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Abstract. The coupled hydro-mechanical loading conditions commonly occur in the geothermal and petroleum engineering
projects, which is significantly important influence on the stability of rock masses. In this article, the influence of flaw inclination
angle of fracture behaviors in rock-like materials subjected to both mechanical loads and internal hydraulic pressures is
experimentally studied using the 3-D X-ray computed tomography combined with 3-D reconstruction techniques. Triaxial
compression experiments under confining pressure of 8.0 MPa are first conducted for intact rock-like specimens using a rock
mechanics testing system. Four pre-flawed rock-like specimens containing a single open flaw with different inclination angle under
the coupled hydro-mechanical loading conditions are carried out. Then, the broken pre-flawed rock-like specimens are analyzed
using a 3-D X-ray computed tomography (CT) scanning system. Subsequently, the internal damage behaviors of failed pre-flawed
rock-like specimens are evaluated by the 3-D reconstruction techniques, according to the horizontal and vertical cross-sectional CT
images. The present experimental does not only focus on the mechanical responses, but also pays attentions to the internal fracture
characteristics of rock-like materials under the coupled hydro-mechanical loading conditions. The conclusion remarks are
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significant for predicting the rock instability in geothermal and unconventional petroleum engineering.
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1. Introduction

In rock masses, there exist large numbers of
discontinuous structures, such as joints, flaws, faults, etc.
(Wong et al. 1998; Bobet and Einstein 1998; Christe et al.
2011; Cao et al. 2018), which are the weak parts of
surrounding rocks in different rock engineering projects,
such as geothermal extraction, unconventional petroleum
exploitation, tunneling excavation, etc (Bobet and Einstein
1998; Cao et al. 2018; Cheng et al. 2016; Cata et al. 2016;
Haeri et al. 2018, 2019a, b; Wang et al. 2020). In some rock
engineering projects, rock masses usually exist in the
environments under the coupled hydro-mechanical loading
conditions (Cata et al. 2016; Diaz et al. 2017; Einstein and
Hirschfeld 1973; Kou et al. 2019a, b). On one hand, the
fracture characteristics of rock materials containing flaws
could result in the rock failure and engineering instability in
mining and tunneling excavations under the coupled hydro-
mechanical loading conditions. For example, the influence
of hydro-mechanical loads on the strength and stability of
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rock masses in the submarine tunnel excavations and
mining excavations in Karst cave area (Ge et al. 2001). On
the other hand, the reasonable utilization of rock hydro-
mechanical fracture process could help to improve the
energy exploitations in geothermal and petroleum
engineering projects. For instance, internal hydraulic
pressures in naturally open flaws significantly affect the
hydraulic fracture techniques in the unconventional
petroleum exploitation (Hirono et al. 2003; Huang et al.
2017a, b, 2018a, b; Haeri et al. 2019b). Compared with
numerical simulations and theory analysis (Wang et al.
2016, 2017, 20184, b, c, d, 2019a, b, c, d, e, f; Song et al.
2019a; Kou et al. 2019b, c), laboratory experiments directly
provide physical mechanism of phenomena. Therefore, it is
an important issue to investigate the fracture process and
failure mechanism of rocks subjected to both mechanical
loads and internal hydraulic pressures (Huang et al. 2017b,
2018a, b).

As a non-destructive technique, such as digital image
correlation (Yu and Pan 2017; Yu et al. 2019; Zhou et al.
2019) the ability of imaging detailed material information,
X-ray CT scanning technique has the ability of gaining
observations of the evolution and propagation of defects in
the internal materials, which has been widely applied in
rock and rock-like materials (Cata et al. 2016; Sufian and
Russell 2013; Silva et al. 2014; Kawakata et al. 1999;
Meier et al. 2015; Liu et al. 2018; Wang et al. 2016, 2017,
2018a, 2019a; Li and Chen 2016, 2017a, b). The internal
geometrical and internal fracture patterns of geomaterials,

ISSN: 1225-4568 (Print), 1598-6217 (Online)



284 Miaomiao Kou, Xinrong Liu and Yunteng Wang

such as pores, non-uniform distribution of natural fractures,
bedding plane, grain boundaries, fossils, inclusions, mineral
cleavage planes and micro-cracks, can be investigated using
the X-ray CT scanning system. Christe et al. (2011) applied
the X-ray CT-based index to characterize the quality of
cataclastic carbonate rock samples. Zhang et al. (2019)
investigated the ultimate failure modes in three different
rock materials using X-ray CT scanning system combined
with reconstructions. The assessment of anisotropy in rocks
by systematic and planar clustering of 3-D X-ray
attenuation values and associated statistical analysis on the
basis that X-ray CT images directly represent the internal
density of the mineral fabric in the rock mass by Yun et
al .(2013). Furthermore, some scholars also successfully
applied the X-ray CT scanning technique to investigate the
internal crack initiation, propagation and coalescence
characteristics of geomaterials specimens under the various
uniaxial compressive tests (Yang et al. 2016, 2018; Wang et
al. 2018a, 2019a, b, c, e, 2020). To explore the evolution
characteristics of internal damage and fracture patterns of
rocks under different loading conditions, the loading and
unloading fracture mechanical tests of rocks were
conducted using X-ray CT scanning images by Zhou et al.
(2008) The fracture behaviors of Westerly granite under
uniaxial and triaxial compressive conditions were analyzed
using the X-ray CT scanning system by Kawakata et al.
(1999). Based on the X-ray CT scanning system, Sufian and
Russell (2013) investigated the micro-structural pore
changes and energy dissipation in Gosford sandstone during
pre-failure loading, but the stress condition was restricted to
uniaxial compression. Zhao et al. (2014) employed the X-
ray CT observation to analyze the mechanism of Gosford
sandstone under uniaxial compression with different strain
rates. The real-time high-resolution X-ray CT was applied
to study deformation and failure characteristics of shale
samples and bimsoil specimens under unconfined axial
compressions by Wang et al. (2018a, 2019a, c). Since the
X-ray CT scanning system is difficult to be applied in the
triaxial compressive processes, the aforementioned previous
studies of investigating the real-time fracturing process of
geomaterials, such as soils, rock materials and rock-like
materials, are mainly focused on the uniaxial compressive
conditions (Wang et al. 2017, 2019b; Yang et al. 2016;
Yang 2018; Song et al. 2018, 2019b).

To study the internal fracture behaviors of rock and
rock-like materials in the triaxial compression, some
scholars applied the X-ray CT system to investigate fracture
behaviors of rock and rock-like materials at the different
loading stages. Cata et al. (2016) used the X-ray CT
scanning system to study fracture characteristics of gas
shale at the end of three different loading stages. They
determined the mechanism of shale failure, shale failure
geometry and shale mechanical properties in experiments.
The strength, deformability and X-ray CT observations of
deeply buried marble under different confining pressures
are experimentally researched by X-ray CT scanning
technique with 3-D reconstruction by Yang et al. (2016) to
investigate the 3-D ultimate failure patterns (Yang 2018).
Soon afterwards, Yang and Huang (2017) investigated the
effects of confining pressures and fissure angle on the

internal crack evolution behaviors of sandstones using X-
ray CT technique in the laboratory. Yang (2018) analyzed
the compressed hollow-cylinder sandstone specimens using
the three-dimensional (3-D) X-ray CT scanning system,
which provides the internal crack evolution mechanism of
hollow-cylinder sandstone specimens in the conventional
triaxial compression experiments. However, to the best
knowledge of authors, few studies of the hydro-mechanical
fracture characteristics in rock-like materials were
conducted using the X-ray CT scanning system combined
with the 3-D reconstruction technique, which can provide
the visible 3-D fracture surfaces in the rock-like specimens.

In the present research, a new steel mold is designed to
fabricate the ISRM standard rock-like cylinder specimens
containing the single pre-existing flaw and the water
guiding hole. The influence of flaw inclination angle on the
fracture and permeability evolutions in the pre-flawed rock-
like cylindrical specimens subjected to both mechanical
loads and internal hydraulic pressures is investigated. The
pre-flawed rock-like specimen with inclination angle of 45°
under the conventional triaxial compression is conducted to
be as a reference example. In the present experiments, the
axial stress and confining pressures are first simultaneously
applied to the pre-flawed rock-like specimens until the
confining pressures reach 8.0 MPa. Then, the confining
pressures are kept as constants, while, the axial stresses
continue to apply on the pre-flawed rock-like specimens
until the failure occurs. Meanwhile, the internal hydraulic
pressure of 2.0 MPa is applied to surfaces of the pre-
existing flaw through the water guiding hole in the pre-
flawed rock-like specimens. The confining pressure of 8.0
MPa and internal hydraulic pressure of 2.0 MPa are selected
based on the actual monitoring data in the rock engineering
project in Three Gorges Reservoir Region, Chongging City,
China. The X-ray CT scanning system is subsequently
employed to analyze internal fracture characteristics of
failed rock-like specimens. Based on the X-ray CT scanning
images, 3-D fracture surfaces in the spatial distributions and
the associated fracture mechanism in different broken rock-
like specimens are revealed through 3-D reconstruction
technique. The X-ray CT scanning system combined with
3-D reconstruction provide some new internal insights of
fracture mechanism of rock-like materials subjected to both
the mechanical loads and internal hydraulic pressures. The
present experimental results may be helpful in designing
different rock engineering projects, as well as in fracturing
processes.

The following structure of this paper is outlined as
follows. In Section 2, the experimental methodologies,
including rock-like specimen preparations, testing
procedures and experimental devices, are presented.
Experimental results, such as strength, deformability,
surface failure patterns, and internal fracture modes, in the
pre-flawed rock-like specimens under the coupled hydro-
mechanical loading conditions are shown in Section 3.
Finally, conclusion remarks of flaw inclination angle on
fracture behaviors in pre-flawed rock-like specimens
subjected to both mechanical loads and internal hydraulic
pressures are drawn in Section 4.
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2. Experimental methodology
2.1 Specimen preparations

It is difficult, tedious and time-consuming to fabricate
pre-existing flaws in natural rock materials (Cao et al. 2018;
Liu et al. 2018; Zhou et al. 2019). The preflawed rock
specimens in laboratory experiments are often replaced by
the synthetic rock-like materials (Einstein and Hirschfeld
1973; Wong and Chau 1998; Bobet and Einstein 1998; Cao
et al. 20184, b; Liu et al. 2018; Wong and Einstein 2009;
Zhou et al. 2014, 2019; Wang et al. 2019a; Zhuang et al.
2014). In this study, rock-like materials are made of cement,
fine sand, rubber powder, water and some additives. On the
basis of a great amount of trial and error calibration tests,
the final proportion of ingredients are determined, and the
mechanical parameters of such proportions produces rock-
like materials similar to sandstone as listed in Table 1
through the basic rock experiments. The synthetic rock-like
materials are prepared with silica sand, No. 42.5 Poland
cement, water and rubber powder at mass ratio of 1.0: 0.8:
0.35: 0.12.

All the triaxial experiments are conducted on the pre-
fissured cylindrical rock-like specimens 50 mm in diameter
and 100 mm in length, as shown in Fig. 1(a). The new steel
mold is designed to directly fabricate the rock-like
specimens containing a single flaw and a guiding water hole,
as shown in Fig. 1(b). It can be observed from Fig. 1(b) that
the new designed steel mold consists of seven different
parts, including (1) steel column, (2) curved thin steel plate,
(3) steel hollow cylinder, (4) hose clamps, (5) swivel plate,
(6) straight thin steel plate and (7) pedestal. The length and
width of the straight thin steel plate are equal to 10 mm and
0.8 mm, which are used to determine the length and width
of the single pre-existing flaw in rock-like cylinder
specimens, as shown in Fig. 1(c). The swivel plate in the
new designed mold make it be possible to fabricate pre-
flawed rock-like specimens with different flaw inclination
angle. The diameter of steel column is 0.3 mm, which is
used to determine geometry of guiding water hole in the
pre-flawed rock-like specimens, as shown in Fig. 1.

(©)

Fig. 1 (a) The pre-flawed rock-like specimen geometries, (b) new designing steel mold and (c) actual images

Table 1 The average physical parameters of rock-like
materials obtained from experiments

Sandstone (Zhuang

Parameters Rock-like material

et al. 2014)
Density, p (g/cm3) 2.15 2.20-2.71
Young’s modulus, .
E (GPa) 15.43 3-35
Poisson ratio, v 0.183 0.02-0.2
Cohesion strength,
¢ (MPa) 17.96 4-40
Friction angle, ¢ (°) 25.11 25-60
Uniaxial compressive
strength, o, (MPa) 55.28 20-170
Tensile strength, 5.88 4-25

o; (MPa)

In the present study, to investigate the effect of flaw
inclination angle on the hydro-mechanical fracture
behaviors in rock-like cylinder specimens. The flaw
inclination angles in four different types of pre-flawed rock-
like specimen are 0°, 30°, 45° to 60°. The length and width
of the single pre-existing flaw are equal to 2a=10 mm and
0.8 mm, respectively. The length of guiding water hole is
50 mm, and the diameter of guiding water hole equates to
0.3 mm. In the process of fabricating pre-flawed rock-like
cylinder specimens, the mold with the fresh rock-like
materials is vibrated to minimize the air bubbles for 10 min
on a shaking table. The straight thin steel plates and the
steel columns are disassembled after 12 h of curing, and the
steel hollow cylinders are removed after 24 h of curing. All
the specimens taken out from the steel mold are stored in a
special curing room with temperature of 20 °C, the relative
humidity of 95% and an atmospheric pressure for 28 days.
For the sake of keeping mechanical properties of pre-flawed
rock-like specimens as consistent as possible, the mix
proportion of synthetic rock-like materials remains the same
and the preparation processes are carefully controlled.
Before the hydro-mechanical fracture tests, all pre-flawed
rock-like specimens are stored in SRH Intelligent Vacuum
Saturator to ensure the pre-flawed rock-like specimens to be
vacuum and saturated states, which is used to prevent the
occurrence of fluid flow in the rock-like matrixes.
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Fig. 2 The coupled hydro-mechanical loading conditions including (a) the loading schematic of a pre-flawed rock-like

specimen, (b) loading paths and (c) testing equipment

2.2 Testing procedure

In the present study, the pre-flawed rock-like specimens
with different inclination angles are subjected to not only
the mechanical loads, including axial stress and confining
pressures, but also the internal hydraulic pressures on the
surfaces of pre-existing flaw. The schematic diagram of the
pre-flawed rock-like specimens under the coupled hydro-
mechanical loading conditions is performed in Fig. 2(a).
Furthermore, the confining pressure and the internal
hydraulic pressure are fixed as 8.0 MPa and 2.0 MPa,
respectively, in the present research. To realize the coupled
hydro-mechanical loading conditions of pre-flawed rock-
like specimens, it can be found from Fig. 2(b) that the
loading paths in this study can be divided into two loading
stages as follows:

@ The axial stresses and confining pressures are
simultaneously applied on the pre-flawed specimens using
the load-controlled loading type at the same rate, as shown
in Fig. 2(b).

(2) When the confining pressures and axial stresses
reach the preset value, i.e., 8.0 MPa, the confining pressures
on the pre-flawed rock-like specimens are kept as constants.
While, the axial stresses continue to be applied on the pre-
flawed rock-like specimens, as shown in Fig. 2(b). At the
same time, it can also be found from Fig. 2(b) that the
internal hydraulic pressures on the surfaces of pre-existing
flaws are applied through the guiding water holes in the pre-
flawed rock-like specimens.

To investigate the fracture mechanism of pre-flawed
rock-like specimens under the hydro-mechanical loading
conditions, the tested pre-flawed rock-like specimens are
categorized into two groups. In the first group, the pre-
flawed rock-like specimen with @ = 45° is only subjected
to the mechanical loads, which is used as a reference
example to illustrate the internal hydraulic effects. In the
second group, the pre-flawed rock-like specimen with
different flaw inclination angles are subjected to both the
mechanical loads and internal hydraulic pressures. In
addition, the hydro-mechanical loading conditions in the
second group of pre-flawed rock-like specimens are same.
The geometrical and loading conditions are summarized in
Table 2.

Table 2 Geometrical and loading parameters of pre-flawed
rock-like cylindrical specimens

Flaw - Internal
Flaw . .~ Confining -
Group Type length inclination pressures hydraulic
angle pressure
Group 1 Type-1 10 mm 45° 0.0 MPa
TYPE 10 mm 450
1
Type-
1 10 mm 0° 8.0 MPa
Group 2 Tvpe- 2.0 MPa
YP& 10 mm 300
v
Type-
v/ 10 mm 60°

2.3 Laboratory testing devices

The conventional triaxial compression experiments on
the preflawed rock-like specimens under the coupled hydro-
mechanical loading conditions are carried out with rock
multi-field coupling triaxial apparatus, i.e., TRIAXIAL
CELL V4.0, produced by Top Industries, as shown in Fig.
2(c). The present exquipment consists of a loading system,
the confining oil pressure system, the water flow pressure
system and an automatic data collection system. To
maintain constant water feed pressure, water in the large
tank was pressurised by compressed air. A high-strength
rubber bladder was used inside the tank to separate air from
pressurised water and hence prevent air dissolving into
water under high pressure, as shown in Fig. 2(c). This
expeirmental apparatus is suitable to test mechanical
responses of rock-like materials under the coupled thermo-
hydro-chemo-mechanical loading conditions. The
maximum loading capacity of the servo-controlled system
is 1000 kN, the maximum confining pressure is 60 MPa,
and the maximum pore fluid pressure is equal to 60MPa.
During the experimental process, the axial force, axial
deformation and radial deformation can also be measured
using the present experimental apparatus. Furthermore, the
confining pressures o, = g3 and axial stresses g, are first
applied at the rate of 1.0 MPa/min at the first loading stage
during experiments. Subsequently, the confining pressures
o, = o5 are kept as 8.0 MPa, and the axial stresses o
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continue to be applied on the pre-flawed rock-like specimen
at the rate of 0.01 mm/min until the occurrence of failure at
the second loading stage. Meanwhile, the internal hydraulic
pressure B, = 2.0 MPa is applied on the surfaces of pre-
existing flaws through the guiding water hole at the second
loading stage. It should be noted that the internal hydraulic
pressure is lower than the confining oil pressure in all tests,
which is used to prevent the fluid flow along the surface of
pre-existing flaw.

The X-ray CT scanning system is carried out on the
broken rock-like specimens using a SIEMENS-SOMATOM
scope X-ray CT scanner, as shown in Fig. 3(a). The X-rays
are produced by electrons striking a Mo-W alloy target in
an X-ray tube. The electron current is set as 81 pA and the
accelerating voltage is employed as 130 kV. The present X-
ray CT scanner has the spatial resolution of 0.35 mm X
0.35 mm, and scanning time of X-ray CT scanner is 1500
ms for a single slice. For the vertical cross section in Fig.
3(b), the slice images are captured at 0.8 mm, as shown in
Fig. 3(b). Similarly, for the horizontal cross section in Fig.
3(c), slice interval thickness is equal to 0.64 mm. The
working principles of X-ray CT scanning procedure are also
summarized in Fig. 3(c). In the X-ray CT-scanning tests,
failed specimens under different hydro-mechanical loading
conditions are scanned. 158 slices can be obtained for every
failed specimen. Moreover, the size of each X-ray CT
image is 512 x 512 pixels, and the region of interest with
a size of 141 x 141 pixels can be cropped from the
original image to process the 3-D reconstruction using the
commercial software Avizo.

3. Results and discussions

In this section, the experimental results are analyzed
from two different fields, including mechanical and
deformation  behaviors and  macroscopic  fracture
characteristics, in the pre-flawed rock-like specimens
subjected to both mechanical loads and internal hydraulic
pressures.

3.1 Mechanical and deformation behaviors

To first illustrate the effect of internal hydraulic pressure
on the mechanical and deformation of pre-flawed rock-like

Z =100 mm

7 = 50 mm

Z = 0 mm

(b) (c)
Fig. 3 The schematic of X-ray CT scanning system, including (a) test illustration, (b) vertical slices of cross sections and (c)
horizontal slices of crack sections.

specimens, two types of pre-flawed rock-like specimens
containing a single pre-existing flaw with @ = 45° under
the fixed confining pressure of 8.0 MPa are conducted. The
first type of pre-flawed rock-like specimen is only subjected
to the mechanical loads. While, the second type of pre-
flawed rock-like specimen is subjected to both mechanical
loads and the internal hydraulic pressure of 2.0 MPa. In this
study, o; and o3 represent the axial stress (i.e., major
principal stress) and the confining pressure, respectively. &,
and &5 are denoted as the axial strain and the lateral strain,
respectively.

The deviatoric stress—axial strain curves of the above
two types of pre-flawed rock-like specimens are plotted in
Fig. 4. Compared with the uniaxial compressive strength
(UCS) of intact rock-like cylinder specimen (average value),
which is equal to 55.28 MPa in Table 1, it can be found that
from Fig. 4 that the traixial compressive strengths of pre-
flawed rock-like specimens are significantly affected by the
internal hydraulic pressures. As shown in Fig. 4, the triaxial
compressive strengths pre-flawed rock-like specimens
decreases with increasing the internal hydraulic pressures
under the fixed confining pressure of 8.0 MPa. The peak
axial strain of pre-flawed rock-like specimen subjected to
internal hydraulic pressure of 2.0 MPa is smaller than that
under the condition of no internal hydraulic pressure. While,
it can be found from Fig. 4 that the peak lateral strain of
pre-flawed rock-like specimen subjected to internal
hydraulic pressure of 2.0 MPa is larger than that subjected
to internal hydraulic pressure of 0.0 MPa. This phenomena
indicates that the internal hydraulic pressure contributes to
the lateral deformation and prevent the axial deformation
under the fixed confining pressure. Furthermore, it can be
also found from Fig. 4 that the degree of strain softening in
the post-peak deformation region decreases as the internal
hydraulic pressure increase, which demonstrates that
existence of internal hydraulic pressure leads to the
transformation from the quasi-brittle fracture to the brittle
fracture of pre-flawed rock-like specimens in the triaxial
compression tests.

The influence of flaw inclination angle on the
mechanical and deformation behaviors of pre-flawed rock-
like specimens under the fixed confining pressure of 8.0
MPa and internal hydraulic pressure of 2.0 MPa is
investigated using four different types of rock-like
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Fig. 4 Deviatoric stress—axial strain curves of the pre-flawed rock-like specimens in the conventional triaxial compression
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Fig. 5 Deviatoric stress—axial strain curves of the pre-flawed rock-like specimens subjected to both mechanical loads and
internal hydraulic pressures (o, = g; = 8 MPa and P, = 2 MPa)

cylindrical specimens containing a single pre-existing flaw
with different inclination angles. The flaw inclination
angles in four different types of pre-flawed rock-like
specimen are 0°, 30°, 45° to 60°. The deviatoric stress—axial
strain curves of the above four types of pre-flawed rock-like
specimens with various inclination angle are plotted in Fig.
5. When the flaw inclination angle changes from 0° to 60°,
the triaxial compressive strength first increases and then
decreases, as shown in Fig. 5. When the flaw inclination
angle is equal to 45° it can be found from the triaxial
compressive strength reaches the maximum. Similarly, the

peak axial strain and peak lateral strain also first increase
and then decreases, when the flaw inclination angle changes
from 0° to 60° as show in Fig. 5. For the post-peak
deformation, when the flaw inclination angle changes from
0o to 30°, it can be observed from Fig. 5 that the degree of
strain softening increases. While, when the flaw inclination
angle changes from 30° to 60° the degree of strain
softening decreases, as shown in Fig. 5. These phenomena
indicate that the brittle failure occurs in the pre-flawed
rock-like specimen with large flaw inclination angle, and
quasi-brittle failure happens in the pre-flawed rock-like
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Fig. 7 A sketch of initiated crack types of fine-grained concretes specimens containing a single fissure under conventional
triaxial compression modified by the reference (Yang and Huang 2017)

specimen with small flaw inclination angle under the fixed
hydro-mechanical loading conditions.

The influences of flaw inclination angle on the peak
strength, peak axial strain and the effective Young’s
modulus in the pre-flawed rock-like cylinder specimens
under the coupled hydro-mechanical loading conditions are
plotted in Fig. 6(a)-Fig. 6(c), respectively. As shown in Fig.
6(a), the peak strength of pre-flawed rock-like cylindrical
specimen gradually increases as the inclination angle of the
single pre-existing flaw increases from 0° to 45°. It can be
also observed from Fig. 6(a) that when the flaw inclination
angle increases from 45° to 60°, the peak strength of pre-
flawed rock-like cylindrical specimens in the conventional
triaxial compression decreases. With increasing flaw
inclination angle from 0° to 45° the peak axial strain
slightly increases, as show in Fig. 6(b). It can also be
observed from Fig. 6(b) that the peak axial strain sharply

decreases as the flaw inclination angle varies from 45° to
60°. Furthermore, the effective Young’s modulus of pre-
flawed rock-like cylindrical specimens subjected to both
mechanical loads and internal hydraulic pressures gradually
increases with increasing the flaw inclination angle «, as
shown in Fig. 6(c).

3.2 Fracture characteristics

To investigate the surface rock fracture characteristics
and the ultimate failure modes in rock-like materials under
the coupled hydro-mechanical loading conditions, nine
different crack types are identified based on their
geometries, and crack initiation and propagation mechanism
based on the references (Wong and Einstein 2009; Yang
and Huang 2017; Wang et al. 2017; Yang 2018), as shown
in Fig. 7. It can be observed from Fig. 5 that there exist four
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Z = 57.6 mm
(c) Horizontal cross section of the reconstructed sample

(b) Surface failure
pattern
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Fig. 8 Ultimate fracture patterns of pre-flawed rock-like specimen with flaw inclination angle of 450 under only mechanical
loading obtained from X-ray computed tomography combined with 3-D reconstruction.

tensile types of cracks, i.e., wing crack (T,), anti-wing
crack (T,,), far-field tensile crack (7;) and out-of-plane
tensile crack (7,,), and there are five shear types of cracks,
including secondary crack (Ss), coplanar secondary crack
(S.,), oblique secondary crack (Ss,) far-field shear crack
(S;) and out-of-plane shear crack (S,,) . The
characteristics of different crack types can be found in the
previous studies (Wong and Chau 1998; Wong and Einstein
2009; Yang et al. 2016; Yang 2018; Zhou et al. 2019;
Wang et al.2019).

Based on the aforementioned nine different crack types,
the ultimate surface failure modes of pre-flawed rock-like
specimens containing a single pre-existing flaw with
different inclination angle under the coupled hydro-
mechanical loading conditions can be analyzed.
Furthermore, in the present study, the failed rock-like
specimens are carried out by the X-ray computed
tomography (CT) scanning technique. For every broken
rock-like specimen after the coupled hydro-mechanical
loading conditions, the two-dimensional (2-D) slice images
can be obtained by the X-ray CT scanning system. The
consecutive 2-D images representing the linear distribution
of X-ray attenuation can be reconstructed using Fourier

transformation of the projection data to show the 3-D
image surfaces and 3-D fracture surfaces using the
commercial software Avizo.

The ultimate failure modes of the above five types of
failed rock-like specimens containing (see Table 2) under
the coupled hydro-mechanical loading conditions are
performed in Figs. 8-12. Every figure of Figs. 8-12 is

composed of six different subfigures, including (a) really
broken sample, (b) surface failure pattern, (c) the
representative horizontal cross section X-ray CT scanning
images (d) X-ray CT scanning surface image, (e) 3-D
reconstructed fracture network and (f) the representative
vertical cross section X-ray CT scanning images.

In Figs. 8-12, the comparisons of the X-ray CT scanning
surface images and the actual surface crack photographs of
pre-flawed rock-like cylindrical specimens after the coupled
hydro-mechanical loading conditions are presented. The
black regions in the X-ray CT scanning surface images
represent cracks or surface spalling and other regions
indicate no surface failure. It can be found from Figs. 8-12
that the X-ray CT scanning surface images are in agreement
with the actual surface crack photographs, which illustrates
that X-ray CT scanning system can be used to explore the
extent of internal damage in rock-like specimens after the
coupled hydro-mechanical loading. In Figs. 8-12, the
horizontal cross-sections with different heights and vertical
cross-sections with various depths of failed specimens after
the coupled hydro-mechanical loading conditions are shown
to illustrate the internal damage characteristics. Futhermore,
the 3-D fracture networks of the failed specimens obtained
by the X-ray CT scanning images combined with 3-D
reconstruction technique are also performed in Figs. 8-12.
The 3-D reconstructioned fracture networks provide the
fracture surfaces in the 3-D spatial distributions of the
broken samples after the coupled hydro-mechanical loading.

3.3 Internal hydraulic pressure effect

To illustrate the internal hydraulic pressure effect on the
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Z =57.6 mm

(b) Surface failure

(a) Broken sample pattern

(d) X-ray CT scanning
surface image

(e) 3D fracture
network

Z =19.2 mm

X =8.0mm

Z = 28.8mm Z =384 mm Z = 48.0 mm

Z =67.2mm Z =76.8mm Z = 86.4 mm

(c) Horizontal cross section of the reconstructed sample

X =16.5mm

X =33.5mm X =42.0 mm

(f) Horizontal cross section of the reconstructed sample

Fig. 9 Ultimate fracture patterns of pre-flawed rock-like specimen with flaw inclination angle of 45° under the coupled
hydro-mechanical loading conditions obtained from X-ray computed tomography combined with 3-D reconstruction.

failure characteristics of rock-like materials, the failure
patterns in Type-I pre-flawed rock-like specimen and Type-
Il pre-flawed rock-like specimens in Table 2 are firstly
compared. For Type-lI and Type-Il pre-flawed rock-like
specimens, the flaw inclination angle and confining
pressure are fixed as 45° and 8.0 MPa, respectively. The
ultimate failure mode of pre-flawed rock-like specimen
containing a single flaw with inclination angle of 45°
subjected to only mechanical loads, i.e., Type-1 specimen,
are plotted in Fig. 8. It can be found from Fig. 8 that the
coplanar secondary cracks are initiated from the flaw tips
and propagate along the direction of the initial flaw.
Meanwhile, the oblique secondary cracks are also initiated
from the flaw tips and grow along the direction
perpendicular to the original flaw, as shown in Fig. 8. The
far field shear cracks coalesce with the oblique secondary
cracks, which results in the ultimate shear failure mode of
the pre-flawed rock-like specimen with a = 45°, as shown
in Fig. 8.

For the pre-flawed rock-like specimen containing a
single flaw with inclination angle of 45° subjected to both
mechanical loads and the internal hydraulic pressure, i.e.,
Type-11 specimen, the associated ultimate failure modes are
plotted in Fig. 9. It can be observed from Fig. 9 that the
wing cracks and anti-wing cracks are initiated from flaw
tips. The coalescences of wing cracks, anti-wing cracks and
far field shear cracks lead to the mixed tensile-shear failure
mode in pre-flawed rock-like specimens under the hydro-
mechanical loading conditions. From the 3-D reconstructed

fracture networks of two different types of broken
specimens, it can be found from Fig. 8 and Fig. 9 that the
internal hydraulic pressure leads to the complicated fracture
surfaces in the spatial distributions, and the internal
hydraulic pressure contributes to the complicated failure
modes.

3.4 Flaw inclination angle effect

To investigate the flaw inclination angle effect on the
fracture characteristics of pre-flawed rock-like specimens
under the coupled hydro-mechanical loading conditions, the
ultimate fracture modes of four different types of broken
rock-like specimens, i.e., Type-1l, Type-lll, Type-IV and
Type-V in Table 2, are performed.

For the pre-flawed rock-like specimen with a = 0°, i.e.,
Type-Ill specimen, the corresponding failure mode of
broken rock-like specimen are shown in Fig. 10. The wing
cracks and anti-wing cracks are initiated from the flaw tips
and propagate along the major principle direction. It can be
found from Fig. 10 that the wing cracks coalesce with the
far field shear cracks, and the anti-wing cracks link with the
out-of-plane shear crack and the far field shear crack. The
coalescence of cracks in the pre-flawed rock-like specimen
with a = 0° results in the mixed tensile-shear failure
modes.

For the pre-flawed rock-like specimen with a = 30°,
i.e., Type-lll specimen, the associated failure mode of
broken rock-like specimen are shown in Fig. 11. Wing
cracks and anti-wing cracks are initiated from the flaw tips.
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(a) Broken sample pattern

(d) X-ray CT scanning (e) 3D fracture
surface image network

Z =288 mm Z =384 mm

Z =57.6 mm Z = 67.2mm Z =768 mm Z = 86.4 mm

(c) Horizontal cross section of the reconstructed sample

X =8.0mm X =16.5mm X =33.5mm X =42.0 mm

(f) Horizontal cross section of the reconstructed sample

Fig. 10 Ultimate fracture patterns of pre-flawed rock-like specimen with flaw inclination angle of 0° obtained from X-ray
computed tomography combined with 3-D reconstruction

(b) Surface failure
pattern

(a) Broken sample

(d) X-ray CT scanning (e) 3D fracture
surface image network

Z =19.2 mm Z = 28.8 mm Z =384 mm Z = 48.0 mm

Z =57.6 mm Z = 67.2mm Z = 76.8 mm Z = 86.4 mm

(c) Horizontal cross section of the reconstructed sample

X =8.0mm X =16.5 mm X =33.5mm X =42.0 mm

(f) Horizontal cross section of the reconstructed sample

Fig. 11 Ultimate fracture patterns of pre-flawed rock-like specimen with flaw inclination angle of 30° obtained from X-ray
computed tomography combined with 3-D reconstruction.

The anti-wing crack and wing crack are coalesced with For the pre-flawed rock-like specimen with a = 60°,
each other by the out-of-plane shear cracks. The far field i.e., Type-lll specimen, the corresponding failure mode of
shear cracks link with the far field tensile crack, which broken rock-like specimen are shown in Fig. 12. It can be
results in the mixed tensile-shear failure mode, as shown in found from Fig. 12 that wing cracks initiated from the flaw

Fig. 11.

tip are linked with the oblique secondary cracks by the out-
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Z = 57.6 mm

(2) Surface failure

(1) Broken sample pattern

(4) X-ray CT scanning
surface image

(5) 3D fracture
network

Z =19.2 mm

X = 8.0 mm

Z = 28.8 mm Z = 48.0 mm

Z = 67.2mm Z = 76.8 mm Z = 86.4 mm

(3) Horizontal cross section of the reconstructed sample

X =16.5mm X =33.5mm X =42.0 mm

(6) Horizontal cross section of the reconstructed sample

Fig. 12 Ultimate fracture patterns of pre-flawed rock-like specimen with flaw inclination angle of 60° obtained from X-ray

computed tomography combined with 3-D reconstruction.

of-plane tensile cracks at the region around the pre-existing
flaw in the pre-flawed rock-like cylindrical specimen
subjected to both mechanical loads and the internal
hydraulic pressure. The coalescence of the oblique
secondary cracks and far field shear cracks leads to the
ultimate failure patterns of pre-flawed rock-like specimen
with a = 60°, which results in the pure shear failure mode,
as shown in Fig. 12.

From the aforementioned analysis, when the flaw
inclination angle varies from 0° to 60° in the pre-flawed
rock-like specimens under the fixed confining pressures and
internal hydraulic pressures, the ultimate failure mode
transform from the mixed tensile-shear failure mode to the
pure shear failure mode, as shown in Figs. 9-12. The 3-D
reconstructed fracture surfaces demonstrate the internal
failure characteristics of the mixed tensile-shear failure
modes are much more complicated than those of the pure
shear failure modes, as shown in Figs. 9-12.

4. Conclusions

In the present research, the influence of flaw inclination
angle on fracture behaviors in pre-flawed rock-like
materials subjected to both mechanical loads and the
internal hydraulic pressures are experimentally carried out
using the X-ray computed tomography combined with 3-D
reconstruction technique. The current experimental results
not only illustrate the mechanical and deformation
behaviors, but also reveal the internal fracture

characteristics of rock-like materials under the coupled
hydro-mechanical loading conditions. Based on the
experimental results, the following conclusions can be
obtain

e The X-ray computed tomography technique combined
with 3-D reconstruction successfully provides the internal
fracture characteristics in pre-fissured rock-like specimens
under the coupled hydro-mechanical loading. The ultimate
fracture surfaces in spatial distributions can be revealed as
curve surfaces by this technique.

e The internal hydraulic pressure contributes to the
initiation and propagation of tensile cracks, such as wing
cracks and anti-wing cracks, in rock-like materials. It can be
found from experimental results that the inclined angles of
3-D fracture surfaces in rock-like materials under the only
mechanical loading with respect to the axial direction are
larger than those in rock-like materials under the coupled
hydro-mechanical loading. Furthermore, internal hydraulic
pressures also contribute to the mixed tensile-shear crack
coalescence around the pre-existing flaw tips in the internal
rock-like specimens.

e For the fixed confining pressures and internal
hydraulic pressures, the experimental results demonstrate
that the peak strength of pre-flawed rock-like specimens
first increases and then decreases as the flaw inclination
angle in rock-like specimens subjected to both the
mechanical and internal hydraulic loads increases from 0° to
60°. Moreover, the peak axial strain in the pre-flawed rock-
like specimens under the coupled hydro-mechanical loading
first gradually increases as the flaw inclination angle
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increases from 0° to 45° When the flaw inclination angle
increases from 45° to 60° the peak axial strain sharply
decreases in the pre-flawed rock-like specimens subjected
to both the mechanical loads and internal hydraulic
pressures. Furthermore, when the flaw inclination angle
increases from 0° to 60°, the effective Young’s modulus
gradually increases in the pre-flawed rock-like specimens
under the coupled hydro-mechanical loading conditions.

e When the confining pressures and internal hydraulic
pressures are fixed, the X-ray computed tomography images
and the reconstructed 3-D fracture surfaces indicate the
ultimate failure mode of pre-flawed rock-like specimens
transforms from the mixed tensile-shear failure mode to the
pure shear failure modes as the inclination angle of pre-
existing flaw increases. In addition, with increasing the flaw
inclination in rock-like specimens subjected to both the
mechanical loads and internal hydraulic pressures, the crack
coalescence around the pre-existing flaw tips are mainly
belong to the mixed tensile-shear type.
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