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Abstract: To investigate the mechanical behavior and cracking process of fissured rock, uniaxial compression
tests were conducted on sandstone specimens containing cross-fissures. During the experiments, crack
initiation, propagation and coalescence were monitored by using acoustic emission (AE) method and digital
image correlation (DIC) technique. Experimental results indicate that the ligament angle is a significant factor
influencing the mechanical behaviors of pre-cracked specimen. With an increase of ligament angle, the peak
strength and peak strain first increase, and then decrease, finally increase again, whereas the elastic modulus
first decreases and then increases. Based on the analysis of the ultimate failure patterns, rock bridge coalescence
mode can be classified into five categories: no coalescence, shear coalescence, tensile coalescence, three-shear
coalescence and double-tensile coalescence. AE counts reach the maximum value at or after the peak strength.
Additionally, the evolution of the strain localization zone can be used for identification of cracking processes,
namely crack initiation, propagation and coalescence.
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1. Introduction

The strength, deformation and crack behavior of rock materials are of great importance to rock mechanics
and rock engineering. However, rock materials are naturally embedded with a variety of micro flaws, such as
micro-cracks, micro-holes, fissures and joints. Due to the existence of these micro flaws, new cracks may in-
itiate and propagate along these flaws under external loads. Furthermore, crack coalescence can lead to rock
bridge failure, which makes a significant contribution to the failure of rock masse'’. Therefore, the research on
the mechanical properties and crack propagation behaviors is especially essential for the understanding of the
failure mechanism of fissured rock and predicting geological hazards in rock engineering.

In order to investigate the failure mechanism of fissured rock, extensive experimental studies have been
carried out for the mechanical behaviors of pre-existing fissured materials (rock-like material and real rock
material)**. Due to the convenience of fabricating pre-existing fissures, rock-like materials have been widely
applied in experimental studies. Shen investigated the mechanism of fracture coalescence of gypsum samples
with two open or closed fissures under uniaxial compression and reported that coalescence can be caused by
tensile crack, shear crack or mixed tensile and shear failure’”. Bobet and Einstein carried out uniaxial and bi-
axial compression tests to investigate the influence of fissure geometry and the confining stress on the fracture
behavior of gypsum samples with two fissures. Their experimental results showed that the type of crack coales-
cence was dependent on the fissure geometry"’. Uniaxial compression tests on sandstone-like materials contain-
ing two parallel fissures were conducted by Wong and Chou'. Three typical modes, namely shear mode, mixed
shear and tensile mode, and wing tensile mode were observed in their experiments. Afolagboye investigated
the cracking behavior of moulded gypsum containing two non-parallel overlapping fissures under uniaxial
compression'”. Their study indicated that the geometry of pre-existing fissures affected crack initiation and co-
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alescence behavior. When a specimen contains multiple pre-existing fissures, the crack initiation, propagation
and coalescence behavior mainly depend on joint orientation and joint persistence®. Sagong and Bobet tested
on a number of gypsum samples with three and sixteen fissures under uniaxial compression and found that the
cracking pattern observed in specimens with multiple fissures was analogous to the pattern obtained in speci-
mens with two fissures'”. Zhou et al. carried out uniaxial compression tests for rock-like materials containing
multiple fissures to research the effects of the layout of pre-existing fissures on mechanical properties, crack
initiation modes and crack coalescence types''”. Cao et al. tested on rock-like materials with two and three
pre-existing fissures under uniaxial compression'"". The experimental results showed that with the increase of
the angle of the rock bridge, the rock specimen took a turn from wing crack propagation failure to crack coales-
cence failure. Nevertheless, it is difficult for rock-like materials to simulate all properties of real rock materials,
although they can accurately simulate some properties.

For real rock materials, such as marble, granite, sandstone, limestone and shale, some intensive investiga-
tions have also been carried out. Wong et al. investigated the influences of fissure depths and fissure angles
on crack propagation of marble specimens containing a single fissure'”. It was found that the length of crack
propagation depended on the ratio of the fissure depth to the thickness of the specimen. Lee and Jeon tested
on granite specimens with two unparallel fissures under uniaxial compression and observed that a white patch
took place before the crack initiated at that place, but cracks did not always appear at the place where the white
patch emerged'"”. Yin et al. investigated the coalescence mechanism between two parallel three-dimensional
pre-existing surface fissures in granite specimen under uniaxial compression. They found that the types of crack
coalescence were dependent on the bridge angle!". In addition, a series of uniaxial compression tests for sand-
stone specimens containing a single fissure, two and three fissures were carried out!"”"”. They concluded that
the crack behaviors of pre-cracked sandstone specimens mainly depended on the geometry of flaws, such as fis-
sure angle, fissure length, ligament angle and ligament length. Furthermore, triaxial compression experiments
on sandstone samples with two pre-existing non-overlapping flaws were performed to investigate the strength
and deformation behaviors by Huang et al."®. They found a general rule that the arrangement of the flaw pair
had greater impact on the rock deformation, strength and crack coalescence pattern than the confining pressure.
Modiriasari et al. investigated the crack initiation, propagation and coalescence of Indiana limestone specimens
with two pre-existing fissures under uniaxial compression using active seismic monitoring and digital image
correlation'”. Morgan and Einstein™] conducted a series of unconfined compression tests on prismatic shale
specimens with two pre-existing fissures and various bedding plane orientations. It was found that as the bed-
ding planes became more aligned with the direction of the maximum compressive stress the cracks initiating at
the flaw tips propagated more frequently along the bedding planes.

In addition to experimental studies, numerical simulation studies on the failure mechanism of fissured rock
have been widely conducted in parallel using various numerical methods, such as the boundary element meth-
od™" finite element method"***, discontinuous deformation analysism], discrete element method”***, numeri-
cal manifold method””, general particle dynamics**", distinct lattice spring model””, and rock failure process
analysis"™ >,

The aforementioned investigations have made an important contribution to the understanding of failure
mechanism of fissured rock. However, fissure geometries in the above investigations were simplified. In practi-
cal engineering, rock materials are very complicated and fissures are commonly distributed randomly. Figure 1
shows a natural rock mass containing pre-existing cross-fissures””. The interaction between these cross-fissures
may lead to unstable failure of rock masses. Nevertheless, the interaction mechanism between cross-fissures
has not been fully understood”*". As a result, further investigations are urgently needed.

For this purpose, sandstone specimens containing cross-fissures were used for uniaxial compression tests in
the present paper. Their mechanical behaviors and crack initiation, propagation and coalescence processes were
investigated by means of stress-strain relationships, acoustic emission characteristics and digital images.
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Figure 1. Cross-fissured rock mass®’.

2. Tested material and loading procedure

2.1. Sandstone material

The specimens used in this research are yellow sandstone samples with the size of 170 mm x 85 mm x 30
mm, as shown in Figure 2a. The cross-fissures were fabricated by a high pressure water jet cutting machine in
the center of sandstone specimens. The geometry of them is defined by four geometric parameters: the length
of fissure /,, the fissure inclination angle a (the angle between fissure and horizontal axis), the ligament length
[, (the distance between two cross points of fissures), and the ligament angle £ (the angle between ligament and
horizontal axis), as shown in Figure 2b. To investigate the influence of the fissures geometry on the strength
and deformation behavior of sandstone under uniaxial compression, different geometries of cross-fissures were
chosen for this research by varying the ligament angle from 0° to 90° at an interval of 15°, while keeping the
other three parameters constant (/, = 22 mm, a= 45°, [, = 36 mm). Eight groups of specimens were prepared,
and each of them includes two specimens. Before testing, the surface of specimens was evenly sprayed with
black paint to create an artificial speckle field.
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Figure 2. Geometry of cross-fissures in a sandstone specimen. (a) One typical specimen of D45-2. (b) Detailed geometry of cross-fissures.

2.2. Experimental system and loading procedure

Figure 3 shows the testing setup including loading system, acoustic emission system and three-dimensional
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digital image correlation (DIC) system. A servo-controlled rock mechanics machine (MTS816) was adopted in
the loading system. The acoustic emission system employed an acoustic emission monitoring system (PCI-2)
manufactured by USA physical acoustics company (PAC). The frequency of the acoustic emission system was
set to 1 MHz. The XTDIC system, an optical non-contact three-dimensional deformation measurement system,
was used to capture the images which were simultaneously stored on a computer for subsequent process in the
DIC system. Uniaxial compression tests of the sandstone specimens were carried out using MTS816 at a con-

stant displacement speed of 0.15 mm/min. During the test process, the acoustic emission signals and the digital
images were recorded synchronously.

Figure 3. Experimental setup: MTS816 servo-controlled rock mechanics testing system,
PCI-2 Acoustic Emission (AE) system and DIC system.

3. Strength and deformation behaviors

Figure 4 shows the uniaxial stress-strain curves of the two intact sandstone specimens. As shown in Figure
4, the loading process can be roughly divided into three stages. At the first stage, the specimens demonstrate
nonlinear deformation behavior, which is mainly attributed to the closure of the original flaws in the specimens.
At the second stage of loading, the specimens show elastic deformation behavior, i. e., the axial stress is in an
approximately linear relation as the axial strain. With an increase of load, the specimens come into the stage of
plastic compliance. After the peak strength, the axial stress drops sharply to zero, which reflects the brittleness
of the tested sandstone specimen. In addition, we can also find that the stress-strain curves of the two intact
specimens have a good agreement, to some extent indicating that the tested specimens are homogeneous.
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Figure 4. Stress-strain curves of intact sandstone specimens under uniaxial compression

Figure 5 shows the uniaxial stress-strain curves of the pre-cracked sandstone specimens with different liga-
ment angles. As seen from Figure 5, the loading process can also be divided into three stages, similar to that of
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the intact specimens. Additionally, it is obviously found that for pre-cracked specimens with different ligament
angles, the uniaxial stress-strain curves present different behaviors. Based on the analysis of characteristics, the
uniaxial stress-strain curves can be classified into three categories, i. e. type A, type B and type C.

Type A (0°<<30°,75°<$<90°): for specimens with ligament angle of 0°, 15°, 30°, 75° and 90°, the stress
drops sharply after the peak strength, indicating that these specimens fail in a transient mode.
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Figure 5. Uniaxial stress-strain curves of pre-cracked sandstone specimens with different ligament angles.
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Type B (#=45°): for specimens with ligament angle of 45°, in contrast to type A, there is an obvious stress
fluctuation point during post-peak process. It may be explained that new generated cracks enhance the friction
coefficient of sliding face, resulting in a slight increase of strength for the pre-cracked sandstone specimen with
ligament angle of 45°.

Type C (=60°): for specimens with ligament angle of 60°, however, the most significant difference between
type B and C is that stress fluctuation takes place in pre-peak stage. It can be speculated that a new crack may
occur in the pre-cracked specimen with ligament angle of 60°.

Figure 6 shows the influence of the ligament angle on the strength and deformation properties of the pre-
cracked sandstone specimens containing cross-fissures. In Figure 6, o, and ¢, are the uniaxial compressive
strength and peak strain of the specimens, respectively, and E| is the elastic modulus calculated in the range
from 0.30, to 0.70,. As seen from Figure 6a, the peak strengths of the pre-cracked sandstone specimens first
increase, and then decrease, finally increase again with the ligament angle, reaching the minimum value at § =
45°. With the ligament angle increasing from 0° to 15°, the average value of peak strength increases from 30.97
MPa to 33.97 MPa. However, as the ligament angle increases from 15° to 45°, the peak strength decreases
from 33.97 MPa to 26.41 MPa. With the ligament angle increasing from 45° to 90°, the peak strength increases
again from 26.41 MPa to 41.09 MPa. The relationship between the peak strain and the ligament angle is shown
in Figure 6b. With the ligament angle increasing, the tendency of the peak strain is similar to that of the peak
strength and the peak strain also reaches the lowest value (6p=7.22X10'3) at f/ = 45°. Nevertheless, there is a
slight difference in the trend between the peak strength and the peak strain. The lowest value of the peak strain
also takes place at f = 0°. Figure 6¢ depicts the relationship between the elastic modulus and the ligament an-
gle. The elastic modulus also reaches the minimum value (4.65 GPa) at f = 45°. In addition, we can find that
the tendency of the elastic modulus with the ligament angle increasing is different from that of the peak strength
and peak strain. As the ligament angle increases from 0° to 45°, the elastic modulus decreases from 5.60 GPa to
4.65 GPa. However, with the ligament angle increasing from 45° to 90°, the elastic modulus increases in turn
from 4.65 GPa to 5.42 GPa.
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Figure 6 Influence of ligament angle on strength and deformation parameters of sandstone containing cross-fissures:
(a) peak strength; (b) peak strain; (c) elastic modulus.
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4. Fracture mechanism analysis

The failure mechanism of rock specimen can be well reflected by the strain localization zones on specimen
surface. Therefore, the strain localization zones of pre-cracked specimens with cross-fissures at different
stress levels under uniaxial compression were analyzed to investigate the influences of different ligament angles
on the fracture mechanism of pre-cracked specimens, combining the analysis of AE behaviors synchronously.
Whereas similar failure patterns were observed for pre-cracked specimens with the same ligament angle, one
typical specimen in each group was selected to be investigated in details as follows.

4.1. Failure modes and coalescence patterns of rock bridge

Figure 7 presents the ultimate failure modes of the pre-cracked sandstone specimens containing cross-fis-
sures under uniaxial compression. In accordance with Figure 7d~e, we can determine that the failure patterns
of the pre-cracked specimens with f = 45° are nearly the same, except for some slight differences, which also
indicates that the tested specimens are so homogeneous that the influence of the heterogeneity of the specimens
on the failure patterns can be neglected. It can be clearly seen that the failure mode of the pre-cracked specimen
is closely related to the ligament angle. Based on the analysis of the failure modes, the main types of cracks can
be divided into six categories, namely tensile crack, shear crack, lateral crack, wing crack, secondary crack, and
surface spalling. As shown in Figure 7¢ and Figure 7g, the unnoticeable macro cracks in pre-cracked speci-
mens are represented with white dotted lines.

Furthermore, it can be concluded that various ligament angles lead to different crack behaviors and crack
types. As shown in Figure 7, the rock bridge coalescence patterns also mainly depend on the ligament angle. In
comparison to the ultimate failure modes with different ligament angles, five types of rock bridge coalescence
patterns can be indentified and summarized in Table 1. The unnoticeable macro cracks are denoted by white
dotted lines in ultimate failure patterns, and correspondingly by semitransparent line in sketches of coalescence
patterns, as illustrated in Table 1.

Type I: No coalescence

For the specimens with ligament angles of f = 0° and 15°, rock failure is formed mainly due to the coa-
lescence of wing cracks initiated at cross-fissures tips, while no coalescence is observed in rock bridge area
where only surface spalling takes place. As the rock bridge coalescence modes are almost the same, we select
the specimen with £ = 0° as a typical sample to illustrate this type. In the middle of the specimen, four triangle
blocks are separated from the specimen by four tensile cracks initiated at the four fissures tips. A lateral crack
generated at the left tip of fissure 1 extends to the left edge of the specimen. The explanation for this type may
be that it is difficult for cracks to propagate in rock bridge area of specimens with small ligament angles.

Type II: Shear coalescence

This type of rock bridge coalescence mode can be observed in the specimens with ligament angles of f =
30° and 45°. In this paper, the specimen with § = 45° is taken as an example to be analyzed. As shown in Table
1, four triangle blocks are also separated from the specimen by four tensile cracks initiated at the four fissures
tips. In sharp contrast, the rock bridge is coalesced by a secondary crack in the form of a shear crack linking the
right tip of fissure 1 and the left tip of fissure 4. It can be explained that with an increase of the ligament angle,
it becomes easy for cracks to propagate in rock bridge area.

Type I1I: Tensile coalescence

For the specimen with the ligament angle of f = 60°, the rock bridge area is also coalesced by single crack
as presented in Table 1. However, the main distinction between this type of rock bridge coalescence and the
above type is that the rock bridge area is coalesced by a tensile crack. In addition, there are only two triangle
blocks formed as only two tensile cracks are generated. The reason for this type may be that the coalescence
path between the right tip of fissure 1 and the left tip of fissure 3 is the shortest bridge and parallel to the direc-
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tion of the maximum principal stress when the ligament angle equals 60°.
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Figure 7. Ultimate failure patterns of the pre-cracked sandstone specimens containing cross-fissures.
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Table 1. Rock bridge coalescence types and failure patterns of pre-cracked specimens with different ligament angles.

B Coalescence types Ultimate failure patterns Sketches of coalescence pattern
0°, 15° No coalescence
30°, 45° S
Shear crack
60° T /
Tensile crack
75° T-S
Tensile cragk
90° D-T

S: shear, T: tensile, T-S: three-shear, D-T: double-tensile

Type IV: Three-shear coalescence

This type of rock bridge coalescence mode is observed in the specimen with the ligament angle of f = 75°.
As illustrated in Table 1, there are also only two triangle blocks generated, which is similar to the specimen
with the ligament angle of f = 60°. Compared to the preceding types, the most evident difference for this type
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is that there are three rock bridge coalescence paths which are in the form of shear cracks. It can be speculated
that with the ligament angle increasing, rock bridge coalescence path increases accordingly.

Type V: Double-tensile coalescence

For the specimen with the ligament angle of f = 90°, there are two coalescence paths in rock bridge area. In
contrast to the above types, this type of rock bridge coalescence mode is double-tensile coalescence that is in
the form of tensile cracks. Additionally, four triangle blocks are observed in the specimen again. Moreover, it is
found that the rock bridge area is coalesced along the paths that are the shortest bridges when the ligament an-
gle f equals 90°.

4.2. Cracking processes and strain field evolution

Analysis in Section 4.1 indicates that the failure modes and rock bridge coalescence patterns are closely
related to the ligament angle. To investigate the failure mechanism of pre-cracked specimens with different lig-
ament angles, cracking processes of specimens with ligament angle of 0°, 45°, 60°, 75° and 90° are analyzed
combining with AE behaviors and strain field characteristics.

Figure 8 presents the axial stress-time curve, AE behaviors and the major principal strain field evolution of
the specimen with ligament angle of = 0°, including four critical stress points which are marked in the axial
stress-time curve according to turning points in accumulated AE counts curve.

Fs ST T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T AT T T T T T T T T ST T TS TSI T T T T ]
| 0,
| 3r 1%° - 5.051
I Axial stress d I :
1
. 30 - I AE counts 105 4397
| Accumulated AE counts
I é‘? 25 20 — 3.743
1 7 .
1 7 20
1 § 115 — 3.089
1 =]
| v 15

= 2436
I 20 110 I
1
1 1.782
1 5 15
! 1.128
! I
1 0 1 L L 0
] 0 100 200 300 400 500 600 0.474
! Time (s i 2
\ ) a: 01=0.750,, €=0.79¢, 0,180

I 11.662
10.178

— 8.693 = 9.114 — 8.693

= 7.208 = 7.559 = 7.208

5.723 6.003 5.723

I 4.239 I 4.447 I 4.239

2.754 2.892 2.754

1.269 1.336 1.269

b: 5:=0.890;, £,=0.88¢, 20215 c: 01=0.970,, £=0.95¢, 0220 d: a1=0;, &=¢, 20215

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
(%] \
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Figure 8. AE characteristic, uniaxial stress-time curve and the corresponding major principal strain field of pre-cracked specimen with
ligament angle of 0°.

As shown in Figure 8, there are no obvious AE signals at the initial loading stage and no macro cracks are

94



Probe-Environmental Science and Technology (2025) Volume 7 Issue 2 ISSN: 2661-3948

observed. With the axial stress increasing, the number of AE events increases steadily as shown in the accu-
mulated AE counts curve. When the axial stress reaches to 0.750,, 1. €. point (a) as marked in the axial stress-
time curve, there is a turning point in accumulated AE counts curve. At the same time, four highlighted strain
localization zones in the major principal strain field are observed at the left tips of fissure 1 and 2, and the right
tips of fissure 3 and 4, respectively. The evolution of the strain localization zone can be used for identification
of cracking processes, namely crack initiation, propagation and coalescence. At point (b), i. €. 6,=0.895,, a new
highlighted strain localization zone is generated in the area between the left tips of fissure 1 and 2, which indi-
cates that a macro crack might take place in the area. With an increase of the axial stress, AE signals become
stronger and there is an obvious increase in the accumulated AE counts curve when the axial stress increases
to 0.970,, 1. e. point (c). Meanwhile, a slight stress drop is observed in the axial stress-time curve and a macro
tensile crack is initiated at the left tip of fissure 2. The axial stress continues to increase until the peak value
(32.22 MPa) is attained, namely point (d) as marked in the axial stress-time curve. At point (d), a tremendous
increase in AE counts curve occurs and the tensile crack initiated at the left tip of fissure 2 is coalesced to link
the left tip of fissure 1. A new long highlighted strain localization zone initiated at the left tip of fissure 2 prop-
agates downwards along the direction of the major principal stress, which will subsequently evolve into a wing
crack as shown in Table 1. In addition, another highlighted strain localization zone appears in the area between
the right tips of fissure 1 and 2. Based on the above analysis, it can be speculated that the other macro cracks as
illustrated in Table 1 take place transiently after the peak strength.
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Figure 9. AE characteristic, uniaxial stress-time curve and the corresponding major principal strain field of pre-cracked specimen with
ligament angle of 45°.

Figure 9 shows the axial stress-time curve, AE behaviors and the major principal strain field evolution of
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the specimen with ligament angle of f = 45°. In contrast to the above specimen, the number of AE events in-
creases steadily as shown in the accumulated AE counts curve in the initial loading stage. Moreover, there is
an obvious stress fluctuation point in the axial stress-time curve during the post-peak stage and the acoustic
emission signals take place more densely and strongly, which indicates that the energy release of the sample be-
comes more serious. It is well known that energy dissipation and release play an important role in rock strength

and deformation”™”

. Based on the above analysis, it can be well explained for the foregoing conclusion that the
peak strength of the pre-cracked sample reaches the minimum value at f = 45°. When the axial stress reaches to
0.670,, namely point (a), several highlighted strain localization zones are observed around the fissures tips. The
first one initiated at the left tip of fissure 1 propagates upwards in the direction of the maximum principal stress.
The second one initiated at the right tip of fissure 1 propagates downwards in the direction of the maximum
principal stress. The third one grown at the left tip of fissure 3 and the forth one generated at the right tip of
fissure 3 are similar to the first one and the second one, respectively. The other two strain localization zones are
observed in the areas where link the left tips of fissure 1 and 2, and the right tips of fissure 3 and 4, respectively.
At point (b), the axial stress and strain respectively reach to 0.850, and 0.91¢,, 1. €. 21.36 MPa and 5.92x10°.
At this moment, as shown in Figure 9, there is a significant increase in AE counts curve and a new highlighted
strain localization zone is observed in the area between the right tips of fissure 1 and 2. Additionally, the third
strain localization zone and the forth one evolve into two tensile cracks. When the axial stress achieves the peak
value (25.04 MPa), i. e. point (c) as marked in the axial stress-time curve, another new highlighted strain lo-
calization zone is observed in the vicinities of the right tip of fissure 1 and the left tip of fissure 3. It propagates
obliquely and is an indication of rock bridge coalescence. After the peak strength, the axial stress drops sharply.
However, there is an obvious stress fluctuation point during the post-peak stage, namely point (d). At point (d),
the first strain localization zone initiated at the left tip of fissure 1 evolves into a wing crack and two tensile
cracks are observed around the tips of fissure 1 and 2. Furthermore, the rock bridge area is coalesced by a shear
crack and a new highlighted strain localization zone is generated at the right tip of fissure 3 that will propagate
into a secondary crack later on as illustrated in Table 1. In addition, the strain localization zone initiated at the
right tip of fissure 3 evolves into a wing crack and continues to propagate downwards along the direction of the
maximum principal stress.

Figure 10 demonstrates the axial stress-time curve, AE behaviors and the major principal strain field evolu-
tion of the specimen with ligament angle of § = 60°. As seen from Figure 10, there are several obvious distinc-
tions in AE behaviors between this specimen and the above specimens. The first one is that a stress fluctuation
point takes place in the pre-peak stage and meanwhile a sharp increase occurs in AE counts curve. The second
one is that two tremendous increasing points in AE counts curve are observed during the pre-peak stage. With
the ligament angle increasing, great changes in the evolution pattern of the major principal strain field also take
place. At point (a), 1. e. 5,=0.660,, several highlighted strain localization zones are generated in the vicinities of
the fissures tips. The first one is initiated at the left tip of fissure 1 and propagates upwards in the direction of
the major principal stress. At the right tip of fissure 1, two highlighted strain localization zones are generated,
and one of them is perpendicular to the fissure 1 and the other propagates downwards along the direction of the
maximum principal stress. At the left tip of fissure 3, a highlighted strain localization zone is also observed,
which is perpendicular to the fissure 3. At the right tip of fissure 3, a new highlighted strain localization zone
is initiated perpendicular to the fissure 3 and turns to propagate downwards in the direction of the major prin-
cipal stress with the axial stress increasing. We can also find that there is a strain localization zone in the area
between the right tips of fissure 3 and 4 although it is slightly weak. At point (b), i. . 6,=0.840,, there is a sharp
increase in AE counts curve and the strain localization zone in rock bridge area becomes more highlighted,
which will subsequently evolve into a tensile crack when the axial increases to 0.940,, namely point (c). At
point (c), there is a turning point in the accumulated AE counts curve and a new highlighted strain localization
zone is generated in the area between the left tips of fissure 1 and 2.. In addition, a macro tensile crack is ob-
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served in the area between the right tips of fissure 3 and 4. When the axial stress and strain respectively reach
the peak values (27.64 MPa and 7.85x10™), i. e. point (d) marked in axial stress-time curve in Figure 10, AE
counts reach the peak value (2.16x10°) and a new strain localization zone takes place at the right tip of fissure
3 and propagates downwards along the direction of the maximum principal stress, which will evolve into a sec-
ondary crack later on as shown in Table 1.
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Figure 10. AE characteristic, uniaxial stress-time curve and the corresponding major principal strain field of pre-cracked specimen with
ligament angle of 60°.

Figure 11 shows the axial stress-time curve, AE behaviors and the major principal strain field evolution of
the specimen with ligament angle of = 75°. Compared with Figure 10 and Figure 11, there are some similar-
ities in AE behaviors. Two tremendous increasing points are also observed in AE counts curve during the pre-
peak stage and the peak value of AE counts is also attained at the peak strength. However, there are several sig-
nificant differences in the evolution of the major principal strain field between the two specimens. As illustrated
in Figure 11, there is a sharp increase in AE counts curve when the axial stress reaches to 0.760,, i. e. point (a)
marked in the axial stress-time curve. At point (a), some highlighted strain localization zones are initiated at the
fissures tips. The first one initiated at the left tip of fissure 1 is perpendicular to the fissure 1 and turns to propa-
gate upwards along the direction of the maximum principal stress. At the left tip of fissure 2, a new highlighted
strain localization zone is observed, which is perpendicular to the fissure 2. At the right tip of fissure 4, two
highlighted strain localization zones are generated. One of them is perpendicular to the fissure 4 and the other
extends downwards in the direction of the maximum principal stress to the right tip of fissure 3. At point (b), i. e.
0,=0.920,, a significant increase takes place in AE counts curve and a new strain localization zone is grown in
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the area between the left tips of fissure 1 and 2, which will propagate into a macro tensile crack when the axial
stress reaches to 0.98¢,, namely point (c). At point (¢), a long and thick strain localization zone is generated at
the right tip of fissure 3 and propagates obliquely to the lower-right edge of the sample. When the axial stress
reaches the peak value (34.99 MPa), i. e. point (d), the major principal strain field pattern is almost the same as
that at point (c) except for the maximum principal strain value. Based on the previous analysis in Section 4.1,
however, there is a macro shear crack in the area between the right tip of fissure 1 and the left tip of fissure 3,
which makes a significant contribution to the coalescence of rock bridge area. It can be explained that the rock
bridge area is coalesced instantly and there is no time to capture the failure image at that moment.
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Figure 11. AE characteristic, uniaxial stress-time curve and the corresponding major principal strain field of
pre-cracked specimen with ligament angle of 75°.

Figure 12 displays the axial stress-time curve, AE behaviors and the major principal strain field evolution of
the specimen with ligament angle of = 90°. In contrast to the above analyzed samples, there is an obvious dif-
ference in AE behaviors, which is that the peak value of AE counts is attained at the post-peak stage. Based on
the above analysis, it can be concluded that AE counts reach the maximum value at or after the peak strength.
In addition, there are also some differences in the evolution of the major principal strain field. At point (a), the
axial stress reaches to 0.720, and a significant increase takes place in AE counts curve. Four highlighted strain
localization zones are generated at the tips of fissure 2 and 4, respectively. There are also some weak strain lo-
calization zones initiated at the tips of fissure 1 and 3. At the following point (b), 1. €. 7,=0.930,, there is an ob-
vious increase in AE counts curve and a macro tensile crack is observed in the area between the left tips of fis-
sure 1 and 2. In addition, a highlighted strain localization zone propagates to link the right tips of fissure 1 and
4 in rock bridge area. Two highlighted strain localization zones are further enhanced in the areas between the
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tips of fissure 3 and 4. When the axial stress reaches the peak value (42.84 MPa), namely point (c), a new high-
lighted strain localization zone is generated and propagates to link the left tips of fissure 2 and 3 in rock bridge
area. At point (d), the axial stress declines to 0.980, and AE counts reach the peak value. Two highlighted strain
localization zones in rock bridge area are further enhanced and will evolve into two macro tensile cracks as il-
lustrated in Table 1. Additionally, a macro shear crack is initiated at the left-lower edge of the specimen, where
a strain localization zone is generated. The strain localization zone propagates obliquely upwards and will sub-
sequently evolve into a shear crack as shown in Table 1.
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Figure 12. AE characteristic, uniaxial stress-time curve and the corresponding major principal strain field of pre-cracked
specimen with ligament angle of 90°.

5. Conclusions

In the current work, the mechanical properties and failure mechanism of pre-cracked sandstone specimens
with various ligament angles are investigated by uniaxial compression tests. The main conclusions have been
drawn as follows:

(1) In accordance to the stress regimes of pre-cracked specimens with different ligament angles, the uniaxial
stress-strain curves can be divided into three categories. With the ligament angle increasing, the peak strength
and peak strain first increase, and then decrease, finally increase again, whereas the elastic modulus first de-
creases and then increases. When the ligament angle f equals 45°, the peak strength, peak strain and elastic
modulus all reach the minimum value.

(2) The ultimate failure patterns of pre-cracked specimens are closely related to the ligament angle. In com-
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parison to the ultimate failure modes with different ligament angles, five types of rock bridge coalescence mode
can be identified, namely no coalescence, shear coalescence, tensile coalescence, three-shear coalescence and
double-tensile coalescence.

(3) The relationships between the stress states, AE behaviors and strain field characteristics have been
investigated in details. AE counts reach the maximum value at or after the peak strength. The evolution of the
strain localization zone can be used for identification of cracking processes, namely crack initiation, propaga-
tion and coalescence.
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