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Abstract: The fracture evolution and the strength characteristics of a jointed rock mass
under hydro-mechanical coupling are key issues that affect the safety and stability of
underground engineering. In this study, a kind of transparent rock-like resin was adopted
to investigate the crack initiation and propagation modes of the 3D flaw under hydro-
mechanical coupling. The influences of the water pressure and the flaw dip angle on the
fracture modes of the 3D flaw and the strength properties of the specimen were analyzed.
The experiment results indicated that under the initiation and propagation modes, the
3D flaw presented two types of modes: the low-water-pressure type and the high-water-
pressure type. The increase in the water pressure had a significant promoting effect on the
crack initiation and propagation, which changed the overall failure mode of the specimen.
With the increase in the flaw dip angle, the critical growth length of the wing crack decreased
and the initiation moment of the fin-like crack showed a hysteretic tendency. The influences
of the water pressure on the crack initiation stress and failure strength had thresholds.
When lower than the threshold, the crack initiation stress increased slightly and the failure
strength decreased gradually with the increase in the water pressure. Once the threshold
was exceeded, both the crack initiation stress and the failure strength decreased significantly
with the increase in the water pressure. With the increase in the flaw dip angle, both the
crack initiation stress and the failure strength showed a first decreasing and then increasing
tendency. The lowest crack initiation stress and the failure strength were found for the
specimen containing the 45° flaw, while the highest were found for the specimen containing
the 75° flaw. This study helps to deepen the understanding of the fracture mechanism of
the engineering rock mass under hydro-mechanical coupling and has certain theoretical
and applied value in engineering design and construction safety.

Keywords: 3D crack; crack initiation stress; failure strength; hydro-mechanical coupling;
initiation and propagation mode

1. Introduction

In recent years, significant progress has been made in the construction of submarine
tunnels around the world [1,2], such as the Hong Kong-Zhuhai-Macao Bridge Undersea
Tunnel [3-5], Seikan Tunnel [6], and Rogfast Tunnel [7]. These projects faced extremely
complex geological environments. The rock mass in submarine tunnels was not only subject
to the geostress but also to the strong action of high seepage pressure. For example, the
Qingdao Second Submarine Tunnel under construction [8], which is expected to be the
world’s longest undersea highway tunnel, faces a complex engineering environment of
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1 MPa water pressure and the crossing of several fracture zones along the whole route.
Under the blasting impact and excavation disturbance, the high-pressure water can easily
enter the fracture zone, inducing the joints and fractures to propagate and coalesce under
the coupling of the high geostress and high seepage pressure, leading to the instability and
collapse of the rock mass, seriously threatening the structural safety and stability of the
surrounding rock mass in subsea tunnels. Therefore, it is of great significance to study the
failure mechanism of fractured rock masses under hydro-mechanical coupling for guiding
the design, construction, and operation and maintenance of subsea tunnels.

For crack propagation under hydro-mechanical coupling, most of the previous schol-
ars simplified the flaw into a 2-D penetration model and carried out a large number
of fundamental studies by using theoretical analyses and numerical simulations [9-15].
The influences of the water pressure on the crack initiation and propagation of the 2-D
flaw were investigated, and the crack initiation criterion under hydro-mechanical cou-
pling was proposed. Moreover, the fracture mechanism of the fractured rock mass under
hydro-mechanical coupling was analyzed. However, the CT tomography shows that the
pre-existing discontinuities in engineering rocks are usually in a 3D form rather than a 2D
form [16], and investigating the crack propagation mode from a 3D pre-existing flaw under
hydro-mechanical coupling is more suitable for engineering practice [17].

The initiation and propagation of 3D discontinuities under the hydro-mechanical
coupling commonly found in engineering surrounding rock is complicated. Up to now,
scholars have carried out a large number of studies on the hydraulic fracture of rock
masses [18-31] to investigate the propagation shapes of the fracture under different stress
environments, and the law of the influence of natural cracks on hydraulic crack propagation
were analyzed. Mei et al. [32,33] conducted hydro-mechanical coupling fracture tests on
the mortar specimens containing single internal 3-D cracks, and the influences of the
water pressure on the failure modes were analyzed. Du et al. [34] performed hydro-
mechanical coupling tests on sandstones with two fissures, and the behaviors in the strength,
deformation, permeability, and failure mode of sandstone were fully explored.

Given the opacity of rock and the rock-like material, such as mortar or the gypsum,
the initiation and propagation process of the 3D crack cannot be observed. The influences
of hydro-mechanical coupling on the development of a 3D crack are still unclear. Therefore,
some scholars have turned to using transparent rock-like media to study the propagation
of 3D cracks [35-37]. Dyskin et al. [38] used a transparent casting resin to fabricate samples
with single internal 3D cracks and performed a uniaxial compressive test. The influence of
the shape and locations of the initial 3D cracks on their growth were investigated. Moreover,
the intrinsic limits on 3D crack growth were found, and the maximum possible size of
wing cracks was about a comparable size of the initial crack. Wang et al. [39—41] used the
same resin material to conduct a biaxial compressive test and found that the wing crack
grew extensively. Zhou et al. [42] investigated the crack initiation, growth, wrapping, and
coalescence of two 3D pre-existing cross-embedded flaws using a PMMA specimen, and
four modes of crack initiation and five modes of crack coalescence were observed.

However, the above studies mainly focused on the initiation and propagation of the
3D crack in a pure stress environment and did not consider the influences of the water
pressure on the development of the 3D crack. Recently, some exploratory studies have been
performed using transparent rock-like material to investigate the propagation mode of 3D
cracks under hydro-mechanical coupling. Cao et al. [36] investigated the crack initiation
stress and failure strength of specimens containing a 3D crack group under 2 MPa water
pressure, and the influences of the flaw dip angle and spacing of crack group were analyzed
based on the propagation test of the 3D crack group under single water pressure conditions.
However, the brittleness and the resin (the ratio of the tensile strength to the compressive
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strength) used in Cao’s tests was only 6.1, much lower than those of typical rocks (usually
range from 10 to 20). Fu et al. [35,43] studied the crack initiation and propagation process
of cracks under internal water pressure, described the growth mode of secondary cracks,
and compared the similarities and differences of specimens under two water pressure
conditions. However, Fu’s study mainly focused on the propagation modes of the 3D crack
and neglected the mechanical properties of the specimen.

To further clarify the crack initiation and propagation mechanism of 3D flaws under
hydro-mechanical coupling and reveal the influences of the hydro-mechanical coupling
fracture of the strength properties of the rock, this paper adopted transparent resin material
to carry out hydro-mechanical coupling fracture tests. Based on the test results, the crack
initiation and propagation modes of the 3D hollow flaw were summarized systematically,
and the influences of the water pressure and the flaw dip angle on the crack initiation
stress and failure strength of specimens were analyzed. This study helps to deepen the
understanding of the evolutionary mechanism of the fracture of the engineering rock
mass under hydro-mechanical coupling and has certain theoretical and applied value in
engineering design and construction safety.

2. Specimen Preparation and Test Method
2.1. Test Material and Specimen Preparation

Given the non-transparent property of the rock, the propagation of the internal crack
cannot be directly observed. Therefore, the transparent rock-like resin material developed
in the literature [44,45] was adopted to prepare specimens. The ratio of the tensile strength
to the compressive strength of the resin was 1/9.98 at a temperature of —45 °C, which
is close to typical rocks, such as marble and sandstone [46]. The fracture toughness of

the resin was about 0.55 MPa-m!/2

at a temperature of —40 °C, which is also close to
that of sandstone. Moreover, this material had excellent transparency. The comparison of
mechanical parameters between the resin material and typical rocks is shown in Table 1.
One thing to point out is that the resin is a polymer without micro pores, which can be
widely found in rocks. Therefore, the effects of the seepage flow on the fracture behavior

were not considered in this study.

Table 1. Comparison of mechanical parameters between resin and typical rocks (units: MPa).

Mechanical Parameter Improved Resin Sandstone Granodiorite Marble
Uniaxial compressive strength 121.3 105.3 148.3 101.6
Tensile Strength 12.2 9.5 16.0 10.1

Tensile Compressive Strength Ratio 1/9.98 1/11.08 1/9.27 1/10.06

The size of the specimen was 70 x 70 x 140 mm. To study the crack initiation and
propagation modes of the 3D flaw under hydro-mechanical coupling, a 3D hollow elliptical
flaw was preset at the center of the specimen, of which the size was 20 x 15 mm (long
axis x short axis) and the thickness was 1.8 mm. The hollow flaw was constituted of
two mica sheets, a washer, and a water injection pipe, which were glued together to form
an inside cavity. The water pressure can be applied to the inside of the flaw through the
water injection pipe during the test [35]. For the no-water pressure condition, no water
injection pipe was set, and the hollow flaw was sealed. The dimensions and the structures
of the specimen and the hollow flaw are shown in Figure 1.
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(a) Specimen shape and size (b) Hollow flaw structure and size

Figure 1. The sizes and structures of the specimen and 3-D hollow flaw (units: mm).

To study the influences of the flaw dip angle and the water pressure on the initiation
and propagation modes of the 3-D flaw and the strength characteristics of the specimens,
the flaw dip angle « was set as 30°, 45°, 60, and 75°, and four kinds of water pressures were
set: 0 MPa (no water pressure), 0.5 MPa, 2 MPa, 4 MPa. To reduce the dispersion of the test
results, 3 specimens (48 specimens in total) were prepared for the same condition, and the
average values of the test data were taken for the analysis.

2.2. Test Method

In the test, a WAW-1000C hydro-mechanical coupling servo testing machine was used
to apply the axial uniaxial load, and a servo-controlled high-pressure water injection device
was used to provide stable water pressure to the flaw. At the beginning of the test, an axial
load of 1 kN was applied to the specimen so that the water injection platen closely adhered
to the upper surface of the specimen. Then, the water pressure was applied to the target
value and kept constant. Finally, the axial compression load was applied until the failure of
the specimen.

To ensure that the specimen maintained a high degree of brittleness, the specimen
was frozen to an ultra-low-temperature of —45 °C before the test and then put into a
self-designed low-temperature environment box for the test. A large amount of dry ice was
placed in the environment box to keep the temperature of the specimen at about —40 °C,
which effectively avoided the influence of the temperature rise on the brittleness of the
specimen. During the test, an infrared thermometer was used to monitor the temperature
of the specimen. When the rising temperature was found to exceed 2 °C, more dry ice was
supplemented to lower the temperature.

For the specimen in the water injection condition, it was necessary to fill the hollow
flaw with antifreezing liquid, which was a mixture containing water and alcohol, before
freezing. The freezing point of the antifreezing liquid was about —52 °C, which prevented
it from freezing at a low temperature and ensured the water pressure to effectively transmit
to the interior of the hollow flaw. To observe the propagation and evolutionary process of
the crack more clearly, a kind of red dye was added to the antifreezing liquid to highlight
the shape of the crack.

3. Initiation and Propagation Modes of 3-D Flaw Under
Hydro-Mechanical Coupling

Rock fracture tests under hydro-mechanical coupling were carried out to summarize
the basic features of the crack initiation and propagation of the 3D flaw. With variations in
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the water pressure and the flaw dip angle, the influences of the water pressure and flaw
dip angle on crack initiation and propagation modes were analyzed.

3.1. Basic Characteristics of 3D Crack Initiation and Propagation

In the hydro-mechanical coupling rock fracture test, different types of new cracks
initiated from the 3D flaw duo to the increasing loading [47]. To facilitate the analysis, the
new cracks were named according to their initiation locations and propagation patterns, and
the basic characteristics of each type of new crack were summarized, as shown in Figure 2.
Lejlgth direction of propagation

Petal-shaped wing crack
/Endpoint of the long axis

Granophyric crack——,

ranophyric crack

Endpoint of the short axis

wing crack
Wing crack &

(a) Crack initiation stage (b) Crack propagation Stage
Figure 2. Types and propagation modes of newly generated cracks.

The wing cracks initiated at the tips of the preset 3D flaw (the endpoint of the long
axis), and the initiation direction was approximately perpendicular to the preset flaw
surface. With an increase in the load, in the length direction, the wing crack gradually
turned to the direction of the maximum principal stress; in the width direction, the wing
crack propagated along the edge of the preset flaw, forming a petal-shaped wing crack.
When the propagation of the petal-shaped wing crack was close to reaching the end point
of the short-axis, the wrapped wing crack was formed.

The granophyric crack initiated at the edges of preset crack, its location was close to
the propagation front of the wing crack along the width direction, and its strike was at a
small angle with the edge of the preset crack. The granophyric crack induced the wing
crack to propagate further along the width direction, which led to it being merged with the
wing crack.

The fin-like cracks initiated on the upper or lower surface of the preset crack, and their
propagation direction was approximately perpendicular to the upper and lower surfaces of
the preset cracks and generally along the long axis of the preset crack. The initiation and
propagation of the fin-like crack was almost instantaneously completed, and the presence
of the fin-like cracks reduced the propagation velocity of the wing cracks to a certain extent.

3.2. Three-Dimensional Crack Initiation and Propagation Modes Under Hydro-Mechanical Coupling
3.2.1. Crack Initiation and Propagation Modes Under No-Water Conditions

Firstly, the fracture test under no-water conditions was carried out. Under the axial
loads, the initiation and propagation modes of the 3D hollow flaw had similarities with the
closed flaw, which was described in the literature [44] (Figure 3). The wing cracks initiated
at the tips of the flaw. With an increase in the load, the wing crack gradually grew into a
petal wing crack. During this period, the granophyric crack kept initiating and was merged
with the wing crack, forming wrapped wing cracks.
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Figure 3. Initiation and propagation modes of 3D crack without hydro-pressure.

Meanwhile, the initiation and propagation modes of the hollow flaw were significantly
different from those of the closed cracks. During the propagation of the wing crack, fin-like
cracks initiated on the upper and lower surfaces of the hollow flaw, which was not observed
in the closed crack condition. In addition, the wing crack initiated from a closed flaw
propagated continuously, which eventually led to the failure of the specimen [44]. While
the wing crack that initiated from a hollow flaw stopped propagating after reaching the
critical length, this could not directly lead to the failure of the specimen. This phenomenon
was consistent with the self-limiting effect of the propagation of the wing cracks proposed
by Dyskin [38,48]. Since it was impossible to inject high-pressure water into the closed flaw,
the comparison between the hollow flaw and the closed cracks was only confined to the
no-water condition.

The analysis showed that the initiation of the fin-like crack was related to the cavity
in the hollow flaw. With an increase in the axial load, the upper and lower surfaces of the
crack gradually bent and deformed into the cavity, resulting in the concentration of tensile
stress on the surfaces. When the tensile stress exceeded the tensile strength of the material,
a fin-like crack initiated on the crack surface. The initiation of the fin-like crack reduced the
stress concentration around the crack and slowed down the propagation of the wing crack.
Meanwhile, compared to the size of the flaw, the size of the specimen was relatively large,
and the material around the flaw had a significant self-limiting effect on the propagation
of the wing crack, which made it difficult to continuously propagate after reaching the
critical length.

3.2.2. Crack Initiation and Propagation Modes Under Hydro-Mechanical Coupling

Under hydro-mechanical coupling, the crack initiation and propagation modes of the
3D flaw were significantly different from those under the no-water conditions. The degree
of the difference was related to the magnitude of the water pressure. In this research, the
water pressure was divided into two types: low water pressure (0~2 MPa) and high water
pressure (2~4 MPa).

The crack initiation and propagation modes under the low water pressure are shown
in Figure 4 (taking 0.5 MPa water pressure as an example). When the axial load reached
about 35% of the failure strength, multiple small cracks first initiated at the tips of the flaw.
With the increase in the load, the small cracks gradually merged into the wing crack, and
the pressurized water invaded the wing cracks, driving them to propagate steadily and to
form the petal wing cracks. During the steady propagation of the wing crack, the fin-like
cracks appeared successively on the upper and lower surfaces of the flaw. When the axial
load increased to about 80% of the failure strength, the wing crack propagated to the critical
length, forming a wrapped wing crack and stopping propagating. When the axial load
approached the failure strength, macroscopic crack surfaces were formed in other regions
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of the specimen, coalescing with the wing cracks and the fin-like cracks, which led to the
overall failure of the specimen.

Water injection pipe

Wing crack

(a) Initiation stage of the flaw
Petal-shaped wing crack JPetal-shaped wing crack
Fin-like erack
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(c) Crack reaches critical propagation length

Figure 4. Initiation and propagation modes of 3D crack under low hydro-pressure conditions
(e.g., hydro-pressure is 0.5 MPa).

The crack initiation and propagation modes under high water pressure are shown
in Figure 5 (taking 4 MPa water pressure as an example). In this condition, the load
corresponding to the crack initiation was also about 35% of the failure strength. However,
the failure strengths under high water pressure were much lower than those under low
water pressure. The high water pressure and the axial load induced the wing cracks to
initiate instantaneously and propagated rapidly into the petal wing cracks, which then
propagated steadily to form the wrapped wing cracks. When the load reached about 85% of
the failure strength, the wrapped wing crack stopped propagating temporarily. Then, the
wrapped wing crack entered an unstable propagation state and grew rapidly to become a
vertical large fracture, resulting in the failure of the specimen.
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Figure 5. Initiation and propagation modes of 3D crack under high hydro-pressure conditions
(e.g., hydro-pressure is 4 MPa).

In addition, the crack initiation and propagation process under high water pressure
usually showed obvious asymmetry. The wing crack propagated rapidly after the initiation
at one tip of the flaw, which relieved the stress concentration at another tip and delayed
the initiation of the wing cracks. When the wing crack at one tip of the flaw reached the
critical length, it first entered the unstable propagation state and formed a large vertical
fracture surface.

3.3. Influences of Hydro-Mechanical Coupling on Crack Initiation and Propagation Modes

The influences of water pressure were mainly reflected in four aspects: the inhibitory
effect on the initiation of the granophyric crack, the influence on the initiation timing of
the fin-like cracks, the promoting effect on the crack initiation and propagation, and the
influence on the final failure modes of the specimen.
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Firstly, the presence of the water pressure inhibited the initiation of the granophyric
crack. Under the no-water conditions, the granophyric crack initiated frequently at the
stage of the wing crack initiation and propagation (Figure 6). The granophyric crack was
difficult to observe under the presence of water pressure. It is inferred that the initiation of
the granophyric crack was caused by the uneven distribution of the friction between the
material and the flaw surface under the compressive shear stress, which caused a large
stress concentration locally on the crack surface. When the stress exceeded the strength
of the material, the granophyric crack initiated. Under the presence of water pressure,
its lubrication and supporting effects on the flaw surface effectively relieved the uneven
distribution of the friction, which made it difficult to produce granophyric cracks. The
initiation of the granophyric cracks changed the propagation trajectory of the wing crack.
Under no-water conditions, the initiation of the granophyric crack induced the wing
crack to consistently propagate along the edge of the flaw. Under the presence of the
water pressure, the granophyric crack was difficult to initiate, and the leading edges of
the wing crack were somewhat detached from the flaw edges along the width direction;
see Figure 4c.

Grangphyric crack

Granophyric crack

sranophyric crack

S mm
e

(a) 3-D closed crack  (b) 3-D opened crack

Figure 6. Initiation of granophyric cracks without hydro-pressure.

Secondly, the increase in water pressure delayed the initiation timing of the fin-like
crack. Under the condition of no water or low water pressure, the fin-like cracks initiated
rapidly on the upper and lower surfaces of the flaw. However, with the increase in the water
pressure, the initiation timing was delayed. When the water pressure increased to 4 MPa,
the fin-like cracks basically no longer initiated (Figure 5). It was analyzed that the water
pressure in the crack partially offset the load borne by the surface of the hollow flaw and
reduced the deflection deformation and tensile stress concentration on the upper and lower
surfaces, which increased the axial load required for the initiation of the fin-like cracks.

Furthermore, the water pressure had an obvious promoting effect on the crack ini-
tiation and propagation. Under the conditions of no water and low water pressure, the
formation of the wing crack was relatively slow. The process of wing crack initiation and
propagation gradually accelerated with an increase in water pressure. When the water pres-
sure increased to 4 MPa, the propagation of the wing crack was almost instantly completed.
In addition, the increase in water pressure enhanced the propagation degree of the wing
cracks, so that its critical propagation length increased continuously, as shown in Figure 7.
Taking the 30° dip angle flaw as an example (Figure 8). When the water pressure increased
from 0 MPa to 2 MPa, the critical propagation length of the wing crack grew from 0.58a to
1.58a (a is the length of the long axis of the preset crack). When the water pressure rose to
4 MPa, the wing crack continued to propagate, resulting in specimen splitting and failure.
At this time, the critical propagation length did not exist. Under the condition of no water
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or low water pressure, the ‘self-limiting” effect made the critical propagation length of the
wing crack exist [47,48]. The increase in water pressure exacerbated the normal dilatation
effect at the leading edge of the wing crack propagation, which promoted the occurrence
of crack at the leading edge of the propagation and effectively overcame the ‘self-limiting’
effect [38], and increased the critical propagation length.
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Figure 7. The influence of water pressure on the critical growth length of the wing crack.

(a) 0 MPa water pressure (b) 2 MPa water pressure

Figure 8. Critical growth lengths of wing cracks corresponding to different water pressures (e.g., flaw
dip angle is 30°, unit: mm).

Finally, the water pressure had a significant effect on the final damage mode of
the specimens. The damage modes of specimens corresponding to high and low water
pressures are shown in Figure 9. Under the condition of no water or low water pressure, the
wing crack stopped propagating after reaching the critical propagation length and when
the external load increased to the ultimate bearing capacity of the material. A macroscopic
rupture surface was generated inside the specimen, which lapped and passed through the
wing and fin cracks, leading to the overall rupture of the specimen. Under high hydro-
mechanical coupling, the wing cracks continued to propagate and penetrated into the
surface of the specimen, forming a vertical large rupture surface, which led to the crack
failure of the specimen.
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(a) Low water pressure condition (b) High water pressure condition
Figure 9. Damage modes of specimen corresponding to different water pressures.

3.4. Influence of Dip Angle on the Modes of Crack Initiation and Propagation

The crack initiation and propagation mode was not only affected by the hydro-
mechanical coupling but also related to the flaw dip angle. The experimental results
showed that the influence of the flaw dip angle on the crack initiation and propagation
mode was mainly manifested in two aspects: the critical propagation length of the wing
crack and the timing of the emergence of the fin-like crack.

The influence of the flaw dip angle on the critical propagation length of wing cracks is
shown in Figure 10. With the increase in the flaw dip angle, the critical propagation length
of the wing crack decreased gradually. Taking the condition of 0.5 MPa water pressure as an
example (Figure 11), when the flaw dip angle was 30°, the critical propagation length of the
wing crack was about 0.70a (a is the length of the long semi-axis of the preset flaw), which
was slightly larger than that of the 45° flaw, which was about 0.68a. When the flaw dip
angle increased to 60°, the critical propagation length of the wing crack decreased to 0.42a.
Moreover, the wing crack stopped propagating after the emergence of cracks at an angle
of 75°. With an increase in the flaw dip angle, the crack initiation direction of the wing
crack was gradually inclined horizontally. And the ‘self-limiting’ effect of the surrounding
material on the propagation of the wing crack was strengthened under the action of the
axial load, and the critical propagation length of the wing crack gradually decreased.

—=— (0 MPa
—e— (0.5 MPa
—4a—2 MPa

—
[=)}
T

—
[\
T

~
T

Critical propagation length / mm
o]

(=]
T

30 40 50 60 70 80
Flaw dip angle/®

Figure 10. The influence of the flaw dip angle on the critical growth length of the wing crack.
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(a) 30° Flaw (b) 45° Flaw

() 60° Flaw (d) 75° Flaw

Figure 11. Critical growth lengths of wing cracks corresponding to different flaw dip angles
(e.g., hydro-pressure is 0.5 MPa, unit: mm).

On the other hand, the increase in the flaw dip angle led to a delayed trend in the
initiation of the fin-like cracks. When the dip angle was 30°, the fin-like cracks initiated at
the stable propagation stage of the wing crack. When the flaw dip angle was 45°, the fin-like
cracks initiated before the wing cracks reached the critical propagation length. When the
flaw dip angle increased to 60° or 75°, the emergence of fin-like cracks continued to be
delayed or even no longer occurred. With an increase in the flaw dip angle, the axial load
component in the normal direction of the crack surface decreased, and the deformation
from the upper and lower surfaces of the hollow flaw to the interior decreased, which made
it more difficult for the fin cracks to initiate, and the initiating timing was delayed.

4. Strength Properties of Specimen Containing 3D Hollow Flaw

To further reveal the strength properties of the rock containing a 3D flaw under hydro-
mechanical coupling, the influences of the water pressure and the flaw dip angle on the
crack initiation stress and failure strength were analyzed.

4.1. Influence of Water Pressure on Crack Initiation Stress and Failure Strength
4.1.1. Influence of Water Pressure on Crack Initiation Stress

The presence of water pressure largely changed the distribution of the stress field at the
leading edge of the crack, which in turn had a significant influence on the crack initiation
stress. The variation in the crack initiation stress with the change in the water pressure is
shown in Figure 12 (the curve in the figure is plotted based on the average value of three
specimens). For the 30°, 45°, and 60° flaws, the increase in water pressure in a small range
led to a slight increase in the crack initiation stress. When the water pressure exceeded a
certain threshold, the crack initiation stress decreased significantly. There were differences
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in the threshold value of water pressure corresponding to the flaws with different dip
angles. For the 75° flaw, the crack initiation phenomenon was not observed until the overall
failure of the specimen initiated under the no-water condition. So there was no clear crack
initiation stress.

Crack initiation stress/MPa

00 05 1.0 1.5 20 25 3.0 35 40 45
Water pressure/MPa

Figure 12. The influence of water pressure on crack initiation stress.

The analysis suggested that the emergence of the wing crack at the leading edge
of the flaw under hydro-mechanical coupling was mainly caused by the combination of
tension and shear stresses. As shown in Figure 13, the axial compressive load o; could be
decomposed into the normal stress 7, and the shear stress T on the flaw surface. The o,
made the hollow flaw extruded and deformed, which led to the shear force f; at the crack
leading edge, while the shear stress T prompted the upper and lowered surfaces of the
crack to misalign with each other, which generated the tensile force t at the crack leading
edge. The water pressure p,, produced an expansive effect on the top and bottom surfaces
and the side of the flaw, which weakened the compressive effect of the axial load on the
flaw surface and caused tensile stress ¢, at the tips of the flaw.

Profile along long axis of
crack

Crack leading
edge force unit

Mechanical analysis on profile:
O'nl
T

'\

Om

Ot

(7

Mechanical analysis on unit

Figure 13. The mechanical analysis of the 3D hollow flaw under hydro-mechanical coupling.

Under the no-water condition, the crack leading edge unit was in a tension-shear state,
which was easy to induce a tension-shear composite crack. Under the low-water-pressure
condition, the pw partially offset the deflection of the flaw surface caused by the axial load,
and the fs at the leading edge of the flaw was reduced, which inhibited the initiation of the
shear crack and led to an increase in the crack initiation stress. After the water pressure
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exceeded the threshold value, the tensile stress 7;, generated at the flaw tips increased
significantly, which led to a significant decrease in the crack initiation stress. It could be
inferred that with the increase in the water pressure, the contribution of the tension crack
in the initiation of the wing crack was enhanced.

In addition, the test results showed that the hydro-mechanical coupling threshold
tended to decrease with an increase in the crack dip angle. For 30° and 45° cracks, the
thresholds were between 2 and 4 MPa, while the thresholds for 60° cracks are between
0.5 and 2 MPa.

4.1.2. Influence of Water Pressure on the Failure Strength of Specimens

The change in water pressure had a significant effect on the failure strength of the
specimens. As shown in Figure 14, the failure strength decreased gradually with the
increase in the water pressure. Under the conditions of low water pressure, the failure
strength decreased relatively slowly with the increase in the water pressure, while under
the conditions of high water pressure, the failure strength decreased rapidly.
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Figure 14. The influence of water pressure on the specimen failure strength.

In the range of the low water pressure, the critical propagation length of wing cracks
increased to a limited extent with the increase in the water pressure, resulting in a slow
decline in the failure strength of the specimen. In the range of high water pressure, the
critical propagation length of the wing crack increased significantly with the water pressure,
which was easy to induce the failure of the specimen and greatly reduced the failure
strength of the specimen. The analysis showed that the influence of water pressure on the
failure strength of the specimen also had a certain threshold value. When the threshold
was exceeded, the high water pressure drove the wing crack to continuously propagate,
resulting in a significant reduction in the failure strength.

4.2. Influence of Dip Angle on Crack Initiation Stress and Failure Strength
4.2.1. Influence of Dip Angle on Crack Initiation Stress

The change in the crack dip angle controlled the stress distribution around the flaw
and influenced the crack initiation stress. The variation in the crack initiation stress with
the dip angle is shown in Figure 15. It could be seen that the crack initiation stress under
each water pressure condition decreased firstly and then increased with the increase in
the flaw dip angle, among which the crack initiation stress of the 45° flaw was the lowest.
Taking the 0.5 MPa water pressure as an example, when the flaw dip angle was 45°, the
initiation stress was about 32.8% of the failure strength. The initiation stress of the 30° flaw
was slightly higher than that of the 45° flaw, which was about 39.5% of the failure strength.
The initiation stresses of the 60° and 75° flaws were significantly increased, which were
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50.3% and 68.4% of the failure strength, respectively. In addition, the crack initiation of the
75° flaw was not observed under the condition of no-water pressure, so its initiation stress
was not marked in the figure.
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Figure 15. The influence of the flaw dip angle on the crack initiation stress.

It was analyzed that the specimen fracture angle was 6 = 7t/4 + ¢/2 (where ¢ was the
internal friction angle of the material) under the axial pressure condition [49]. When the dip
angle was close to the fracture angle, the flaw tip was very easy to crack and the initiation
stress was greatly reduced. In this study, the fracture angle of the transparent resin material
was between 45° and 50°, leading to the lowest initiation stress at the 45° flaw.

The influence of the flaw dip angle on the crack initiation stress was closely related
to the propagation degree of the wing crack. The test results showed that the critical
propagation length of wing cracks was larger for the 30° and 45° flaw, because the crack
initiation stress was lower and the wing crack can be fully propagated after initiation. The
crack initiation stresses of 60° and 75° flaws were higher, and the specimens reached the
failure strength soon after the initiation of the wing crack, so the critical propagation length
of the wing crack was relatively small.

4.2.2. Influence of Flaw Dip Angle on the Failure Strength of Specimens

As shown in Figure 16, the influence of the flaw dip angle on the failure strength of
the specimen was similar to that of the crack initiation stress. Under each water pressure
condition, the failure strength of the specimens showed a tendency of decreasing first and
then increasing with an increase in the flaw dip angle. Among them, the strength of the
specimen with 45° flaw was the lowest, and the strength of the specimen with the 75° flaw
was the highest.

Under the condition of no water or low water pressure, the differences in the failure
strength with the variation in the flaw dip angle were small. That was because the failure
modes of the specimens were overall failure. However, due to the fact that the initiation
stress of the 45° flaw was the lowest, the weakening effect of the wing crack on the load-
bearing capacity of the specimen of the greatest, which led to the lowest failure strength.
Under high water pressure, the wing crack was driven to continuously propagate, resulting
in the splitting failure of the specimens containing the 30°, 45°, and 60° flaws. Therefore,
their failure strengths were relatively close to each other. However, the failure mode of
the specimen containing the 75° flaw was still overall failure, and its failure strength was
higher than those of other specimens.

The variation of the crack initiation stress and the failure strength of specimens with
the change in the flaw dip angle were basically same, which indicated that the crack
initiation was closely related to the final failure for the brittle rock materials containing 3D
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cracks. In addition, in the range of the dip angle in this experiment, the variation in the
crack initiation stress was larger than that of the failure strength. Although the lowest crack
initiation stress and failure strength were found for the specimen containing the 45° flaw,
the loading process from the crack initiation to the final failure of the specimen was long
and the safety reserve was high. However, the initiation stress and failure strength of the
specimen containing the 75° flaw was the highest, but the loading process from the crack
initiation to the failure of the specimen was short, and the safety reserve was relatively low.
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Figure 16. The influence of the flaw dip angle on the specimen failure strength.

5. Conclusions

Based on a transparent rock-like resin rock material with a brittleness of 1/9.98, a
hydro-mechanical coupling fracture test was carried out in this paper. The basic modes
of the crack initiation and propagation of the 3-D hollow flaw were summarized, and the
crack initiation stress and the failure strength of the specimen were investigated. Moreover,
the influences of the water pressure and the flaw dip angle on the development of the 3D
crack and the mechanical properties of the specimen were analyzed. The main conclusions
were as follows:

(1) There are three basic cracks initiating from the 3D preset flaw under hydro-mechanical
coupling, which are wing cracks, granophyric cracks, and fin-like cracks. The charac-
teristics of each basic crack were summarized.

(2) There are significant differences in the crack initiation and propagation modes between
the no water condition and the hydro-mechanical coupling condition. The presence of
water has an effective inhabitation on the initiation of the granophyric crack and the
fin-like crack, which is related to the lubrication and supporting effects on the flaw
surface of the high pressure water.

(8) The increase in the water pressure has a significant promoting effect on the devel-
opment of the wing crack. The 3D crack initiation and propagation modes under
hydro-mechanical coupling show two main types: the low water pressure type and
the high water pressure type. Under low water pressure, the critical propagation
length of the wing crack exists, and the failure mode of the specimen is overall failure.
Under high water pressure, the wing crack continues to propagate, leading to the
splitting failure of the specimen.

(4) There are thresholds for the influence of water pressure on the mechanical properties
of the specimen. Before reaching the threshold, the crack initiation stress increases
slightly with the increase in the water pressure. When the threshold is exceeded, the
crack initiation stress and failure strength decreased rapidly.

(5) With the increase in the flaw dip angle, the crack initiation stress and the failure
strength of the specimen show a trend of first decreasing and then increasing. Within
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the range of the experiment, the lowest crack initiation stress and the failure strength
of the specimens were found for the specimen containing the 45° flaw, while the
highest crack initiation stress and the failure strength of the specimen were found for
the specimen containing the 75° flaw.
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