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Abstract To experimentally investigate the stability of
underground excavations under high in situ stress conditions,
several rock samples with a mini-tunnel were prepared and
subjected to monotonic axial and coupled static—dynamic
loading until failure. Mini-tunnels were generated by drilling
circular or cubic cavities in the centre of granite rock blocks.
Strain gauges were used to monitor the deformation of the
mini-tunnels at different locations, and a high-speed camera
system was used to capture the cracking and failure process.
We found that the dynamic crack initiation stress, failure
mode and dynamic crack velocity of the specimen all depend
on the pre-stress level when the sample is under otherwise
similar dynamic disturbance conditions. The crack initiation
stress threshold first increased slightly and then decreased
dramatically with the increase in the pre-stress value. The
specimens were mainly fractured by tensile cracks parallel
to the compression line under lower pre-stress, while they
were severely damaged with additional shear cracks under
higher pre-stress. Furthermore, the propagation velocity of
the primary crack was significantly larger than that of the
subsequent cracks. The effect of applying different amounts
of static pre-stresses on the velocity of the primary tensile
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crack was similar to that observed for the crack initiation
stress threshold; however, it did not affect the velocity of the
secondary and subsequent tensile cracks.
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Abbreviations
AE Acoustic emission
DIC Digital image correlation

ISRM  International Society for Rock Mechanics
LVDT Linear variable deformation transducer
PFC2D Particle flow code 2D
RFPA  Real failure process analysis
SHPB  Split Hopkinson pressure bar
UCS Unconfined compressive strength (MPa)
UCT Unconfined compression test
P Density (kg/m3)
ny Porosity
Young’s modulus (GPa)
0 Poisson’s ratio
v, Longitudinal wave velocity (m/s)
o, Tensile strength (MPa)
c Cohesion (MPa)
@ Inner friction angle
t Time-of-arrival of the specimen
tn Time-of-arrival of the incident wave

frL Time triggered by a TTL pulse
Inter-frame time
O Crack closure stress (MPa)

O Crack initiation stress (MPa)

O Subsequent coalescence stress (MPa)
Ocq Crack damage stress (MPa)

O4ci Dynamic crack initiation stress (MPa)
\% Velocity of crack (m/s)
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L Crack propagation length (mm)
t Crack propagation time (ps)

1 Introduction

Rock engineering construction, such as for hydropower and
mining engineering, usually includes cavity or tunnel exca-
vation of rock masses in deep underground. Deep excava-
tion may induce high stresses around the opening, which
becomes the main reason for fracture or rock fall in most
practical cases (Martin et al. 2003). The stability of under-
ground openings in deep hard rock mass has long been an
important problem in rock engineering. To investigate the
fracturing mechanisms, pioneering studies on rock failures
around openings have been performed theoretically or exper-
imentally by several researchers (Hiramatsu and Oka 1959;
Hiramatsu et al. 1962; Rummel 1971; Stephansson 1971).
Their investigations show that extension cracks occur at the
floor or the roof of the opening, while slabbing or spalling
takes place in the side walls, depending on the experimen-
tal loading conditions. Other researchers have investigated
fracture evolution around a cavity in uniaxial or biaxial com-
pression loading conditions (Lajtai and Lajtai 1974, 1975;
Gay 1976; Carter et al. 1991; Zhao et al. 2014). As shown in
Fig. 1, it is generally recognised that under increasing uni-
axial compression and relatively low confining stress, frac-
tures generated around a circular opening have three types:
primary tensile fracture, secondary or remote fracture and
shear fracture (Lajtai and Lajtai 1975; Carter et al. 1991).
While fundamental observations of how fracture initi-
ates, grows and interacts were obtained from experimental
investigations, further understanding of the microcracking
and failure process around cavity has been enhanced by
numerical simulations. For instance, Fakhimi et al. (2002)
used a micromechanical discontinuum program (PFC2D) to
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Fig. 1 Fracture development at low confining pressure (7: primary
tensile fracture, T,: secondary tensile fracture, NS normal shear frac-
ture, IS inclined shear fracture) (after Lajtai and Lajtai 1975)
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simulate the failure around a circular opening and confirmed
that the results from numerical modelling are consistent with
the laboratory results. Zhu et al. (2005) modelled the frac-
turing process and the collapse path around underground
excavations with circular, elliptical and inverted U-shaped
cross sections by employing an RFPA code. Wang et al.
(2012) simulated the failure process around a circular open-
ing under biaxial compression loading and found that ten-
sile cracks dominate the failure process at low confining
pressure, while shear cracks dominate the failure at higher
confining pressures. Some studies (Lajtai and Lajtai 1975;
Yang et al. 2015) have also focused on the fracturing behav-
iour of rock containing two or more cavities. Nevertheless,
these experimental and numerical studies were all conducted
under static or quasi-static loading conditions, disregarding
dynamic loading generated by mine seismicity and blasting
operations in deep underground.

It is known that, under dynamic loading, high loading
rate plays a significant role on the mechanical response of
rocks (Frew et al. 2001; Mahmutoglu 2006; Wang et al.
2006; Zhao 2011; Taheri et al. 2016a), as well as crack
generation behaviours (Zhang et al. 1999; Zhang and Zhao
2013, 2014). Though Zou and Wong (2014) and Zou et al.
(2016) studied the cracking process of flawed brittle material
under dynamic loading, few works were found with respect
to the characteristics of crack propagation and the failure
of rock with larger pre-cut openings. In this regard, Wang
et al. (2013) conducted a numerical study on the fractur-
ing process around rock cavities under dynamic loading
and found that both the compressive wave and tensile wave
could influence the propagation of tensile cracks. Li et al.
(2015) investigated the dynamic strength, failure mode and
crack propagation characteristics of marble rock blocks with
circular or elliptical holes by conducting dynamic compres-
sion tests. Some previous studies (Li et al. 2008; Zhu et al.
2012; Zhang and Zhao 2014; Li and Weng 2016) show that
underground cavities under combined static stresses (or geo-
stresses) and dynamic loading may experience excessive
deformation and failure depending on the static stress level
and the dynamic stress magnitude. Therefore, it is essential
to investigate the fracture occurrence and growth charac-
teristics around underground openings that are subjected to
combine static and dynamic loading.

In this paper, the behaviour of differently shaped mini-
tunnels being drilled into granite rock samples is investigated
under unconfined compression loading. It explores the load-
ing of the mini-tunnel samples with coupled static—dynamic
loads, using a modified split Hopkinson pressure bar (SHPB)
system. This paper also examines the deformation and fail-
ure process of mini-tunnels, as monitored by strain gauge
measurements and a high-speed camera system. The char-
acteristics of crack initiation stress, fracturing evolution and
failure modes of the specimens with varying pre-stresses are
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investigated. Finally, the average crack propagation velocity
is estimated from the images taken by the HS camera.

2 Experimental Set-Up
2.1 Specimen Preparation and Properties

The granite for experiments was sourced from a granite
quarry in the Hunan Province of China, where a mechani-
cal cutting method is adopted to extract rock blocks. By
doing so, less damage to both the blocks and the remain-
ing rock mass was induced when compared to the drill-and-
blast method. By adopting this method, identical, intact and
undisturbed rock blocks were prepared. Rock mechanics
experiments widely use cylindrical specimens. In this study,
however, in order to simulate the loading conditions of an
underground tunnel and obtain more explicit observations
of the fracture growth process, rectangular specimens were
prepared and tested. In doing so, small granite blocks of
100 x 35 x 35 mm? were cut from a large block. A high-
pressure water-jet cutting technique was then used to cut a
centre opening through each sample. Two shapes of open-
ing (mini-tunnel), i.e. circular cross section with 10 mm in
diameter and square cross section with 10 mm in side length,
are taken into account as shown in Fig. 2. After cutting, the
specimens were polished carefully to ensure smooth, flat,
parallel surfaces.

The properties of the granite rock were measured by
conducting standard rock mechanics laboratory tests fol-
lowing ISRM (International Society for Rock Mechanics)
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Fig. 2 Geometry of the granite specimen with a a circular cavity and
b a square cavity (unit: mm)

suggested methods (Bieniawski and Bernede 1979a, b).
Each sample measured approximately 100 mm in height
and 35 mm X 35 mm in cross section. The physical and
mechanical properties of the granite specimens are tabulated
in Table 1. The unconfined compressive strength (UCS) of
a solid rectangular specimen is 72.66 MPa, and the ratio of
UCS to tensile strength is approximately 20, which describes
the granite rock as a typical brittle rock (Hajiabdolmajid
et al. 2002).

2.2 Testing Set-Up and Method

To understand the mechanical behaviour and fracture growth
of the specimens under both static compression loads and
coupled static—dynamic loads, two series of tests were car-
ried out. Those were unconfined compression test (UCT)
under monotonic loading and split Hopkinson pressure bar
(SHPB) tests to apply coupled static—dynamic loading to
hollow samples.

2.2.1 Unconfined Compression Test

The monotonic unconfined compression test was carried
out on a servo-controlled INSTRON testing system. Acous-
tic emission characteristics were recorded by using a PAC
PCI-2 AE monitoring system. Model DH3820 strain gauges
were utilised to measure the deformation behaviours of the
specimens. Two strain gauges (SGs) were placed adjacent
to the opening, one at roof and one at floor, and another two
were positioned at the specimen ends.

2.2.2 SHPB Test
A modified SHPB system at Central South University,

China, was employed to load the granite specimens with
coupled static—dynamic loads. The configuration of the

Table 1 Properties of the granite specimens

Physical properties

o Density 2570 kg/m?

n, Porosity 0.57 %
Elastic properties

E Young’s modulus 355 GPa

v Poisson’s ratio 0.28 -

v, Longitudinal wave velocity 3120-3309 m/s
Strength parameters

o, Tensile strength 4.35 MPa

ucs Unconfined compressive strength 72.66 MPa
Mohr—Coulomb parameters

c Cohesion 11.70 MPa

¢ Internal friction angle 33.7 deg
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experimental set-up is shown in Fig. 3. The SHPB sys-
tem consists of stress transmission components, a striker
launcher, an axial static pressure loading unit, a confining
pressure loading unit (optional) and a data processing unit.
Please refer to Li et al. (2008) for more detailed information
about this system. Four strain gauges were mounted along
the loading centre line of the specimen. Two (SG2 and SG3)
were placed at the periphery of the cavity, and the other two
(SG1 and SG4) were mounted at the specimen ends, to trace
the strain histories during tests. This set-up is illustrated in
Fig. 3.

For a typical coupled static—dynamic load test, the speci-
men is first loaded with an axial pre-compressive stress to
a desired level. Then, the striker is launched by releasing
the gas valve to generate an incident stress wave along the
incident bar. The magnitude of the incident wave can be con-
trolled by changing the gas pressure in the pressure vessel.
This study mainly focuses on the fracture evolution around
the opening of rock under uniaxial compression and dynamic
disturbance. Therefore, the axial pre-compressive stress and
the dynamic stress amplitude should be reasonably deter-
mined so that the specimen will not completely fragment or
extensively fracture during the dynamic loading, but so that
visible cracks are produced and thus can be captured by the
HS camera. The appropriate axial pre-stress level is obtained
from the unconfined compression test results, while the gas
pressure for generating favourable dynamic stress amplitude
is determined by trial and error.

2.2.3 HS Camera System and Synchronisation Method
A high-speed camera system was used to photograph the

specimen during the dynamic loading. The system consists
of a complementary metal oxide semiconductor (CMOS)

Confining pressure

loading unit
Transmission bar L

Incident bar

sensor-based high-speed camera (PHOTRON FASTCAM
SA1.1), a macrolens, a set of extension tubes and a ring-
shaped flash since the HS camera can be programmed to
record at higher frame rates (up to 675,000 frames/s) with
a lower inter-frame time using reduced image resolution.
The HS camera was set in this study to have a resolution
of 192 X 192 pixel array with an inter-frame time of 10 ps
(i.e. 100,000 fps). The HS camera and the oscilloscope were
both triggered by a transistor—transistor logic (TTL) pulse
generated by the strain gauge on the incident bar. Thus, the
number of captured images until the stress wave arrived at
the specimen could be obtained as follows (Zhang and Zhao
2013):
iy I
n=—— ey
tframe

where ¢, is the time-of-arrival of the specimen, #;, is the time-
of-arrival of the incident wave, f1p; is the time triggered by
a TTL pulse that is determined from the incident wave data
and #g,.. is the inter-frame time of the HS camera (Zhang
and Zhao 2013). From Eq. (1), the recorded results out of
the HS camera images and the oscilloscope data could be
exactly time-matched.

3 Unconfined Compression Test Results
and Analyses

Figure 4 presents the stress—strain curves with the AE count
rate and accumulated AE energy variation curves. Axial
stress values are obtained by readings of load cells, and the
axial strain is the overall strain of the sample measured by
a linear variable differential transformer (LVDT), which
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Fig. 3 Configuration of the modified SHPB system integrated with high-speed camera system
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Fig. 4 Stress—strain curves associated with AE count rate and accumulated AE energy variations for a circular cavity specimen and b square
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Fig. 5 Strain time history curves of the specimens a having a circular cavity and b having a square cavity

records the movement of the loading piston. We can see
that the failure strengths of the circular- and square-opening
specimens are lower than that of the solid specimen by 45.2
and 47.8%, respectively. Although the strengths of the two
specimens are close, the peak strain of the specimen with a
square opening is obviously lower than that with a circular
opening. Such discrepancies may be attributed to the differ-
ent local stress fields around the opening, where the stress
intensity for a square opening is much higher than that for a
circular one, resulting in an earlier failure under axial com-
pressive loading.

Figure 5 shows the strain histories obtained from the
strain gauges (SG1-SG4). Figure 6 demonstrates the strain
gauge locations and the failure modes of the specimens. A
positive value of the strain in Fig. 5 corresponds to a tensile
strain, while a negative value demonstrates compression.
As a typical brittle material, the specimen is supposed to

Fig. 6 Failure modes of the specimens with a a circular cavity and b
a square cavity
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fracture at the SG measure point when the tensile strain
exceeds 1 x 10~* (Hajiabdolmajid et al. 2002). Accordingly,
the strain results in Fig. 5 indicate that failure first takes
place in a tensile fashion at the periphery of the opening,
while the SGs at the ends (SG1 and SG4) are damaged even-
tually. That damage is associated with the overall collapse
of the rock sample (see Fig. 6).

To better understand the fracturing mechanism around the
opening, Fig. 7 sketches the fracture growth process under
monotonic uniaxial compression of a specimen that has a
circular opening (Carter et al. 1991). The process is almost
similar to the results shown in Fig. 6.

As shown in Fig. 4, microcracks initially tend to close
at the primary loading stage (Phase oa), in which the AE
events are inactive. Then, the specimen exhibits almost elas-
tic behaviour (Phase ab). No visible fractures were observed
until point b. At the beginning of phase bc, the first extension
crack (primary tensile crack), marked as “7,” in Fig. 6 (also
see Fig. 7a), appears in the opening’s floor when the applied
load reaches about 40-50% of the peak load. It propagates
further into the rock sample from the centre of the opening’s
floor, but slows down with the appearance of shear cracks
(marked as “S” in Figs. 6 and 7b) at the side walls and the
top corners. With increasing the axial load, the shear cracks,
which were initiated at the compressive stress area around
the opening, begin to interact with each other. They eventu-
ally merge into a longer macrofracture, causing a little drop
in the stress—strain curve when the load becomes 75-80%
of the peak strength (noted as “c” point in Fig. 4). As dem-
onstrated by Taheri et al. (2016b), this point may demon-
strate a crack damage stress point that is associated with the
axial strain nonlinearity, or the reversal point of the total
volumetric strain at the onset of dilation that is generated by
crack development. It may represent the onset of unstable
crack growth, which is characterised by significant structural

changes to the rock. Furthermore, many more AE events
were detected immediately before a drop in axial stress. This
result confirms the previous statement about the crack dam-
age stress point. Also, the accumulated AE energy curve
begins to climb up sharply from the “c” point, indicating
that substantial cracks generate and grow.

Simultaneously with, or just after the formation of the
macroshear fracture around the opening, some more visible
fractures (marked as “TS” in Figs. 6 and 7c) from far afield
were observed in the specimens. These fractures, in form,
are similar to the “remote fractures” observed by Carter et al.
(1991). It is worth noting that the “TS” fractures form a
wide fracture zone, which is mainly caused by tensile failure,
although a few shear cracks were also observed. In Carter’s
work, however, it is suggested that the remote fractures are
mainly caused by tensile failure. In the work undertaken by
Carter et al. (1991), the specimen’s length and height is equal
to 200 mm with a 60 mm thickness; therefore, the aspect
ratio is equal to 1.0. Howeyver, in the present study, following
the ISRM testing standard for uniaxial compressive loading,
the aspect ratio is equal to 2.86. As demonstrated by Munoz
and Taheri (2017) in an experimental study using 3D digital
image correlation (DIC), in specimens that have low aspect
ratio values, large sections of a specimen may bear more
confinement effects due to the friction between the sample
and the platens. Therefore, the failure mechanism in that
case is in the form of tensile failure (axial splitting failure
type). However, for the specimens with a high aspect ratio,
the main fracture plane is inclined with the loading direction
(Li et al. 2011; Guneyli and Rusen 2016), which indicates
that failure tends to be shear failure. Under such circum-
stances, in addition to the tensile cracks originated from the
periphery of the cavity, we observe some shear failures take
place at the remote area of the cavity. Therefore, prior to the
whole disintegration of the specimen, the tensile cracks and

Fig. 7 Fracture evolution
process of the specimen having \
a circular opening under mono- TS TS
tonic compression (after Carter \ }\
etal. 1991) \ \
S “/ T-tensile crack
S
Q S S S S S-shear crack
TS-tensile-to-
T T
k T T }1 shear crack
(a) T, crack (b) S crack (c) TSzone  (d)Main fracture
initiation appearance formation  surface coalescence
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shear cracks form a mixed zone (labelled “TS”) in the areas
that are not influenced by the cavity.

With the growth of a shear crack towards the “TS” frac-
ture zone and the “TS” fracture zone towards the loading
end, the specimen finally loses its integrity. During this
phase, the AE feature is extremely active.

A visual inspection of the specimens shows that the
diameter of the specimen was more than 20 times bigger
than the rock grain size satisfying recommendations given
by the ISRM (Fairhurst and Hudson 1999). In addition, the
size of the mini-tunnels was considerably larger than the
grain size, and the results of tests being undertaken on dif-
ferent samples prepared in the same way (same sample and
mini-tunnel diameter and size) follow a reasonable trend.
Obviously, discontinuities may exist in the field, and then,
the behaviour is not exactly similar to an intact rock being
tested in the laboratory. However, in the case of very high
in situ stress in an undisturbed brittle rock mass, the effect
of discontinuities, if any, is not significant. As introduced
by Hoek (2007) and Taheri and Tani (2008), rock strength
and stiffness may decrease slightly with an increase in meas-
urement size. Therefore, in field conditions, in the case of
high in situ stress and massive rock mass, we can expect to
observe almost similar results. However, the shear, primary
and secondary cracks may be generated somehow at a lower
in situ stress level.

4 SHPB Test Results and Analyses

To better understand how the dynamic load triggers the
initiation, growth and coalescence of microcracks in the
coupled static—dynamic load tests, both the static pre-stress
level and dynamic load should be determined appropriately.
Alternatively, it is important in this study that the fracture
should not be induced by the static pre-stress but instead
by the dynamic disturbance. It is known from the UCT that
a visual crack will initiate when the applied axial load is
about 40-50% of the UCS. Therefore, the upper level of
the pre-stress is set as 20 MPa. Meanwhile, other four pre-
stress levels of 15, 10, 5 and 0 MPa were applied, where
0 MPa stress denotes that the specimen is solely subjected
to dynamic load.

As mentioned in Sect. 2.2.2, the magnitude of the
dynamic load can be changed by adjusting the gas pressure,
so that the specimen would not be severely fragmented by
the dynamic load. In this study, the gas pressure for gen-
erating appropriate dynamic loads was determined to be
0.35 MPa after several trial-and-error attempts. Figure 8
shows a typical voltage signal in the incident and transmitted
bars, in which the incident wave, reflected wave and trans-
mitted wave are marked.

0.10
—=— Incident bar
— i Reflected wave
0.05 L > Transmitted bar
B oooooaoa
& \ 7
© N v
= NS
O - o
2 0.05 \
Transmitted wave
-0.10 | Incident wave
-0.15 L 1 i i
-200 0 200 400 600 800

Time /s

Fig. 8 Incident wave, reflected wave and transmitted wave in the bars
(under 5 MPa static pre-stress and 0.35 MPa gas pressure)

4.1 Dynamic Strain Variations Around the Opening

Figure 9 presents the dynamic strain variations of speci-
mens subjected to dynamic disturbance and pre-stresses of
5, 10 and 15 MPa. The abrupt rise of the strain magnitude
indicates SG failure. It can be seen that SG2 and SG3 fail
much earlier than SG1 and SG4 in all cases, indicating that
cracks first initiate at the edge of the opening and then spread
forward to the loading ends. Strain gauge failure is a good
indicator for demonstrating crack generation time around the
opening and in the specimen ends. We know that cracks are
induced and propagated by tensile stress perpendicular to
the loading direction because the strain values were all posi-
tive when the gauges were broken. The first tensile cracks
developed under coupled static—dynamic loading were very
similar to those induced under static uniaxial compression
with respect to the initiation position at the early stage.

4.2 Dynamic Crack Initiation Stress

Natural rock is a heterogeneous material, containing a mass
of defects such as microcracks, voids and pores. The defects
inside the rock will definitely influence its macrophysical
behaviour under loading. The stress—strain relation of hard
brittle rock prior to failure consists of several specific defor-
mation phases and damage thresholds, including crack clo-
sure (o,.), linear elastic deformation, crack initiation (o;),
stable crack propagation and subsequent coalescence (o),
and crack damage (o4 (Martin 1994, 1997; Munoz et al.
2016). The crack initiation stress o is a significant indicator
that represents the development of the macroscopic failure
process of intact rocks (Cai et al. 2004). It occurs at stress
levels of 0.3-0.5 times the peak uniaxial strength (Brace
et al. 1966; Holcomb and Costin 1986; Martin 1994).
However, the identified crack initiation stress of rock
under different experimental conditions is not the same. For
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Fig. 9 Dynamic strain time histories under varying pre-stresses a P, =5 MPa, b P, = 10 MPa and ¢ P, = 15 MPa

instance, Yang (2011) and Yang and Jing (2011) assumed
that the axial stress, when first visible crack is induced, is 80 |-
the crack initiation stress for a pre-flawed rock specimen.
Zhu et al. (2015) took the axial stress when the inner wall 80us
started caving in as the initiation stress for specimens with e
two circular holes. Currently, there is no standard method
available to identify the crack initiation stress (o) of rock
under dynamic loading. In this study, the value is considered
to be equal to the stress level when the first tensile crack is
triggered in the opening. 20 |-
Figure 10 shows a typical stress history curve of specimen
ci-5-1, obtained by SHPB test. In this test, o,; was deter-
mined by the following procedure. First, the stress history T 0w a0 20
curve of the specimen was obtained based on stress wave Time /us
theory, as shown in Fig. 10. Then, according to the syn-
chronisation method described in Sect. 2.2.3, the HS images
were exactly time-matched to the stress history curve. The
starting point in the stress history curve corresponds to the
time when the stress wave arrives on the right-hand end of
the specimen. Finally, the dynamic crack initiation stress was

— Stress

O  HS-images 110ps

60ps
40 -

Stress /MPa

200us

20ps

Fig. 10 Stress history curve of specimen ci-5-1
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identified from the stress curve when the time-to-fracture for
the first tensile crack was determined from the HS images.

Figure 11 shows that after 20 ps when the stress wave
arrives at the specimen, the rock was ejected from the sur-
rounding ground where excessive compressive stress is
induced under pre-stress, yet no visible crack is generated.
At 60 ps, primary tensile cracks (denoted as 7, and T,) were
initiated from the two sides of the opening at nearly the
same time. In the next 50 ps (i.e. 60-110 ps), cracks T
and T, both extended rapidly along the loading line, but the

Fig. 11 Dynamic failure process of specimen ci-5-1

extension speed of the latter is obviously slower. At about
110 ps, the stress reached at the peak point where crack T
approached the left loading face, forming a coalescent crack.
With multiple reflections and transmissions of the stress
waves, a new tensile crack 7; was observed at the opening
at 200 ps and propagated towards the left loading face.

The first crack was observed from the HS images when
the loading time reached 60 ps. Therefore, the corresponding
dynamic stress at 60 ps in Fig. 10 is 45.6 MPa, equivalent to
the dynamic crack initiation stress. Following this method,

specimen ci-5-1
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the dynamic crack initiation stresses o, for the specimens
under different pre-stresses were obtained; they are sum-
marised in Fig. 12. It can be seen that the initiation stress
threshold increases first and then decreases with an increase
in axial pre-stressing in both the circular- and square-open-
ing specimens. This is due to the induced stress state around
the opening under static pre-stress. A low pre-stress (i.e.
5 MPa) closes the microcracks being generated due to cav-
ity drilling; therefore, the specimen become stronger under
dynamic load. As a result, higher dynamic stress is required
to initiate the first crack. However, a further increase in pre-
stress deforms the specimen’s inelastic regime without any
more recovery effects. Therefore, the specimen can be frac-
tured earlier under dynamic loading. In this state, a lower
dynamic stress can trigger and grow the crack.

The initiation stress for the circular-opening specimens
was generally higher than that for square-opening speci-
mens, indicating that the specimen with a square tunnel is
more stable and therefore accommodates more dynamic
crack initiation stress under what are otherwise the same
pre-stress and dynamic loading conditions. This might be
due to the higher stress concentration around a square open-
ing, compared to a circular opening.

4.3 Crack Evolution Process and Failure Mode

The crack evolution process around the opening was cap-
tured by the HS camera system. Figures 13 and 14 present
images of the crack propagation process at different times
for the specimens with circular and square openings, respec-
tively. The crack traces in the images are enhanced by solid
arrow lines for better visualisation.

Figure 13 shows that the failure mode for the specimen
with a circular opening is basically the same when the
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Fig. 12 Dynamic crack initiation stress of the specimens under vary-
ing pre-stresses and identical dynamic loading
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pre-stress is lower than 15 MPa. Cracks initiate from the
boundary of the opening, extend towards the ends of the
specimen and eventually form one or more tensile frac-
tures parallel to the loading direction. For instance, under
10 MPa pre-stress, at 50 ps after the dynamic stress is
applied on specimen ci-10-1 (see Fig. 13c), small pieces
of rock are ejected out of the ground surface, where the
location is known as a stress concentration region. Shortly
after, tensile cracks 7', and 7, are generated from the cavity
periphery and they spread rapidly along the loading direc-
tion towards the ends of the specimen. During the process,
a tensile crack T35 is also induced at the periphery of the
opening. When the pre-stress is 20 MPa (see Fig. 13e), dif-
ferent types of cracks under dynamic disturbance are gen-
erated in the specimen. As shown in Fig. 13e, at first two
tensile cracks T and T, are generated, then shear crack S,
is generated in the compressed region, and a tensile crack
T,_, is induced by the bifurcation of crack 7,. With the
dynamic loading, the shear crack S, interacts with crack
T,, cutting the specimen into blocks. Crack 7,_, merges
into crack T, to throw the rock slice out of the specimen.
Also, a large tensile-shear fracturing zone (TS zone) is
observed between the tensile cracks and the shear crack.

For the specimen with a square cavity, Fig. 14 shows
that when the pre-stress is lower than 10 MPa, only ten-
sile cracks are induced by dynamic disturbance. The crack
extension direction is mainly parallel to the loading direc-
tion, which is similar to the results for specimens with cir-
cular cavities under low pre-stress. However, under higher
pre-stress values, additional shear failures are observed on
the specimens. For instance, the TS zone can be found on
specimens sq-10-2 and sq-15-1 between the main tensile
cracks (see Figs. 14c, d). Moreover, for specimen sq-20-2
under 20 MPa pre-stress, complex failure types, including
tensile failure (7} and T,), shear failure (S, and S,) and TS
zone, can be observed, breaking the specimen into several
pieces.

The discussion above shows that specimens under
dynamic disturbance are mainly fractured with tensile
cracks parallel to the loading direction under lower axial
pre-stress. While with an increase in the pre-stressing,
small-scale or large-scale shear fractures can be gener-
ated. Furthermore, tensile cracks are generally incurred in
or near the tensile stress concentration area, which is obvi-
ously different from the initiation point of the cracks under
monotonic uniaxial compression loading. Under coupled
static and dynamic loading, shear fractures can be gener-
ated and then extended in specimen. These shear cracks
may interact with each other to form large-scale cracks.
However, in the static unconfined compression tests,
cracks are generated from the tensile stress area owing to
the progressive increase in the tensile stress.
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4.4 Dynamic Crack Propagation Velocity

We obtained the initiation and the arrest time of the dynamic
crack, as well as the propagation length, from the images taken
by the HS camera. Therefore, the average crack velocity can
be estimated. It is worth noting that the cracks produced by
the combined static—dynamic loads are mainly tensile cracks.
As the initiation and propagation of tensile cracks are easier to
identify than the shear cracks, in this study, only the propaga-
tion speed of the tensile cracks was investigated. The time-to-
initiation of the crack is defined as the time when the crack is
generated at the boundary of the opening. The time-to-arrest
is defined as the time when the crack ceases or bifurcates at
the end of specimen. Considering that that there are n images
between the time-to-initiation and the time-to-arrest, the total
propagation time is 10n ps. The crack length was measured
through an image processing program Photoshop CS5 by
comparing the two images that represent the initiation and the
arrest of the crack. The average crack propagation velocity was
calculated as follows:

where V is the average crack velocity, m/s, L is the propaga-
tion length of the crack, mm, and 7 is the count of the images
between the time-to-initiation and time-to-arrest.

Table 2 summarises the average propagation velocity of
the tensile cracks for the specimens subjected to combined
static—dynamic loads. We observed that the crack speed was
in the range of 63.4-681.7 m/s, which is much lower than
that of common values (Zhang and Zhao 2014). A number
of factors may affect the crack propagation speed, includ-
ing the loading rate, the elastic energy at the crack tip and
the dynamic propagation toughness (Bertram and Kalthoff
2003; Wang et al. 2016). Since the dynamic loading rate
in the SHPB tests is low, the loading rate on the specimen
was quite small, ranging from 21.3 to 28.9 s!. Such a low
loading rate may contribute to low propagation speed of the
dynamic tensile cracks.

Table 2 shows that the highest value for the velocity of the
primary tensile crack (7;) was observed when the pre-stress
value was equal to 5 MPa. This velocity decreased with a
further increase in the static pre-stress from 5 to 20 MPa,
for both the circular- and square-opening specimens.

V= 1000L @)
10n
Table 2 Estimat.ion of thg Opening shape Specimen  Pre-stress Crack label ~ Crack Crack propaga-  Crack veloc-
average .propagatlon velocity of (MPa) length tion time 7 (us) ity V (m s~
the tensile cracks L(mm)
Circular opening  ci-0-1 0 T, 28.329 70 404.7
T, 27.139 180 150.8
ci-5-1 5 T, 40.904 60 681.7
T, 29.162 150 194.4
T 24.325 210 115.8
ci-10-1 10 T, 36.924 80 461.6
T, 32.232 190 169.6
T 14.590 230 63.4
ci-15-2 15 T, 38.663 90 429.6
T, 19.689 110 179.0
T 38.408 100 384.1
ci-20-1 20 T, 43.254 130 332.7
T, 36.998 180 205.5
Square opening sq0-0-1 0 T, 32.940 120 274.5
T, 31.260 130 240.5
sq0-5-1 5 T, 38.649 80 483.1
T, 23.031 180 128.0
sq0-10-2 10 T, 21.125 60 352.1
T, 20.361 150 135.7
T 21.687 110 197.2
T, 16.174 160 101.1
sq0-15-1 15 T, 42912 130 330.1
T, 17.147 80 214.3
T 11.352 140 81.1
$q0-20-2 20 T, 37.141 120 309.5
T, 41.009 200 205.0
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Meanwhile, the T crack velocity of the specimen free from
the pre-stress was lower than that for the specimens under
pre-stress conditions. This trend is consistent with the results
obtained for dynamic crack initiation stresses presented in
Fig. 12. It shows that applying a small amount of pre-stress,
hardens the sample and makes it more brittle, which means
it can accumulate more strain energy before a tensile crack
occurs under dynamic loading. Further increases in pre-
stress may damage the sample under static load, and there-
fore, the sample will demonstrate more ductile behaviour
under dynamic loading.

Table 2 shows that the velocity of subsequent tensile
cracks, such as T,, T5 and T, do not show any conclusive
trend with changes in pre-stress values. The velocity of the
primary tensile crack is significantly greater than that of the
subsequent tensile cracks. This is probably due to the stress
(or energy) dissipation when the primary cracks generated
in the specimen make the rock less brittle and, therefore,
reduce the crack velocity of the subsequent cracks.

5 Conclusions

To investigate the failure propagation around underground
openings in hard rocks under high in situ stress conditions
and dynamic loading, several mini-tunnel samples were cre-
ated. The samples were subjected to monotonic axial and
coupled static—-dynamic loading until failure. Mini-tunnels
were generated by drilling circular and cubic cavities in the
centre of granite rock samples. The samples were instru-
mented by strain gauges, and a high-speed camera was used
to investigate failure behaviours in monotonic uniaxial com-
pression and SHPB tests. This study found that:

1. Under unconfined compression, the damage of mini-tun-
nels was initiated with a primary tensile crack in floor
area of the samples, and then, shear cracks in side walls
occurred, before shear and tensile cracks were generated
in other areas. However, in the SHPB tests the speci-
mens fractured with tensile cracks parallel to the load-
ing direction under low static pre-stress and dynamic
loading. With an increase in pre-stress, additional shear
cracks are gradually presented around the mini-tunnel,
and violent shear failure sometimes occurs.

2. With increasing the pre-stress, the dynamic crack initia-
tion stress threshold increases slightly at first and then
decreases significantly. However, further increases in
pre-stress will apply extra load on the samples, which
therefore results in lower dynamic crack initiation stress.
The initiation stress for circular-hole specimens was
generally larger than that for square-hole samples under
otherwise similar testing conditions.

@ Springer

3. Under dynamic induced loading, the velocity of the pri-
mary tensile crack is significantly larger than that of the
subsequent cracks. The effect of static pre-stress on this
velocity is similar to its effect for the dynamic crack ini-
tiation stress due to the hardening effect of small amount
of pre-stress, which makes the rock behaviour more brit-
tle. Pre-stressing does not have any significant effect on
the velocity of the secondary and subsequent cracks.
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