41.07 13.11 0.00 10.06 —0.01 15.66

D-H-75-2 49.52 37.66 12.07 —0.21 9.85 —0.43 16.53

D-H-75-3 45.15 37.26 9.71 —1.88 8.18 —4.15 14.82

where ay(t), or(f) and or(¢) are the incident, reflected and
transmitted stress at time #, respectively and p.C. is the
wave impedance of the bars.

When considering the energy of the static pre-load
acting on the specimen, the combined absorption energy
Eca and combined energy absorption ratio Rca of the
specimen under coupled loads are calculated as follows:

Eca = Es + Ea (11)
Eca

Roxn = ——2 12

AT E T E (12)

The calculated results of energy properties of specimens
under coupled static and dynamic loads are listed in
Table 5. Among them, the energy absorption ratio R4 of
rock represents the effective energy utilization of rock
fragmentation when a stress wave propagates across the
rock [12], and the combined energy absorption ratio Rcy
represents the effective utilization ratio of energy input
jointly by static pre-load and dynamic load for rock
deformation and fracture.
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Fig. 11 Energy absorption ratio and combined energy absorption ratio
of specimens with different pre-stress levels

The Ra and Rca of specimens with different pre-stresses
under dynamic load are plotted in Fig. 11. It can be seen
that, Ry and Rcy increase slightly with the increase in pre-
stress from O to 25% UCS, which means that the rock
rupture primarily absorbs external impact energy. How-
ever, when the pre-stress increases from 25 to 75% UCS,
R and Rca decrease rapidly, indicating that the utilization
rate of impact energy involved in rock failure is low when
the pre-stress is at a high level. In addition, at each pre-
stress level, Rca is always higher than R . Especially when
the pre-stress is 75% UCS, the Rca is 15.67% and the Ry is
—1.53%, which means that the failure of specimen with
high pre-stress under dynamic load does not need to absorb
energy, but releases the strain energy stored in itself. The
main function of dynamic load is to trigger the rapid
release of strain energy stored in rock specimens, and the
kinetic energy of the rock fragments ejected from the
sidewall is mainly derived from the strain energy input by
pre-stress, which is similar to triggered rock burst in deep
rock engineering.

Figure 12 presents the dynamic stress curve and energy
evolution of specimens with different pre-stress under
dynamic load. For the specimen under pure dynamic load,
the evolution behavior of absorbed energy can be mainly
divided into three stages (see Fig. 12a): non-linear stage,
where the slowly increasing energy is mainly used for the
stable growth of pre-existing micro-cracks inside the rock;
linear stage, where energy accumulates rapidly to promote
the nucleation, propagation and coalescence of new cracks;
platform stage, where the dominated macro cracks have
been formed, and thus the energy remains unchanged with
the increase in time. For pre-stressed specimens, it can be
seen from Fig. 12(b)-(d) that the evolution curves of
absorbed energy increase first and then decrease with the
time, and the decreasing magnitude and speed increase
with the increase in pre-stress, even negative value occurs
under the pre-stress of 75% UCS, which demonstrates
again that the failure of rock with high pre-stress under
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dynamic load is mainly caused by the rapid release of strain
energy stored in the rock. In contrast, the increasing
magnitude and cumulative speed of the reflected energy
increase greatly as the pre-stress exceeds 55% UCS, which
is mainly because the pre-stress of 75% UCS far exceeds
the elastic deformation limit of rock, thus forming potential
shear planes and numerous micro-cracks in rock [63]. Once
they are activated by the stress wave, a small part of stored
strain energy is dissipated for crack development, while the
remaining part is mainly reflected into the elastic bar as
reflected energy.
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5 Implications for deep rock engineering

As the rock excavation goes deep, the stress environment
for deep rock engineering is no longer a single static or
dynamic stress state, but a complex stress state, i.e., cou-
pled static and dynamic loading state. The test results in
this study can provide some insights into the engineering
design and disaster prevention for deep rock engineering.

5.1 Deep rock engineering design

In this study, the strength, stiffness and the crack initiation
stress level of granite specimen under dynamic load are
higher than that under static load. Therefore, the traditional
design and construction of rock engineering based on the
static mechanical properties of rock have relatively con-
servative safety, but may not be suitable for deep rock
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Fig. 12 Dynamic stress-time curves and energy evolutions of specimens with different pre-stresses under dynamic load: a 0% UCS; b 25% UCS;

¢ 55% UCS; d 75% UCS
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Fig. 13 Failure modes of mine pillars summarized by Li et al. [27]
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Fig. 14 Failure modes of underground rock pillars observed by Esterhuizen et al. [8]: a Typical hourglass shaped pillar; b Pillars at deeper stone

mines

engineering applications. The experimental results reveal
that when the static pre-stress exceeds the elastic defor-
mation limit (55% UCS), the dynamic strength and elastic
modulus of granite specimen decrease with the increase in
pre-stress. Especially when the pre-stress reaches the crack
damage value (75% UCS), the dynamic strength of rock is
lower than that under pure dynamic load, and it may even
be lower than its static strength with the further increase in
pre-stress [63]. On the other hand, the observation of the
failure process shows that with the increase in pre-stress,
the sidewalls of the openings are more prone to severe rock
bursting and extensive fracturing under dynamic load,

which indicates that the support structure such as rock
pillars are more vulnerable to dynamic disturbance when
they are at greater buried depth. Obviously, it is dangerous
to continue to adopt the static mechanical properties as the
only reference for deep rock engineering design. Therefore,
it is necessary to establish a new standard to consider the
coupled static-dynamic loads effect in the support design
and construction of highly stressed underground structures.
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5.2 Failure pattern identification of rock pillar
at different depths

Most researchers studied the failure mechanism of large-
scale engineering rock structures through numerical simu-
lation [19, 24, 38, 49] or physical model test [28, 42, 70].
However, some researchers also used small-scale rock
specimens to simulate the mechanical response of under-
ground pillars in laboratory tests [5, 13, 64]. In this paper,
since the static or dynamic load is applied axially on the
specimen, it can be roughly considered that the middle rock
bridge reserved between the two rectangular holes is sub-
jected to axial static or dynamic compression, which can be
verified by comparing the failure modes of the middle rock
bridge and the intact specimen under static or dynamic
loading. To a certain extent, it may provide some expla-
nation and reference for the failure characteristics of
underground rock pillars by observing the failure modes of
the middle rock bridge in the specimen under different
stress states [22]. The failure process of rock structures is
the result of the combined effects of the strain energy
stored in rock and the external dynamic disturbance.
Therefore, according to the level of the strain energy input
by static pre-stress, from low to high, and the analysis of
failure pattern, the failure of rock pillar in underground
engineering are divided into the following categories:

(1) The rock pillar at shallow depth can be considered to
be in the state of no pre-stress or low pre-stress, and
very low strain energy is stored in rock. If the rock is
to be broken, it must absorb external energy, and thus
the energy absorption ratio under pure dynamic load
is at a relatively high level (see Fig. 11). When the
incident energy of dynamic load is large enough,
splitting failure caused by the propagation and
coalescence of tensile cracks occurs in the pillar,
which is consistent with the failure mode of hard
rock pillars summarized by Li et al. [27] (Fig. 13a).
In addition, high-speed ejection of rock fragments
may be found from the sidewalls or corners of the
pillar, in which the kinetic energy of the flying
fragments mainly comes from the external dynamic
load.

(2) The rock pillar at moderate depth can be considered
that the pre-stress lies in the elastic deformation
stage or the initial stable crack growth stage. In this
condition, the strain energy stored in rock is high, but
it is still not enough for crack propagation and
coalescence. When the incident energy is input from
dynamic disturbance, splitting fractures occur first at
and near the pillar wall, and then superficial damage
(i.e., rock bursting and extensive fracturing) starts at
the wall and develops inwards forming arch-shaped
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surfaces, eventually leading to the pillar failure
induced by the internal coalescence of shear planes.
According to Li et al. [27], it is the most commonly
seen failure mode of underground rock pillars
(Fig. 13b). This kind of pillar failure was also
observed by Esterhuizen et al. [8] in the underground
rock pillars of the Eastern and Midwestern United
States. As shown in Fig. 14a, the rock pillar failed
and finally formed an hourglass shape due to rib
spalling. In addition, based on the underground
investigation by Zvarivadza and Sengani [45], it was
found that all the in-stope pillars that were located
closer to the source of the seismic events were
associated with extensive scaling, pillar bursts,
extensive fracturing and pillar budging along the
full length, height and widths of the pillar, an there
was also a significant amount of broken rocks, both
large and small in size (Fig. 15). In this failue
process, a part of impact energy is released as the
kinetic energy of rock fragments bursting out from
the free surfaces of the pillar, which can be defined
as the induced rock burst [7]. Although some energy
is released by the rock burst, the absorbed energy of
rock from the dynamic disturbance is greater than the
energy released from itself, so it shows positive
finally (Fig. 12c).

The rock pillar at ultra-deep depth can be considered
that the pre-stress lies in the unstable crack propa-
gation stage, with large rock deformation and
considerable strain energy storage. Because the pre-
stress exceeds the crack damage value, a large
number of micro-cracks and potential shear planes
are developed in rock, and the rock structure is on the
brink of collapse [63]. In one case, once a pulse wave
activates the internal cracks, the rock failure is
caused by releasing the strain energy stored in itself
rather than absorbing the external energy (Fig. 11).
A small part of the stored strain energy is dissipated
for crack propagation and coalescence, and most of it
is released as the kinetic energy of rock fragments,
which can be defined as the triggered rock burst [48].
In another case, once the in-situ stress exceeds the
UCS of rock, or the rock performance is deteriorated
by groundwater, weathering and other factors [2], the
rock pillar becomes unstable. Minor spalling results
in concave pillar ribs (Fig. 14b), and eventually
shear failure caused by the potential shear planes in
pillar occurs.
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Fig. 15 Damage and failure modes of rock pillars after seismic events [45]

6 Conclusions

ey

@

Under the same dynamic load, the strength and
elastic modulus of granite specimen increase first and
then decrease with the increase in pre-stress, which is
closely related to the elastic deformation limit of
rock. When the pre-stress lies in the elastic defor-
mation stage, the moderate axial pre-stress has
obvious enhancing effect on rock due to crack clo-
sure. However, the weakening effect emerges as the
pre-stress exceeds the elastic deformation limit due
to crack growth and coalescence. Besides, the
dynamic peak strain of specimen decreases with the
increase in pre-stress, which is due to the greater pre-
stress induces larger initial static strain.

The damage caused by pre-stress has a certain effect
on the dynamic crack mode of rock. However, no
matter under static, dynamic or coupled loads, initial
tensile cracks first initiate from the roof and floor of
the hole where tensile stress concentrates, and the
failure of the specimen is caused by the growth of
secondary cracks at hole corners. Different from
mixed tensile-shear failure under static load and
splitting failure under dynamic load, the failure
pattern of specimens under coupled loads is domi-
nated by shear cracks. In addition, four coalescence
modes between two rectangular holes were summa-
rized: diagonal shear coalescence under static load,
no coalescence under dynamic load, shear

3

“)

coalescence inside the bridge area under the pre-
stress of 25-55% UCS, and indirect coalescence
outside the bridge area under the pre-stress of 75%
UCS.

The energy evolution feature of specimen under
dynamic load can be divided into three stages, but it
is more complex for the specimens under coupled
loads and it is distinctly influenced by the pre-stress.
With the increase in pre-stress from 0 to 25% UCS,
the energy absorption ratio increases slightly, and
then decreases rapidly with the further increase in
pre-stress, even negative value occurs under the pre-
stress of 75% UCS, which means that the failure of
highly pre-stressed specimen under dynamic distur-
bance does not need to absorb external energy, but
releases the strain energy stored in itself. It is
observed that with the increase in pre-stress, the
strain localization degree increases and tends to
concentrate on the sidewalls, and the sidewalls are
more prone to severe rock ejection and bursting, in
which the source of kinetic energy of the flying
fragments changes from the external dynamic load to
internal strain energy with pre-stress.

Based on the analysis of the test results of granite
specimens with double rectangular holes under
solely static, dynamic load and coupled loads, some
implications and insights are provided for rock
engineering applications, including deep rock engi-
neering design and failure pattern identification of
rock pillar at different depths. It is noted that these
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conclusions are based on specific granite specimens
at small scale. Similar dynamic disturbance tests will
be further carried out for middle-large scale rock or
rock-like model under high pre-stress to enhance the
observations.
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