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ABSTRACT

Cross flaws occur widely in rock masses and play a crucial role in the failure of

rock engineering. This article first experimentally studies the cracking behaviors of

rock-like specimens containing two sets of preexisting cross flaws under uniaxial

compression. The effects of the flaw inclination angle and the horizontal spacing on

the cracking behaviors of rock-like specimens are investigated as well as initiation

stress, peak strength, peak strain, and complete stress–strain curves. The

experimental results include observations of five types of cracks and seven types

of coalescence. The crack initiation mode depends more strongly on the inclination

angle than on the horizontal spacing. Moreover, it is found that a set of preexisting

flaws coalesce not only with another set of preexisting flaws but also with the

identical set of preexisting flaws. The peak strength and peak strain first increase

and then decrease as the horizontal spacing increases. Meanwhile, the peak strength

first increases and then decreases, and the peak strain first decreases, then

increases, and finally decreases as the flaw inclination angle increases. This study

provides a better understanding of the mechanical properties and fracture

behaviors of rock masses, in particular those containing preexisting flaws that

appear in sets or groups with similar orientation and characteristics.
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Introduction

A rock mass contains numerous cross joints and fissures that appear in sets or groups with

similar orientation and characteristics [1–4]. These cross joints and fissures weaken the

strength and stiffness of a rock mass. Moreover, they may potentially propagate and coalesce

with each other, which results in further damage to the rock mass [2,4–6]. The degradation

of mechanical properties induced by these primary discontinuities plays a crucial role in the

failure of geotechnical structures, such as tunnels, rocky slopes, dams, and so on [7–10]. For

example, as shown in Fig. 1, the failure of Delabole Slate Quarry slope was induced by the

propagation of primary discontinuities [11], as were the Aishihik River Landslide and the

FIG. 1

Failure of Delabole Slate Quarry

slope in 2012: (a) the planar

failure in Delabole Quarry slope;

(b) discontinuity mapping (the

photograph is from Ref. [11]).
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Randa Rockslide [12–15]. Therefore, it is necessary to study the mechanical properties and

cracking behaviors of rock masses containing primary cross discontinuities.

Many experimental studies [1,2,5,6,10,16–25] have been performed to study the

mechanical properties and cracking behaviors of rock or rock-like specimens containing

preexisting flaws under uniaxial compressive loads. The previous works focused mainly on

preexisting straight flaws. For rock or rock-like specimens containing a single preexisting

flaw, the peak strength and elastic modulus weaken as expected to different extents because

of the degradation effects induced by the preexisting flaw [1]. Moreover, two types of

cracks, i.e., the wing crack and secondary crack, have been observed [1,3,17–19].

Wong and Zhang [3] further reported a third type of crack called the “mixed tensile-shear

crack.” For rock and rock-like specimens containing two preexisting straight flaws, both

the mechanical properties and the cracking behaviors are different from those of speci-

mens with a single preexisting straight flaw [5,7,23,26–33]. The main difference lies in the

crack coalescence types induced by the interaction of two preexisting flaws. Three types of

crack coalescence, i.e., tensile mode, shear mode, and mixed tensile-shear mode, were ob-

served by Wong and Chau [7]. Moreover, the peak strength of specimens containing two

preexisting flaws is obviously lower than the peak strength of specimens containing a sin-

gle preexisting flaw [23,34]. The experimental observations are helpful to better under-

stand the mechanical and cracking behaviors of rocks.

Uniaxial compressive tests on rock or rock-like specimens containing three or more

preexisting straight flaws were performed to study the resulting mechanical and cracking

behaviors [2,24,35–39]. These works mainly focused on the initiation, growth, and coa-

lescence of cracks as well as the complete stress–strain curves of the flawed specimens.

Some novel and complex behaviors associated with the mechanical properties and geo-

metric morphometrics were observed in these studies. For example, out-of-plane tensile

cracks and out-of-plane shear cracks were reported by Zhou, Cheng, and Feng [2]; the

peak strength of flawed specimens does not depend on the density of preexisting flaws

but on the actual number of preexisting flaws involved in the coalescence [35].

However, the previous works mainly focused on straight flaws. Note that a rock mass

may contain numerous cross joints and fissures that occur in sets or groups with similar

orientation and characteristics [1–4]. It can be reasonably inferred that the effects of multi-

ple sets of cross flaws on the mechanical properties and the cracking behaviors are different

from the effects of straight flaws. In this article, therefore, the initiation, growth, and coa-

lescence of cracks in a rock-like specimen with two sets of preexisting cross flaws under

uniaxial compression are investigated, along with their mechanical properties.

This article is organized as follows: Specimen preparation and testing system are pre-

sented in “Specimen Preparation Testing System.” Experimental results, which include the

obtained mechanical properties and cracking behaviors of rock-like specimens containing

two sets of preexisting cross flaws, are presented and analyzed in “Analyses of

Experimental Results.” Conclusions are finally drawn in the last section.

Specimen Preparation and Testing System

SPECIMEN PREPARATION AND GEOMETRIC SETTING OF PREEXISTING FLAW

The mixture used as the modeling material consists of river sand, gypsum, cement, and

water in a mass ratio of 12:1:1:2. The π factors in the dimensional analysis of this artificial

material are comparable to the physical ranges of the π factors for Chongqing sandstone.
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The dimensions of the rectangular specimens containing two sets of cross flaws are

150 mm high, 90 mm wide, and 70 mm thick. In this article, the term “flaw” is used

to describe an artificially created crack or fracture; however, the term “crack” is adopted

to describe a new fracture that nucleates and propagates under compressive loads [34,39].

Two sets of cross flaws are created by inserting steel shims into four slots in the mold

template and removing them during curing. The thickness and width of the steel shim

are, respectively, 2 mm and 20 mm. The materials are weighed using an electronic balance

to ±0.01 kg. Three specimens with the same parameters are manufactured and tested in the

same experiments to avoid accidental error. As shown in Fig. 2, flaw ① is perpendicular to

flaw ②, which is parallel to flaw ④, and flaw ③ is perpendicular to flaw ④. The inclination

angle α of preexisting flaws, as defined in Fig. 2, varies from 0° to 60° with an interval of

15°. The horizontal spacing Sh between the intersection points of preexisting flaws varies

from 0 mm to 20 mm with an interval of 10 mm. The preexisting flaw length 2a is fixed to

20 mm, and the vertical spacing Sv between intersection points of preexisting flaws is fixed

to 40 mm. A detailed description of the geometry of preexisting cross flaws is shown in

Table 1.

IMAGE RECORDING SYSTEM AND TESTING PROCEDURE

Uniaxial compression tests of specimens are conducted using an AGI-250KN type

precision electronic material testing machine, as shown in Fig. 3. Axial stress is imposed

on the surface of rock-like specimens until failure occurs, and the failure is identified

through a drop in the applied load. All tests are conducted under displacement-controlled

conditions at an average loading rate of 1 mm/min. The load and the deformation of

specimens are simultaneously recorded throughout the process of testing. Moreover,

FIG. 2

Specimen containing two sets

of preexisting cross flaws under

uniaxial compression: (a) front

view on rock-like specimen;

(b) vertical view on rock-like

specimen; and (c) schematic

diagram showing the geometry

of cross flaws.
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the relationship between the real-time crack coalescence process and the axial stress–strain

behavior of the rock-like material containing preexisting cross flaws is investigated using a

photographic monitoring technique. The cracking behaviors of each specimen are moni-

tored using an RDT/16 high-speed dynamic analysis system (DEL Imaging Systems LLC,

Cheshire, CT), of which the frame rate can reach 100,000 frames per second, as shown in

Fig. 4. The RDT/16 system can automatically collect data and capture high-resolution

images when the cracking behaviors occur or specimen failure appears. In the present

experiments, the capturing of images is completely synchronized with the loading.

TABLE 1
Geometry parameters of preexisting cross flaws.

Specimen Number Flaw Inclination Angle (α, °) Flaw Length (2a, mm) Horizontal Spacing (Sh, mm) Vertical Spacing (Sv, mm)

A1 0 20 0 40

A2 0 20 10 40

A3 0 20 20 40

B1 30 20 0 40

B2 30 20 10 40

B3 30 20 20 40

C1 45 20 0 40

C2 45 20 10 40

C3 45 20 20 40

D1 60 20 0 40

D2 60 20 10 40

D3 60 20 20 40

FIG. 3

AGI-250KN type precision

electronic material testing

machine.
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Analyses of Experimental Results

MECHANICAL PROPERTIES OF ROCK-LIKE SPECIMENS CONTAINING TWO

CROSS FLAWS

As reported by Zhou, Cheng, and Feng [2], the mechanical properties of flawed specimens

obviously differ from the mechanical properties of intact specimens because of the deg-

radation induced by extensile microcracks. It is necessary to study the effects of preexisting

flaws on the mechanical properties of flawed specimens. The complete axial stress–strain

curves of specimens are discussed in depth, along with the initiation stress, the peak

strength, and the peak strain. In this article, the flaw inclination angle α varies from

0° to 60°, and the horizontal spacing Sh varies from 0 mm to 20 mm.

The Complete Axial Stress–Strain Curves of Rock-Like Specimens with

the Same Flaw Inclination Angle

Fig. 5a shows the complete axial stress–strain curves of specimens with a flaw inclination

angle α of 0°. The complete axial stress–strain curves include four stages: the initial com-

paction stage, the elastic stage, the nonlinear hardening stage, and the strain-softening

stage. Among these three specimens, the initial compaction for specimen A2

FIG. 4

RDT/16 high-speed dynamic

analysis system.
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(Sh= 10 mm) is the largest, while the initial compaction for specimen A1 (Sh= 0 mm) is

the smallest. The peak strength for specimen A3 (Sh= 20 mm) is the lowest, while the peak

strength for specimen A2 (Sh= 10 mm) is the highest. Quantitatively, the peak strengths

for specimens A1, A2, and A3 are 1.931, 2.008, and 1.646 MPa, respectively. Moreover, the

maximum peak strain of 0.824 % among the three specimens occurs in specimen A2

(Sh= 10 mm), whereas the minimum peak strain is 0.582 % (for specimen A1).

Fig. 5b shows the complete axial stress–strain curves of specimens with a flaw incli-

nation angle α of 30°. The complete axial stress–strain curves likewise include four stages: the

initial compaction stage, the elastic stage, the nonlinear hardening stage, and the strain-

softening stage. Among these three specimens, the initial compaction for specimen B1

(Sh= 0 mm) is obviously smaller than for specimens B2 (Sh= 10 mm) and B3 (Sh=
20 mm), while the initial compaction for specimen B3 (Sh= 20 mm) is the greatest. The

peak strength for specimen B3 (Sh= 20 mm) is lowest (2.121 MPa), while the peak strength

for specimen B2 (Sh= 10 mm) is highest (2.466 MPa). The peak strain of the specimen with

Sh= 10 mm is highest at 0.63 % (specimen B2), which is 0.1 % larger than for specimen B3,

while the peak strain of the specimen with Sh= 0 mm is lowest.

FIG. 5 Axial stress–strain curves of specimens containing two sets of preexisting cross flaws with horizontal spacing of 0 mm, 10 mm,

and 20 mm under uniaxial compressive loads: (a) flaw inclination angle α=0°; (b) flaw inclination angle α = 30°; (c) flaw

inclination angle α = 45°; and (d) flaw inclination angle α= 60°.

844 ZHOU ET AL. ON CRACKING BEHAVIORS OF ROCK-LIKE SPECIMENS

Journal of Testing and Evaluation

 

Copyright by ASTM Int'l (all rights reserved); Tue Feb 26 05:29:18 EST 2019
Downloaded/printed by
Norwegian Univ Science And Tech (Norwegian Univ Science And Tech) pursuant to License Agreement. No further reproductions authorized.



Fig. 5c shows the complete axial stress–strain curves of specimens with a flaw incli-

nation angle α of 45°. The complete axial stress–strain curves can be summarized as four

stages, i.e., the initial compaction stage, the elastic stage, the nonlinear hardening stage, and

the strain-softening stage. The initial compaction for specimen C2 (Sh= 10mm) is obviously

greater than for specimens C1 (Sh= 0 mm) and C3 (Sh= 20 mm). Note that the initial com-

paction for specimen C1 (Sh= 0 mm) is the smallest. The peak strength for specimen C3

(Sh= 20 mm) is lowest (2.003 MPa), while the peak strength for specimen C2 (Sh= 10 mm)

is highest (2.301 MPa). Moreover, the maximum peak strain among these three specimens

occurs in specimen C2 (Sh= 10 mm) at 0.853 %, whereas the minimum peak strain is

0.653 % (for specimen C3).

Fig. 5d shows the complete axial stress–strain curves of specimens with a flaw

inclination angle α of 60°. Clearly, the complete axial stress–strain curves include the initial

compaction stage, the elastic stage, the nonlinear hardening stage, and the strain-softening

stage. The initial compaction for specimen D2 (Sh= 10 mm) is obviously larger than for

specimens D1 (Sh= 0 mm) and D3 (Sh= 20 mm). The peak strength for specimen D1 with

Sh= 0 mm is the lowest (1.665MPa), while the peak strength for specimen D2 (Sh= 10 mm)

is the highest (2.074 MPa). Moreover, the maximum peak strain among the three specimens

occurs in specimen D2 (Sh= 10 mm) at 0.722 %, whereas the minimum peak strain is

0.536 % (for specimen D3).

Effects of Horizontal Spacing on the Peak Strength of Rock-Like

Specimens

The peak strength of specimens with different horizontal spacing is plotted in Fig. 6 and

shown in Table 2. Fig. 6 shows that the peak strength of specimens first increases and then

decreases as horizontal spacing Sh varies from 0mm to 20 mm, and it reaches its maximum

value when Sh equals 10 mm. For a flaw inclination angle α of 0°, the peak strength of the

specimen with Sh of 10 mm reaches 2.008 MPa, which is, respectively, 0.077 MPa and

0.362 MPa larger than the peak strength of specimens with Sh of 0 mm and Sh of

20 mm. Moreover, for a flaw inclination angle α of 30°, the peak strength of the specimen

with Sh of 10 mm equals 2.466 MPa. Compared with specimens B1 and B3, the peak

strength of specimen B2 increases by 0.315 MPa and 0.345 MPa, respectively. For a flaw

inclination angle α of 45°, the peak strength of the specimen with Sh of 0 mm is 2.046 MPa,

and the value increases to 2.301 MPa when Sh increases from 0 mm to 10 mm, then de-

creases from 2.301 MPa to 2.003 MPa when the horizontal spacing Sh increases from

10 mm to 20 mm. For a flaw inclination angle α of 60°, the peak strength of the specimen

with Sh of 10 mm reaches 2.074 MPa, which is, respectively, 0.409 MPa and 0.168 MPa

larger than for specimens with Sh of 0 mm and Sh of 20 mm.

Effects of Horizontal Spacing on the Peak Strain of Rock-Like

Specimens

The peak strain of specimens containing two sets of preexisting cross flaws with different

horizontal spacing under uniaxial compression is listed in Table 3 and plotted in Fig. 7.

The peak strain of the specimens first increases and then decreases as horizontal spacing Sh
increases from 0 mm to 20 mm, as shown in Fig. 7. For a flaw inclination angle α of 0°, the

peak strain of the specimen with Sh= 10 mm reaches 0.824 %, which is, respectively,

0.181 % and 0.242 % larger than for specimens with Sh of 0 mm and Sh of 20 mm.

Moreover, for a flaw inclination angle α of 30°, the peak strain of the specimen with

Sh of 10 mm equals 0.63 %. Compared with specimens with Sh of 0 mm and Sh of
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20 mm, the peak strain of 0.63 % increases by 0.011 % and 0.127 %, respectively. For a flaw

inclination angle α of 45°, the peak strain of the specimen with Sh of 10 mm reaches

0.853 % (the maximum), which is, respectively, 0.195 % and 0.2 % larger than for spec-

imens with Sh of 0 mm and Sh of 20 mm. Finally, for a flaw inclination angle α of 60°, the

peak strain of the specimen with Sh of 10 mm equals 0.722 %. Compared with specimens

with Sh of 0 mm and Sh of 20 mm, the peak strain of 0.722 % increases by 0.085 %, and

0.186 %, respectively.

The Complete Axial Stress–Strain Curves of Rock-Like Specimens with

the Same Horizontal Spacing

Fig. 8a shows the complete axial stress–strain curves of specimens with horizontal spacing

Sh of 0 mm. The complete axial stress–strain curves include four stages: (1) the initial

compaction stage, (2) the elastic stage, (3) the nonlinear hardening stage, and (4) the

TABLE 2
The peak strengths of rock-like specimens under uniaxial compressive loads (MPa).

Horizontal Spacing (Sh, mm)

Flaw Inclination Angle (α, °)

0 30 45 60

0 1.931 2.151 2.046 1.665

10 2.008 2.466 2.301 2.074

20 1.646 2.121 2.003 1.906

FIG. 6

The effects of horizontal

spacing on the peak strength of

rock-like specimens containing

preexisting cross flaws.

TABLE 3
The peak strain of rock-like specimens under uniaxial compressive loads (%).

Horizontal Spacing (Sh, mm)

Flaw Inclination Angle (α, °)

0 30 45 60

0 0.643 0.619 0.658 0.637

10 0.824 0.63 0.853 0.722

20 0.582 0.503 0.653 0.536
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strain-softening stage. Among the four specimens, the initial compaction for specimen C1

(α= 45°) is largest, while the initial compaction for specimen D1 (α= 60°) is smallest. The

peak strength for specimen D1 (α= 60°) is the highest (1.665 MPa), while the peak

strength for specimen B1 (α= 30°) is the lowest (2.151 MPa). Moreover, the maximum

peak strain of 0.658 % among the four specimens occurs in specimen C1 (α= 45°), whereas

the minimum peak strain is 0.619 % (for specimen B1).

Fig. 8b shows the complete axial stress–strain curves of specimens with horizontal

spacing Sh of 0 mm. The complete axial stress–strain curves again include four stages:

(1) the initial compaction stage, (2) the elastic stage, (3) the nonlinear hardening stage,

and (4) the strain-softening stage. Among the four specimens, the initial compaction for

specimen A2 (α= 0°) is the highest, while the initial compaction for specimen B2 (α= 30°)

is the lowest. Quantitatively, the peak strength for specimen A2 (α= 0°) is the lowest

(2.008 MPa), while the peak strength for specimen B2 (α= 30°) is the highest

(2.466 MPa). Moreover, the maximum peak strain of 0.853 % among the four specimens

occurs in specimen C2 (α= 45°), whereas the minimum peak strain is 0.63 % (for speci-

men B2).

As shown in Fig. 8c, the complete axial stress–strain curves of specimens with hori-

zontal spacing Sh of 20 mm also include four stages: (1) the initial compaction stage, (2) the

elastic stage, (3) the nonlinear hardening stage, and (4) the strain-softening stage. Among

the four specimens, the initial compaction for specimen A3 (α= 0°) is the highest, while

the initial compaction for specimen C3 (α= 60°) is the lowest. Quantitatively, the peak

strength for specimen A3 (α= 0°) is the lowest (1.646 MPa), while the peak strength for

specimen B3 (α= 30°) is the highest (2.121 MPa). Moreover, the maximum peak strain of

0.653 % among the four specimens occurs in specimen C3 (α= 45°), whereas the mini-

mum peak strain is 0.503 % (for specimen B3).

Effects of Flaw Inclination Angle on the Peak Strength of Rock-Like

Specimens

Fig. 9 shows the peak strength of flawed specimens versus flaw inclination angle. The peak

strength first increases, then decreases as the flaw inclination angle α increases from 0° to

60°. For a horizontal spacing Sh of 0 mm, the peak strength of a rock-like specimen with α

FIG. 7

The effects of horizontal

spacing on the peak strain of

rock-like specimens containing

preexisting cross flaws.
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of 30° is 2.151 MPa, which is, respectively, 0.22 MPa, 0.105 MPa, and 0.486 MPa larger

than for specimens with α of 0°, 45°, and 60°. For a horizontal spacing Sh of 10 mm, the

peak strength of a rock-like specimen with α of 30° is 2.466 MPa, which is, respectively,

0.458 MPa, 0.165 MPa, and 0.392 MPa larger than for specimens with α of 0°, 45°, and 60°.

Moreover, for a horizontal spacing Sh of 20 mm, the peak strength of a rock-like specimen

with α of 30° is 2.121 MPa, which is, respectively, 0.475 MPa, 0.118 MPa, and 0.215 MPa

larger than for specimens with α of 0°, 45°, and 60°.

Effects of Flaw Inclination Angle on the Peak Strain of Rock-Like

Specimens

The peak strain of rock-like specimens versus flaw inclination angle is plotted in Fig. 10.

As shown in Fig. 10, the peak strain first decreases, then increases, and finally decreases as

the flaw inclination angle α increases from 0° to 60°. It is clear from Fig. 10 that the peak

strain always reaches the minimum value when the flaw inclination angle α is 30°, and it

reaches the maximum value when the flaw inclination angle α= 45°.

FIG. 8 Axial stress–strain curves of specimens containing two sets of preexisting cross flaws with flaw inclination angle of 0°, 30°, 45°,

and 60° under uniaxial compressive loads: (a) horizontal spacing Sh=0 mm; (b) horizontal spacing Sh= 10 mm; and (c) the

spacing Sh= 20 mm.
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CRACK INITIATION

Effects of Horizontal Spacing on Crack Initiation Stress

The mean initiation stress is used as a representative value in this study. To investigate the

effects of the horizontal spacing Sh on the crack initiation stress of the specimens, the mean

crack initiation stress is plotted against the horizontal spacing Sh in Fig. 11. Fig. 11 shows

that the mean initiation stress first systematically increases and then decreases as the hori-

zontal spacing Sh increases from 0 mm to 10 mm. The mean initiation stress has its maxi-

mum when Sh= 10 mm. For a flaw inclination angle α of 0°, the mean initiation stress of

the specimen with Sh of 10 mm reaches 1.781 MPa, which is, respectively, 0.044 MPa and

0.146 MPa larger than for specimens with Sh of 0 mm and 20 mm. For a flaw inclination

angle α of 30°, the mean initiation stress of the specimen with Sh of 10 mm reaches

2.096 MPa, which is, respectively, 0.16 MPa and 0.365 MPa larger than for specimens

with Sh of 0 mm and 20 mm. Additionally, for a flaw inclination angle α of 45°, the mean

initiation stress of the specimen with Sh of 0 mm is 1.615 MPa, and it increases to

FIG. 9

The effects of flaw inclination

angle on the peak strength of

rock-like material specimens

containing preexisting cross

flaws.

FIG. 10

Effects of flaw inclination angle

on the peak strain of rock-like

material specimens containing

preexisting cross flaws.
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1.869 MPa as Sh increases from 0 mm to 10 mm, then decreases from 1.869 MPa to

1.693 MPa as the horizontal spacing Sh increases from 10 mm to 20 mm. For a flaw in-

clination angle α of 60°, the mean initiation stress of the specimen with Sh of 10 mm

reaches 1.68 MPa, which is, respectively, 0.024 MPa and 0.003 MPa larger than for spec-

imens with Sh of 0 mm and Sh of 20 mm.

Effects of Flaw Inclination Angle on Crack Initiation Stress

To investigate the effects of the flaw inclination angle α on the crack initiation stress of the

specimens, the mean crack initiation stress is plotted against the flaw inclination angle α in

Fig. 12. For the rock-like specimens with horizontal spacing Sh of 10 mm and 20 mm, the

mean initiation stress first increases and then decreases as the flaw inclination angle in-

creases from 0° to 60°. The mean initiation stress is at its maximum when α= 30°. For a

horizontal spacing Sh of 10 mm, the mean initiation stress of the specimen with α of 30°

reaches 2.096 MPa, which is, respectively, 0.315 MPa, 0.416 MPa, and 0.227 MPa larger

FIG. 11

Mean initiation stress versus

horizontal spacing Sh.

FIG. 12

Mean initiation stress versus

flaw inclination angle α.
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than for specimens with α of 0°, 45°, and 60°. For a horizontal spacing Sh of 20 mm, the

mean initiation stress of the specimen with α of 30° reaches 1.731 MPa, which is, respec-

tively, 0.096 MPa, 0.038 MPa, and 0.054 MPa larger than for specimens with α of 0°, 45°,

and 60°. However, for the rock-like specimens with a horizontal spacing Sh of 0 mm, the

mean initiation stress of the specimen with α of 30° reaches 0.936 MPa, which is, respec-

tively, 0.198 MPa, 0.321 MPa, and 0.28 MPa larger than for specimens with α of 0°, 45°,

and 60°. Note that for a horizontal spacing Sh of 0 mm, the mean initiation stress of the

specimen increases from 1.614 MPa to 1.655 MPa as α increases from 45° to 60°.

Crack Initiation Mode

The ultimate failure of rock-like specimens is often related to the corresponding crack

initiation [2]. This section summarizes the observed crack initiation modes, as shown

in Table 4.

Crack Initiation Modes of Specimens with Flaw Inclination Angle of 0°

Table 4 shows that for the rock-like specimen with α= 0° and Sh= 0 mm, a wing crack is

first initiated from the lower tip of flaw②. For the specimen with α of 0° and Sh of 10 mm, a

wing crack is first initiated from the right tip of flaw ①. For the specimen with α of 0° and

Sh of 20 mm, a wing crack is first initiated from the right tip of flaw ①. The crack initiation

modes of the specimens with a flaw inclination angle α of 0° are all wing cracks, as listed in

Table 4. As reported by numerical works [25,40], the crack initiation mode of the flawed

specimens often exhibits the initiation of wing crack.

Crack Initiation Modes of Specimens with Flaw Inclination Angle of 30°

For the rock-like specimen with α= 30° and Sh= 0 mm, a wing crack is first initiated from

the left tip of flaw ①. For the rock-like specimen with α of 30° and Sh of 10 mm, a wing

crack is first initiated from the right tip of flaw ②. For the rock-like specimen with α of 30°

and Sh of 20 mm, a wing crack is first initiated from the right tip of flaw ②. Similarly, the

crack initiation modes of the specimens with a flaw inclination angle α of 30° are all wing

cracks, as listed in Table 4. Such experimental observations can be reproduced by a large

number of numerical works, e.g., by Zhang and Wong [40] and Wang, Zhou, and Xu [41].

Crack Initiation Modes of Specimens with Flaw Inclination Angle of 45°

For the specimen with α= 45° and Sh= 0 mm, a wing crack is first initiated from the right

tip of flaw ①. For the specimen with α of 45° and Sh of 10 mm, a wing crack is first initiated

from the right tip of flaw ②. For the specimen with α of 45° and Sh of 20 mm, a wing crack is

first initiated from the right tip of flaw ②. It is concluded that the crack initiation modes of

the specimens with a flaw inclination angle α of 45° are all wing cracks, as shown in Table 4.

TABLE 4
Crack initiation mode in specimens under uniaxial compressive loads.

Specimen Crack Initiation Mode

A1, A2, A3,

B1, B2, B3,

C1, C2, C3

Wing cracks

D1 Coplanar secondary cracks

D2 Anti-wing crack

D3 Quasi-coplanar secondary crack
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Crack Initiation Modes of Specimens with Flaw Inclination Angle of 60°

For the specimen with α of 60° and Sh of 0 mm, a coplanar secondary crack is first initiated

from the right tip of flaw ①. For the specimen with α of 60° and Sh of 10 mm, an anti-wing

crack is first initiated from the left tip of flaw ①. For the specimen with α of 60° and Sh of

20 mm, a quasi-coplanar secondary crack is first initiated from the right tip of flaw ②. Note

that the crack initiation modes of the specimens with a flaw inclination angle α of 60° are

secondary cracks or anti-wing cracks, as shown in Table 4. It is concluded that the ini-

tiation mode transitions from wing crack to secondary crack or anti-wing crack as the flaw

inclination angle increases.

CRACK COALESCENCE

Description of Crack Coalescence Process

Specimen A1 with Sh of 0 mm and α of 0°

The ultimate failure mode of specimen A1 with Sh of 0 mm and α of 0° is shown in

Fig. 13a. When the axial stress is loaded to 1.646 MPa, wing crack A1-1-1 is first initiated

from the lower tip of flaw ②, and then wing crack A1-1-2 is initiated from the upper tip of

FIG. 13 Cracking behaviors of rock-like specimen with α of 0° under uniaxial compressive loads: (a) Sh=0 mm; (b) Sh= 10 mm; and

(c) Sh= 20 mm.
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flaw ④ as the axial stress increases to 1.691 MPa. When the axial stress increases to

1.782 MPa, wing cracks A1-2-1 and A1-2-2 successively emanate from the upper tip

of flaw ② and the lower tip of flaw ④. As the axial stress further increases to

1.832 MPa, the initiation of wing crack A1-1-5 and wing crack A1-1-6 occurs simulta-

neously. Note that no initiation behavior of flaw ③ is observed. The captured images show

that wing cracks, labeled A1-1-1, A1-1-2, A1-2-1, and A1-2-2, propagate along the loading

direction, while wing cracks A1-3-1 and A1-3-2 grow toward the lateral boundary. The

growth of the former four wing cracks normally follows a smooth path, while the growth of

the latter two wing cracks follows a curvilinear path. Wing crack A1-1-1 emanating from

the lower tip of flaw ② ultimately coalesces with wing crack A1-1-2 emanating from the

upper tip of flaw ④ as the axial stress continues to increase. It is worth noting that wing

cracks A1-3-1 and A1-3-2 continue to propagate until they reach the lateral boundary of

specimen A1, which leads to the ultimate failure of the specimen. The cracks observed in

specimen A1 under uniaxial compressive loads are shown in Table 5.

Specimen A2 with Sh of 10 mm and α of 0°

The ultimate failure mode of specimen A2 with Sh of 10 mm and α of 0° is shown in

Fig. 13b. When the axial stress is loaded to 1.697 MPa, wing crack A2-1-1 is first initiated

from the right tip of flaw ①, and then wing crack A2-1-2 is initiated from the upper tip of

flaw ④ as the load increases to 1.746 MPa. When the axial stress increases to 1.814 MPa,

wing cracks A2-2-1, A2-2-2, and A2-2-3 successively emanate from the upper tip of flaw

②, the lower tip of flaw ④, and the lower tip of flaw ②. When the axial stress is loaded to

1.868 MPa, wing cracks A2-3-1 and A2-3-2 are finally initiated at a similar stress level. The

captured images show that wing cracks A2-1-1, A2-1-2, A2-2-1, A2-2-2, and A2-3-2

propagate along the loading direction, while wing crack A2-3-1 propagates toward the

left boundary of the specimen. The growth of the former five wing cracks follows a smooth

path, while the growth of the latter one follows a curvilinear path. As the compressive load

increases further, wing crack A2-1-1 emanating from the right tip of flaw ① coalesces with

wing crack A2-1-2 emanating from the upper tip of flaw ④. The cracks observed in speci-

men A2 under uniaxial compressive loads are listed in Table 6.

Specimen A3 with Sh of 20 mm and α of 0°

The ultimate failure mode of specimen A3 with Sh of 20 mm and α of 0° is shown in

Fig. 13c. First, wing crack A3-1-1 is initiated from the right tip of flaw ① when the axial

stress is loaded to 1.534 MPa, and wing crack A3-1-2 is initiated from the left tip of flaw ③

as the load reaches 1.636 MPa. Wing cracks A3-2-1, A3-2-2, and A3-2-3 are initiated from

the left tip of flaw①, the right tip of flaw③, and the upper tip of flaw④ when the axial stress

TABLE 5
Cracks in specimen A1 under uniaxial compressive loads.

Crack Sequence Crack Type

Crack A1-1-1 Wing crack

Crack A1-1-2 Wing crack

Crack A1-2-1 Wing crack

Crack A1-2-2 Wing crack

Crack A1-3-1 Wing crack

Crack A1-3-2 Wing crack
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increases to 1.678 MPa. When the axial stress is loaded to 1.692 MPa, wing cracks A3-3-1

and A3-3-2 successively emanate from the lower tip of flaw ② and flaw ④. Note that wing

crack A3-2-2 propagates toward the bottom boundary of the specimen, while the other

wing cracks propagate along the loading direction in a smooth path. There is no further

extension after wing cracks A3-2-3 and A3-3-2 are initiated. As the compressive load in-

creases further, wing crack A3-1-1 emanating from the right tip of flaw ① coalesces with

wing crack A3-1-2 emanating from the left tip of flaw ③. The cracks observed in specimen

A3 under uniaxial compressive loads are listed in Table 7.

Specimen B1 with Sh of 0 mm and α of 30°

Fig. 14a shows the ultimate failure mode of specimen B1 with Sh of 0 mm and α of 30°.

When the axial stress reaches 1.830 MPa, wing cracks B1-1-1 and B1-1-2 are respectively

initiated from the left tip of flaw ① and near the left tip of flaw ④. Note that anti-wing crack

B1-2-1 is initiated from the right tip of flaw④ as the load increases to 1.881MPa. When the

axial stress is loaded to 1.973 MPa, the quasi-coplanar secondary crack B1-2-2, wing crack

B1-3-1 and coplanar secondary crack B1-3-2 successively emanate from the left tip of flaw

②, the left tip of flaw ③, and the right tip of flaw ②. The captured images show that wing

cracks B1-1-1, B1-1-2, and B1-3-1 propagate along the loading direction, while the growth

of quasi-coplanar secondary crack B1-2-2 and coplanar secondary crack B1-3-2 propagate

toward the top and right boundaries of the specimen in a curvilinear path, respectively.

Wing crack B1-1-1 emanating from the left tip of flaw ① finally coalesces with wing crack

B1-1-2 emanating from the left tip of flaw ④ as the axial stress continues to increase. Next,

the coalescence of cracks continues through the linkage of anti-wing crack B1-2-1 and

coplanar secondary crack B1-3-2. The cracks observed in specimen B1 under uniaxial

compressive loads are listed in Table 8.

TABLE 6
Cracks in specimen A2 under uniaxial compressive loads.

Crack Sequence Crack Type

Crack A2-1-1 Wing crack

Crack A2-1-2 Wing crack

Crack A2-2-1 Wing crack

Crack A2-2-2 Wing crack

Crack A2-2-3 Wing crack

Crack A2-3-1 Wing crack

Crack A2-3-2 Wing crack

TABLE 7
Cracks in specimen A3 under uniaxial compressive loads.

Crack Sequence Crack Type

Crack A3-1-1 Wing crack

Crack A3-1-2 Wing crack

Crack A3-2-1 Wing crack

Crack A3-2-2 Wing crack

Crack A3-2-3 Wing crack

Crack A3-3-1 Wing crack

Crack A3-3-2 Wing crack
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Specimen B2 with Sh of 10 mm and α of 30°

Fig. 14b shows the ultimate failure mode of specimen B2 with Sh of 10 mm and α of 30°.

When the axial stress is loaded to 2.004 MPa, wing crack B2-1-1 is first initiated from the

right tip of flaw ②, and then wing crack B2-1-2 is initiated from the left tip of flaw ④ as the

FIG. 14 Cracking behaviors of rock-like specimen with α of 30° under uniaxial compressive loads: (a) Sh=0 mm; (b) Sh= 10 mm; and

(c) Sh= 20 mm.

TABLE 8
Cracks in specimen B1 under uniaxial compressive loads.

Crack Sequence Crack Type

Crack B1-1-1 Wing crack

Crack B1-1-2 Wing crack

Crack B1-2-1 Anti-wing crack

Crack B1-2-2 Quasi-coplanar secondary crack

Crack B1-3-1 Wing crack

Crack B1-3-2 Coplanar secondary crack
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load increases to 2.137MPa. As the axial stress increases to 2.148MPa, wing cracks B2-2-1,

B2-2-2, and B2-2-3 successively emanate from the left tip of flaw ②, the right tip of flaw ④,

and the left tip of flaw ③. Finally, anti-wing crack B2-3-1, quasi-coplanar secondary crack

B2-3-2, and oblique secondary crack B2-3-3 emanate at a similar stress level. Note that no

initiation behavior of flaw① is observed. The captured images show that wing crack B2-2-1

and quasi-coplanar secondary crack B2-3-2 propagate toward the top boundary of the

specimen, while oblique secondary crack B2-3-3 propagates toward the right boundary

of the specimen in a curvilinear path. Wing crack B2-1-1 emanating from the lower

tip of flaw ① eventually coalesces with wing crack B2-1-2 emanating from the left tip

of flaw ④ when the axial stress continues to increase. The coalescence continues through

the linkage of anti-wing crack B2-3-1 and oblique secondary crack B2-3-3. The cracks

observed in specimen B2 under uniaxial compressive loads are listed in Table 9.

Specimen B3 with Sh of 20 mm and α of 30°

Fig. 14c shows the ultimate failure mode of specimen B3 with Sh of 20 mm and α of 30°.

When the axial stress is loaded to 1.614 MPa, wing cracks B3-1-1, B3-1-2, and B3-1-3 are

respectively initiated from the right tip of flaw ②, the left tip of flaw ④, and the left tip of

flaw ②. Oblique secondary crack B3-2-1 and anti-wing crack B3-2-2 successively emanate

from the right tip of flaw ③ and the right tip of flaw ④ when the axial stress increases to

1.718 MPa. However, no initiation behavior of flaw ① is observed. The captured images

show that wing crack B3-1-3 propagates toward the top boundary of the specimen, while

oblique secondary crack B3-2-1 propagates toward the right boundary of specimen until

the failure of specimen appears. Meanwhile, wing cracks B3-1-1 and B3-1-2 propagate

along the loading direction within the ligament zone. The first coalescence occurs through

the linkage of wing cracks B3-1-1 and B3-1-2, and the other coalescence of oblique sec-

ondary crack B3-2-1 and anti-wing crack B3-2-2 occurs as the load increases. The cracks

observed in specimen B3 under uniaxial compressive loads are listed in Table 10.

Specimen C1 with Sh of 0 mm and α of 45°

Fig. 15a shows the ultimate failure mode of specimen C1 with Sh of 0 mm and α of 45°. The

captured images show that wing crack C1-1-1 is first initiated from the right tip of flaw ①

when the axial stress reaches 1.5 MPa, and then wing cracks C1-1-2 and C1-1-3 are ini-

tiated from the right tips of flaw ② and flaw ③ as the load increases to 1.615 MPa. As the

axial stress increases further to 1.664 MPa, coplanar secondary crack C1-2-1 and wing

crack C1-2-2 are successively initiated from the left tip of flaw ④ and the right tip of

TABLE 9
Cracks in specimen B2 under uniaxial compressive loads.

Crack Sequence Crack Type

Crack B2-1-1 Wing crack

Crack B2-1-2 Wing crack

Crack B2-2-1 Wing crack

Crack B2-2-2 Wing crack

Crack B2-2-3 Wing crack

Crack B2-3-1 Anti-wing crack

Crack B2-3-2 Quasi-coplanar secondary crack

Crack B2-3-3 Oblique secondary crack
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flaw ④. When the axial stress reaches 1.680 MPa, quasi-coplanar secondary crack C1-3-1

and oblique secondary crack C1-3-2 are initiated at a similar stress level. Additionally, the

captured images show that wing cracks C1-1-1, C1-1-2, C1-1-3, and C1-2-2 propagate

along the loading direction, while quasi-coplanar secondary crack C1-3-1 and oblique

secondary crack C1-3-2 propagate toward the top and bottom boundaries of the specimen

in a curvilinear path, respectively. Wing crack C1-1-2 finally coalesces with wing crack

TABLE 10
Cracks in specimen B3 under uniaxial compressive loads.

Crack Sequence Crack Type

Crack B3-1-1 Wing crack

Crack B3-1-2 Wing crack

Crack B3-1-3 Wing crack

Crack B3-2-1 Oblique secondary crack

Crack B3-2-2 Anti-wing crack

FIG. 15 Cracking behaviors of rock-like specimen with α of 45° under uniaxial compressive loads: (a) Sh=0 mm; (b) Sh= 10 mm; and

(c) Sh= 20 mm.
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C1-1-3, and then the next coalescence occurs through the linkage of coplanar secondary

crack C1-2-1 and oblique secondary crack C1-3-2 as the compressive loads continue to

increase. The cracks observed in specimen C1 under uniaxial compressive loads are listed

in Table 11.

Specimen C2 with Sh of 10 mm and α of 45°

The ultimate failure mode of specimen C2 with Sh of 10 mm and α of 45° is shown in

Fig. 15b. When the axial stress is loaded to 1.794 MPa, wing crack C2-1-1 is first initiated

from the right tip of flaw ②, and then wing crack C2-1-2 and coplanar secondary crack

C2-1-3 are initiated from the right tip of flaw ③ and the left tip of flaw ④ in turn as the load

increases to 1.806 MPa. Finally, oblique secondary crack C2-2-1 and coplanar secondary

crack C2-2-2 are, respectively, initiated from the right tip of flaw③ and the left tip of flaw①

when the load reaches 1.956 MPa. The captured images show that wing cracks C2-1-1 and

C2-1-2 propagate along the loading direction, while coplanar secondary crack C2-1-3 and

oblique secondary crack C2-2-1 propagate towards the top and bottom boundaries of the

specimen in a curvilinear path. The first coalescence occurs through the linkage of wing

cracks C2-1-1 and C2-1-2, and the second coalescence of coplanar secondary crack C2-1-3

and coplanar secondary crack C2-2-2 occurs as the compressive load continues to increase.

The cracks observed in specimen C2 under uniaxial compressive loads are listed in

Table 12.

Specimen C3 with Sh of 20 mm and α of 45°

Fig. 15c shows the ultimate failure mode of specimen C3 with Sh of 20 mm and α of 45°.

When the axial stress is loaded to 1.588 MPa, wing crack C3-1-1 is first initiated from the

right tip of flaw ②, and then wing crack C3-1-2 is initiated from the left tip of flaw ④ as the

load increases to 1.664 MPa. As the load increases to 1.746 MPa, wing cracks C3-2-1,

TABLE 11
Cracks in specimen C1 under uniaxial compressive loads.

Crack Sequence Crack Type

Crack C1-1-1 Wing crack

Crack C1-1-2 Wing crack

Crack C1-1-3 Wing crack

Crack C1-2-1 Coplanar secondary crack

Crack C1-2-2 Wing crack

Crack C1-3-1 Quasi-coplanar secondary crack

Crack C1-3-2 Oblique secondary crack

TABLE 12
Cracks in specimen C2 under uniaxial compressive loads.

Crack Sequence Crack Type

Crack C2-1-1 Wing crack

Crack C2-1-2 Wing crack

Crack C2-1-3 Coplanar secondary crack

Crack C2-2-1 Oblique secondary crack

Crack C2-2-2 Coplanar secondary crack
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C3-2-2, and C3-2-3 successively emanate from the left tip of flaw ②, the right tip of flaw ④,

and the right tip of flaw ①. When the axial stress reaches 1.775 MPa, anti-wing cracks

C3-3-1 and C3-3-2 and quasi-coplanar secondary crack C3-3-3 successively emanate from

the left tip of flaw ①, the right tip of flaw ③. and the right tip of flaw ④. From the captured

images, wing crack C3-1-1 emanating from the right tip of flaw ② first coalesces with wing

crack C3-1-2 emanating from the left tip of flaw ④ as the compressive load continues to

increase. Then, the second coalescence occurs through the linkage of wing cracks C3-2-1

and C3-2-3, and finally the coalescence of anti-wing crack C3-3-2 and quasi-coplanar sec-

ondary crack C3-3-3 occurs. The cracks observed in specimen C3 under uniaxial com-

pressive loads are listed in Table 13.

Specimen D1 with Sh of 0 mm and α of 60°

The ultimate failure mode of specimen D1 with Sh of 0 mm and α of 60° is shown in

Fig. 16a. When the axial stress is loaded to 1.628 MPa, coplanar secondary crack

D1-1-1 is first initiated from the right tip of flaw ①. As the load increases to

1.659 MPa, coplanar secondary crack D1-1-2 and wing crack D1-1-3 are initiated from

the left tip of flaw ④ and near the left tip of flaw ①, respectively. When the axial stress

increases to 1.672 MPa, wing cracks D1-2-1, D1-2-2, and D1-3-1 successively emanate

from the left tip of flaw ③, the right tip of flaw ④, and the left tip of flaw ②. The captured

images show that wing cracks D1-1-1, D1-1-2, and D1-2-1 propagate along the loading

direction in a smooth path, while coplanar secondary crack D1-1-1 propagates toward the

top boundary of the specimen. Coplanar secondary crack D1-1-2 emanating from the

upper tip of flaw ④ finally coalesces with wing crack D1-1-3 emanating from the left

tip of flaw ① as the axial stress continues to increase. It is worth noting that coplanar

secondary crack D1-1-1 and wing crack D1-2-1 continue to propagate until they reach

the top and bottom boundaries of the specimen, respectively. Note that coplanar secon-

dary crack D1-1-2 coalesces with the preexisting flaw ①. The cracks observed in specimen

D1 under uniaxial compressive loads are listed in Table 14.

Specimen D2 with Sh of 10 mm and α of 60°

The ultimate failure mode of specimen D2 with Sh of 10 mm and α of 60° is shown in

Fig. 16b. When the axial stress is loaded to 1.52 MPa, anti-wing crack D2-1-1 is initiated

from the left tip of flaw ① and propagates toward the top boundary of the specimen. Next,

wing crack D2-2-1 is initiated from the lower tip of flaw ②, and quasi-coplanar secondary

crack D2-2-2 is initiated from the upper tip of flaw ④. As the load increases to 1.832 MPa,

TABLE 13
Cracks in specimen C3 under uniaxial compressive loads.

Crack Sequence Crack Type

Crack C3-1-1 Wing crack

Crack C3-1-2 Wing crack

Crack C3-2-1 Wing crack

Crack C3-2-2 Wing crack

Crack C3-2-3 Wing crack

Crack C3-3-1 Anti-wing crack

Crack C3-3-2 Anti-wing crack

Crack C3-3-3 Quasi-coplanar secondary crack
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oblique secondary crack D2-3-1 is initiated from the right tip of flaw ③ and propagates

toward the bottom boundary of the specimen until failure of the specimen occurs. Note

that quasi-coplanar secondary crack D2-2-2 coalesces with wing crack D2-2-1 in this

specimen. The cracks observed in specimen D2 under uniaxial compressive loads are listed

in Table 15.

FIG. 16 Cracking behaviors of rock-like specimen with α of 60° under uniaxial compressive loads: (a) Sh=0 mm, α = 60°;

(b) Sh= 10 mm, α = 60°; and (c) Sh= 20 mm, α= 60°.

TABLE 14
Cracks in specimen D1 under uniaxial compressive loads.

Crack Sequence Crack Type

Crack D1-1-1 Coplanar secondary crack

Crack D1-1-2 Coplanar secondary crack

Crack D1-1-3 Wing crack

Crack D1-2-1 Wing crack

Crack D1-2-2 Wing crack

Crack D1-3-1 Wing crack
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Specimen D3 with Sh of 20 mm and α of 60°

Fig. 16c shows the ultimate failure mode of specimen D3 with Sh of 20 mm and α of 60°.

When the axial stress is loaded to 1.602 MPa, quasi-coplanar secondary crack D3-1-1 is

first initiated from the right tip of flaw ②, and after that, coplanar secondary crack D3-1-2

is quickly initiated from the left tip of flaw ④ and finally coalesces with coplanar secondary

crack D3-2-1 emanating from the right tip of flaw ②. As the load reaches 1.676 MPa, wing

cracks D3-2-2 and D3-3-1 are respectively initiated from the left tip of flaw ② and the right

tip of flaw ④ at a similar stress level. When the axial stress is loaded to 1.752 MPa, anti-

wing crack D3-3-2 is finally initiated from the right tip of flaw ③ and propagates toward

the bottom boundary of specimen. Captured images show that wing crack D3-2-2 grow

along the loading direction in a smooth path. Note that coplanar secondary crack D3-2-1

coalesces with coplanar secondary crack D3-1-2, and there is no linkage among wing

cracks in this specimen. The cracks observed in specimen D3 subjected to uniaxial com-

pressive loads are listed in Table 16.

Summary of Crack Coalescence Type

As illustrated in Table 17, seven types of crack coalescence in rock-like specimens con-

taining two sets of preexisting cross flaws are observed: type I, coalescence of wing cracks;

type II, coalescence of wing crack and coplanar secondary crack; type III, coalescence of

wing crack and quasi-coplanar secondary crack; type IV, coalescence of anti-wing crack

and quasi-coplanar secondary crack; type V, coalescence of anti-wing cracks; type VI, co-

alescence of anti-wing crack and coplanar secondary crack; and type VII, coalescence of

coplanar secondary cracks. It is found from these seven types of crack coalescence that a set

of preexisting flaws coalesce not only with another set of preexisting flaws but also with the

identical set of preexisting flaws. More specifically, type I of crack coalescence belongs to

the crack coalescence between a set of preexisting flaws and another set of preexisting

flaws, along with type II, type III, type IV, and type VII of crack coalescence. Then, type

V and type VI of crack coalescence belong to the crack coalescence between the double

TABLE 15
Cracks in specimen D2 under uniaxial compressive loads.

Crack Sequence Crack Type

Crack D2-1-1 Anti-wing crack

Crack D2-2-1 Wing crack

Crack D2-2-2 Quasi-coplanar secondary crack

Crack D2-3-1 Oblique secondary crack

TABLE 16
Cracks in specimen D3 under uniaxial compressive loads.

Crack Sequence Crack Type

Crack D3-1-1 Quasi-coplanar secondary crack

Crack D3-1-2 Coplanar secondary crack

Crack D3-2-1 Coplanar secondary crack

Crack D3-2-2 Wing crack

Crack D3-3-1 Wing crack

Crack D3-3-2 Anti-wing crack
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preexisting cross flaws within the same set. Among these seven types of crack coalescence,

type I, i.e., the coalescence of wing cracks, is the most common, accounting for 47.4 % of all

of the coalescences. According to the statistics on the types of crack coalescence, the

coalescence of wing cracks or the coalescence of a wing crack with other types of cracks

accounts for 57.9 % of all coalescence. Note that type VII crack coalescence is observed in

three specimens, i.e., specimen C2 (α= 45°, Sh= 10 mm), specimen C3 (α= 45°,

TABLE 17
The coalescence type of rock-like material specimens containing preexisting cross flaws.

Crack Coalescence

Type

Sketch of Crack

Coalescence Description of Crack Coalescence Type

Occurrence Frequency in the Present

Experiment Specimens

Coalescence type I Coalescence of two wing cracks 9 A1,A2,A3;

B1,B2,B3;

C1,C2,C3

Coalescence type II Coalescence of wing crack and coplanar secondary crack 1 D1

Coalescence type III Coalescence of wing crack and quasi-coplanar secondary crack 1 D2

Coalescence type IV Coalescence of anti-wing crack and quasi-coplanar secondary

crack

2 B1;

C1

Coalescence type V Coalescence of two anti-wing cracks 2 B2;

C3

Coalescence type VI Coalescence of anti-wing crack and coplanar secondary crack 1 B3

Coalescence type VII Coalescence of two coplanar secondary cracks 3 C2,C3;

D3
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Sh= 20 mm), and specimen D3 (α= 60°, Sh= 20 mm). Type II is only observed once,

whereas type IV occurs twice in the experiment. Moreover, type I crack coalescence is

not observed in specimens with α of 60°.

To our best knowledge, a large number of numerical studies on the crack coalescence

of two, three, or multiple preexisting flaws were performed previously [8,25,40–45]. These

previous works can provide the numerical verification for this present experimental study.

Almost all types of crack coalescence, as shown in Table 17, were reproduced and reported

by these numerical works. As observed from the present laboratory experiment, the coa-

lescences of two wing cracks, anti-wing crack and quasi-coplanar secondary crack, wing

crack and quasi-coplanar secondary crack, often occur in the numerical simulations. For

example, the coalescence of two wing cracks was reported by Zhang and Wong [40], who

used the Bonded-Particle Model to simulate double flaw-contained specimens under uni-

axial compression. Such a type of crack coalescence was also reported by Zhou, Bi, and

Qian [42], who conducted General Particle Dynamics numerical experiments on rock-like

specimens containing multiple preexisting flaws. Zhou, Bi, and Qian [42] also reported the

coalescence of wing crack and quasi-coplanar secondary crack, namely, type III of crack

coalescence observable in this experiment. Moreover, the coalescence of anti-wing crack

and quasi-coplanar secondary crack (type IV of crack coalescence) was reported by Haeri

[43], who used the Higher Order Displacement Discontinuity Method to investigate the

growth of neighboring cracks in rock-like cylindrical specimens containing three preex-

isting flaws under uniaxial compression. The coalescence of wing crack and quasi-coplanar

secondary crack, namely, type III of crack coalescence, was reproduced by the peridynam-

ics method [41], as well as the coalescence of two wing cracks (type I of crack coalescence)

and the coalescence of anti-wing crack and quasi-coplanar secondary crack (type IV of

crack coalescence). However, two types of crack coalescence occurring within the same set

were rarely reported by the previous numerical works. This is because uniaxial compres-

sive experiments were seldom conducted numerically on specimens containing preexisting

cross flaws. The present study provides the experimental basis for the future pursuit of

related numerical study, which can in turn help verify the experimental results and reveal

the underlying fracture mechanism.

Conclusions

Uniaxial compression tests of rock-like specimens containing two sets of preexisting cross

flaws are performed in this study. These experiments mainly focus on the effects of the flaw

inclination angle and the horizontal spacing on the mechanical and cracking behaviors of

rock-like specimens. The real-time cracking process in specimens with different horizontal

spacings and flaw inclination angles is investigated. This study provides a better under-

standing of the cracking behaviors of two sets of preexisting cross flaws, corresponding to

those natural flaws that appear in sets or groups with similar orientation and character-

istics in real rock engineering. The following conclusions can be drawn:

(1) Five types of cracks, namely, wing crack, anti-wing crack, coplanar secondary
crack, quasi-coplanar secondary crack, and oblique secondary crack, are found
in specimens containing two sets of preexisting cross flaws.

(2) The crack initiation modes depend strongly on the inclination angle rather than the
horizontal spacing. The crack initiation mode of the specimens is secondary cracks
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when flaw inclination angle α= 60°, while the crack initiation mode of the spec-
imens is wing cracks when α < 60°.

(3) The mean initiation stress of the specimens is significantly affected by the geometry
of preexisting cross flaws. For specimens with horizontal spacing of 10 mm and
20 mm, the mean initiation stress first increases and then decreases as the flaw
inclination angle increases from 0° to 60°, and it reaches its maximum in specimens
with the flaw inclination angle of 30°. However, for specimens with a horizontal
spacing of 0 mm, the mean initiation stress first increases, then decreases, and
finally increases as the flaw inclination angle increases from 0° to 60°. For a fixed
flaw inclination angle, the mean initiation stress first increases and then decreases
as the horizontal spacing increases from 0 mm to 20 mm, and it reaches its maxi-
mum in specimens with the horizontal spacing of 10 mm.

(5) Seven types of coalescence are observed in specimens containing two sets of pre-
existing cross flaws: (a) coalescence of wing cracks; (b) coalescence of wing crack
and coplanar secondary crack; (c) coalescence of wing crack and quasi-coplanar
secondary crack; (d) coalescence of anti-wing crack and quasi-coplanar secondary
crack; (e) coalescence of anti-wing cracks; (f) coalescence of anti-wing crack and
coplanar secondary crack; and (g) coalescence of coplanar secondary cracks.

(6) Complete stress–strain curves include four stages, i.e., the initial compaction stage,
elastic deformation stage, nonlinear hardening stage, and strain-softening stage.
The peak strength and peak strain first increase and then decrease as the horizontal
spacing increases. Meanwhile, the peak strength first increases and then decreases,
and the peak strain first decreases, then increases, and finally decreases as the flaw
inclination angle increases.
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