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Abstract: Multiple compression tests on rock-like samples of pre-existing cracks with different
geometries were conducted to investigate the strength properties and crack propagation behavior
considering multi-crack interactions. The progressive failure process of the specimens was segmented
into four categories and seven coalescence modes were identified due to different crack propagation
mechanisms. Ultimately, a mechanical model of the multi-crack rock mass was proposed to investigate
the gradual fracture and damage evolution traits of the multi-crack rock on the basis of exploring the
law of the compression-shear wing crack initiation and propagation. A comparison between theory
and experimental results indicated that the peak strength of the specimens with multiple fractures
decreased initially and subsequently increased with the increase in the fissure inclination angles; the
peak strength of specimens decreased with the increase in the density of fissure distribution.

Keywords: multi-crack interaction; different geometries; crack propagation; failure process; damage
and fracture criterion

1. Introduction

Rocks are natural and heterogeneous materials that contain different defect patterns,
and the behavior of “rock-like” materials is determined not only by the properties of the
intact rock itself, but also by the presence of discontinuities/defects [1–5]. The cracks in the
rock mass not only decrease its strength and stiffness, but also bring a source of initiation
of new cracks, which, in turn, may propagate and link with other cracks. Understanding
the failure process of fractured rock mass subjected to compression is, therefore, essential
in rock engineering, mining engineering, deep underground structures, and geotechnical
engineering practice [6–10]. In order to study the physical properties, deformation behavior
and mechanical mechanism of rock-like materials during the fracturing process, laboratory
loading tests have been extensively employed [11–13], and comprehensive research has
been conducted to develop crack propagation theories [14–17] or calculate the stress inten-
sity factors at the crack tips [18–21], as well as quantifying the relationship between micro
damage and the macro-mechanical properties of rock mass [22–25]. Significant advances
have been made in understanding the failure process of fractured rock mass [26–28].

In practical rock engineering, most rock mass exists with large numbers of cracks that
interact with each other and, thus, the crack propagation and coalescence mechanism of
multi-crack will be more complex, which is not just material related, but the geometries of
the flaws inside the rock also have a key effect on the cracking behavior. For the multi-crack
rock mass, a common failure mode is splitting, where the fracture surface is approximately
parallel to the direction of the applied loading. At the early stages, when the wing crack is
short or the crack space is relatively small, the growth is usually dominated by the stress
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field around the pre-existing fracture. As the crack extends, the interaction between cracks
leads to a damaged connection and unstable break in the rock bridge. The interaction theory
of multiple cracks in rock masses is a key factor in the analysis of their “micro-damage”,
and most of the previous studies on rocks containing multiple cracks were based on the
dilute distribution condition that the crack interaction is neglected, with very limited works
so far being conducted exploring the influences of crack inclination and crack number.
Besides, most theoretical research on the failure mechanism of fractured rocks is mainly
focused on an individual crack, and few models have been reported for revealing the
evolution laws of the stress intensity factor at the tip of a wing crack in multiple-fractured
rock mass.

Therefore, for a better understanding of the fracture and damage mechanisms in
multiple-crack rock-like materials, multiple compression tests on specimens with different
geometries of pre-existing cracks were conducted to investigate the crack coalescence
laws and strength properties of rock-like materials, considering multi-crack interactions.
Meanwhile, the application of the fracture mechanics theory to rock material with cracks is
presented. This paper, for the first time, proposes a damage fracture mechanical model of
multiple-fractured rock mass, and a new crack initiation criterion is established.

2. Experimental Scheme

This rock-like material was made of a mixture of water, white cement, and silica sand,
and the dimensions of the specimens were 200 mm × 150 mm × 30 mm. Pre-existing
cracks were made by inserting iron sheets (0.4 mm × 20 mm) at the early stage of sample
preparation, which were removed as the mortar hardened. Details of each specimen are
listed in Figure 1 and Table 1, where α is the crack angle, and β is the angle of the rock
bridge. The physical parameters of the intact specimens are shown in Table 2. The tests
were performed on a servo-controlled uniaxial loading apparatus, as shown in Figure 2.
The loading rate was 200 N/s. During the loading process, failure patterns and stress–strain
curves were recorded by camera and strain gauges, and a clock gauge was used to measure
its transverse deformation.
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Table 1. Details of specimens containing multiple cracks.

Number of Cracks Crack Angle/◦ Angle of Rock Bridge
β/◦

Two cracks
α = 25 25, 45, 75, 90, 105
α = 45 45, 75, 90, 105
α = 75 75, 90, 105

Multiple cracks

α = 25 5, 10, 15, 20, 25
α = 45 5, 10, 15, 20, 25
α = 75 5, 10, 15, 20, 25
α = 90 5, 10, 15, 20, 25

Table 2. Mechanical parameters of specimens.

UCS/MPa UTS/MPa Density
g/cm3 Young’s Modulus/MPa Poisson’s Ratio

23.1 2.8 2.019 2.3 × 103 0.23
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Figure 2. Experimental setup for multiple-fractured rock-like material.

3. Multiple-Cracks Failure Mode
3.1. Crack Coalescence Mode

A typical crack pattern in compression is illustrated in Figure 3. There are both
wing cracks and secondary cracks produced at the tips of pre-existing cracks, subjected to
compression. Wing crack is a tensile crack initiating at an angle from the tips of the crack
and propagating parallel to the direction of the applied loading. Secondary crack is a shear
crack appearing after the formation of the wing crack and it propagates nearly coplanar to
the main crack, which is often responsible for specimen failure. When the prefabricated
crack angle is at a low value, wing cracks will expand or coalesce approximately in the
direction parallel to the maximum principal stress until the failure of the specimen. There
is no friction trace on the transfixion plane by observing the failure pattern, as shown in
Figure 4. With the increase in the angle of the rock bridge, the rock mass undergoes second
crack shear failure, and there is an obvious friction trace on the transfixion plane, as shown
in Figure 5. With reference to different crack coalescence mechanisms, several coalescence
modes can been identified, as shown in Table 3.
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Table 3. Crack coalescence modes subjected to compression from the experimental observations.

Failure Modes Failure Process Failure Characteristics

Wing crack
propagation

failure
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Table 3. Cont.

Failure Modes Failure Process Failure Characteristics

Wing crack
shear

connection
failure
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For the specimens with five cracks, shown in Figure 6, the wing crack expanded
gradually till the destruction of the whole specimen as the load increased. Compared
with other experiment groups, the fracture mode of the specimens with crack angles of
25◦ and 45◦ were almost the same. There was a wing crack produced at the tip of the
inclined crack, then the secondary crack appeared on both sides when there was a barrier
for wing crack expansion. As the load increased, the wing crack expanded gradually till the
specimen horizontal transfixion failure occurred. The specimens with crack angles equal
to 75◦ appeared to have similar failure progress, but as the rock bridge angle increased
in magnitude, a second inclined crack appear later, and the horizontal transfixion failure
occurred faster. In addition, it would be hard to find the micro-crack extension and
penetration phenomena at the crack tip when the angle crack is 90◦ under this given
crack distribution.

As the crack number increased to 10, as shown in Figure 7, the failure occurred based
on the secondary inclined crack’s initiation and propagation and the crack was linked to
other pre-existing cracks in the same row. At the initial stages of loading, the rock bridge
was long, and the wing crack propagated as a single fracture. As the load increased, a
coalescence crack occurred. Compared with other experiment groups, the failure modes
with crack angles of 25◦ and 45◦ were almost the same. For the specimens with crack angles
of 75◦ and 90◦, as the crack angle was much larger, the second inclined crack expanded
in the vertical direction, and it would be hard to identify the micro-crack extension and
penetration phenomena at the crack tip in this pattern.



Materials 2022, 15, 4326 9 of 19Materials 2022, 15, x FOR PEER REVIEW 10 of 22 
 

 

  
(a) (b) 

  
(c) (d) 

Figure 9. The failure process with 20 cracks. (a) 25°; (b) 45°; (c) 75°; (d) 90°. 

For the specimens with five cracks, shown in Figure 6, the wing crack expanded grad-
ually till the destruction of the whole specimen as the load increased. Compared with 
other experiment groups, the fracture mode of the specimens with crack angles of 25° and 
45° were almost the same. There was a wing crack produced at the tip of the inclined 
crack, then the secondary crack appeared on both sides when there was a barrier for wing 
crack expansion. As the load increased, the wing crack expanded gradually till the speci-
men horizontal transfixion failure occurred. The specimens with crack angles equal to 75° 
appeared to have similar failure progress, but as the rock bridge angle increased in mag-
nitude, a second inclined crack appear later, and the horizontal transfixion failure oc-
curred faster. In addition, it would be hard to find the micro-crack extension and penetra-
tion phenomena at the crack tip when the angle crack is 90° under this given crack distri-
bution. 

As the crack number increased to 10, as shown in Figure 7, the failure occurred based 
on the secondary inclined crack’s initiation and propagation and the crack was linked to 
other pre-existing cracks in the same row. At the initial stages of loading, the rock bridge 
was long, and the wing crack propagated as a single fracture. As the load increased, a 
coalescence crack occurred. Compared with other experiment groups, the failure modes 
with crack angles of 25° and 45° were almost the same. For the specimens with crack an-

Figure 9. The failure process with 20 cracks. (a) 25◦; (b) 45◦; (c) 75◦; (d) 90◦.

When the number of cracks increased to 15, as shown in Figure 8, different failure
patterns were observed. During the initial loading stages, the wing crack appeared at the
tip of the crack, and subsequently, a secondary inclined crack’s initiation occurred, which
propagated as the load increased. In this case, the cracks at different rows connected till
the failure of the specimen. Compared with other experiment groups, the fracture mode of
the specimens with crack angles of 25◦ and 45◦ were almost the same. For the specimens
with crack angles equal to 75◦, the wing crack mainly emerged at the tip of the crack in
two sides of the specimen. In this case, there was no wing crack appearing in the center
of the specimen, and it would be hard to find the micro-crack extension and penetration
phenomena at the tip of the crack when the crack angle was 90◦.

With an increasing number of cracks, as shown in Figure 9, the length of the rock
bridge between different rows decreased. The wing crack emerged earlier compared with
the specimen with 15 cracks, and there were lesser secondary inclined cracks produced. As
the load increased, the wing crack on the diagonal between different rows with the same
crack direction expanded faster and coalesced. Compared with other experiment groups,
the fracture mode of the specimens with crack angles of 25◦ and 45◦ were very much the
same, and for the specimens with crack angles of 75◦, the wing crack mainly emerged
at the tip of the crack in two sides of the specimen and caused the specimen’s failure.
However, there were some wing cracks that appeared in the center of the specimen. Similar
to the previous cases, it would be hard to find the micro-crack extension and penetration
phenomena at the tip of the crack when the crack angle is 90◦.
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3.3. Multiple-Crack Failure Mode

There are seven coalescence modes between two pre-existing cracks, owing to the
different crack angle and crack number, the multi-crack specimens presented with different
failure modes.

(1) Wing crack tension failure mode. The main feature of this mode is that the wing
cracks initiate and propagate from the pre-existing crack tips at any particular row
towards the crack tips in the same rows. Even though both tensile and shear wing
cracks existed, the majority belonged to tensile failures.

(2) Second crack shear failure mode. The main feature is that the second shear cracks
initiate and propagate from the pre-existing crack tips towards the adjacent row.
Again, even though there are both tensile and shear cracks, the majority belong to
shear failure.

(3) Stepped path failure mode. The main feature is that there are second cracks initiating
from the pre-existing crack tips, and subsequently, tension cracks initiate and propa-
gate from the second cracks towards the adjacent row; the combination of these crack
results in several “stepped coalescence patterns”, formed on the failure plane.

(4) Intact failure mode. The main feature is that the cracks initiate and propagate in the
intact material, between or along the cracks. This failure mode usually occurs when
the crack angle is 90◦ and is similar to the failure pattern of the intact specimens.

4. Deformation and Strength
4.1. Stress–Strain Curves

The stress–strain curves during the failure process are shown in Figures 10–13; there
are micro-cracks initiating and propagating as the load increases, and the stress–strain
curve showed a post-peak softening, and this softening behavior had a direct correlation
with the crack development. The crack density merely influenced the transfixion pattern.
Compared to the wing crack failure, a rubbing effect was observed on the shearing surface
of the specimens, and there was no major strength degradation, especially for specimens
with a crack angle of 45◦. Meanwhile, the increase in the crack angle resulted in less intense
post-peak softening behavior, the stress–strain curves changed from multi-peak values to
single-peak values and the specimens led to brittle failure, but the ductility of the specimen
was reinforced.
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4.2. Strength Characteristics

The developed cracks will lead to strength weakening. The relation curves of the peak
stress with different numbers of fissures and angles of the cracks are obtained, as shown in
Figures 14 and 15. These data suggest that the peak strength of the specimens with multiple
fissures decreased initially and then increased with increasing fissure inclination angle.
When the fissure inclination angle was 45◦, the peak strength was the minimum, and the
strength reduction in these specimens was of the order of 60% compared with the intact
ones; when the inclination angle increased, the strength increased with the increase in the
crack angle. Meanwhile, the increase in the density of fissure distribution would result in
a decrease in the peak strength because it is a process of evolution and accumulation of
damage to the rock mass as the crack number increased progressively.
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5. Multi-Crack Damage Fracture Modes
5.1. Crack Initiation

It has been shown that wing cracks expand approximately in a direction parallel to the
maximum principal stress under the action of external forces [29,30], as shown in Figure 16.
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According to the theory of fracture mechanics of materials, the normal stress σne and
the shear driving force τen on the crack plane are derived [31]:

σne = σ sin2 ψ (1)

τen = σ sin ψ cos ψ (2)

Friction µσne + C is generated because of the partly closed cracks; the effective shear
stress and normal stress are shown, respectively, as:

τe f f = (1− Cv)
σ

2
sin 2ψ− µσne − C (3)

σne = σn = (1− Cn)σ sin2 ψ (4)

Cn = πa
πa+ E0

(1−v2
0)Kn

Cv = πa
πa+ E0

(1−v2
0)Ks

 (5)

Then, the stress intensity factor at the tip of the crack is obtained according to the rock
fracture mechanics theory [32]:

KI =
3
2

τe f f
√

πa sin θ cos
θ

2
(6)

The cracking angle θ = 75◦ was obtained by supposing the wing crack propagates
along the maximum value. The stress intensity factor can be formulated as:

KI =
2√
3

τe f f
√

πa (7)

5.2. Wing Crack Propagation

Based on the fracture mechanics theory, the stress intensity factor at the wing crack
tip can be simplified into the superposition of the two stress intensity factors, as shown
in Figure 17:

KI = K(1)
I + K(2)

I (8)
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The stress intensity factor t K(1)
I is generated by the wing crack, and K(2)

I is introduced
by the effective shear stress on the main crack with a length of 2alty. Based on the rock
fracture mechanics theory, the values of the two stress intensity factors are, respectively,

K(1)
I =

1
2
[σ + σ cos 2(θ + β)]

√
πl (9)

KI I = 2τe f f

√
alty
π

sin−1
(

1
lty

)
(10)

KI(θ) produced by stress σθ in the direction of θ is [33]:

KI(θ) =
3
2

KI I sin θ cos
θ

2
(11)

K(2)
I is calculated as:

K(2)
I = 3τe f f

√
alty
π

sin−1
(

1
lty

)
sin θ cos

θ

2
(12)

Thus, KI can be expressed as:

KI = 3τe f f

√
alty
π

sin−1
(

1
lty

)
sin θ cos

θ

2
− 1

2
[σ + σ cos 2(θ + β)]

√
πl (13)

Therefore, the revised Horii and Nemat–Nasser wing crack model can be seen below [34]:

KI =
2aτe f f sin θ√
π(l + 0.27a)

− 1
2
[σ + σ cos 2(θ + β)]

√
πl (14)

Comparing Equation (13) with Equation (14), the following equations were obtained:

3τe f f

√
alty
π

sin−1
(

a
alty

)
sin θ cos

θ

2
=

2aτe f f sin θ√
π(l + 0.27a)

(15)

As l l → 0 , the following equation was obtained:

lty =
0.667

cos2(0.5θ)
(16)
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As l → ∞ , the following equation was obtained:

lty = 1 +
9l cos2 θ

2
4a

(17)

Comparing Equation (15) with Equation (16), lty can be set as

lty =

[
1 +

9l
4a

cos2
(

θ

2

)](
1− e−

1
a

)
+ 0.667 sec2

(
θ

2

)
e−

1
a (18)

5.3. The Multi-Crack Interaction Models

For multiple-fractured rock-like material, the interaction between the cracks will lead
to damage on the rock bridge [35], as shown in Figure 18.
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Assuming the number of the cracks per unit area is NA in Figure 18, the distance
between the cracks S and the rock bridge length between the wing cracks T is given
as follows:

S = 1√
NA

T = S− 2(l + a cos ψ)

 (19)

σ′3 was applied on the rock bridge:

σ′3 =
Te sin ψ

S− 2(l + a cos ψ)
(20)

where Te = 2aτe f f .
σ′3 will produce an additional intensity factor:

K′I = −σ′3
√

πl =
aσsin2ψ sin ψ

N−1/2
A − 2(l + a cos ψ)

√
πl (21)

Considering the multi-crack interaction, the stress intensity factor as wing crack
propagation is established by combining Equations (10) and (11):
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KI = KI + K′I = 3τe f f

√
alty
π

sin−1
(

1
lty

)
sin θ cos

θ

2
− 1

2
[σ + σ cos 2(θ + β)]

√
πl +

aσsin2ψ sin ψ

N−1/2
A − 2(l + a cos ψ)

√
πl (22)

When KI = KIC in Equation (12), the cracks begin to expand. Figure 19 shows the
interaction of the multi cracks makes the stress intensity factor at the crack tip larger than
that related to a single wing crack.
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Figure 19. Comparison of stress intensity factor at the wing crack tip considering the interaction of
multiple wing cracks.

Figure 20 presents the initial crack strength curves with different fissure crack angles.
It can be seen that with the increasing inclination angle of the fissures, the initial crack
strength decreased initially and then increased.
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5.4. Multi-Crack Damage Models

The crack quantity is used to define D0 for initial damage and D for damage when the
wing crack length expends to l [36]:

D0 = π(a cos ψ)2NA

D = π(l + a cos ψ)2NA

}
(23)

Substituting Equation (13) into Equation (10), the following equation is obtained,

σ′3 = −τen tan ψ(D0/π)1/2

a− 2a(D/π)1/2 (24)

Combining Equations (10), (13) and (14), the relation curves between the damage
variables D and stress intensity factor

(
KI/σI

√
πa
)

with different crack densities are shown
in Figure 21.
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Figure 21 shows that with the increase in the damage variable, the stress intensity
factor KI/σI

√
πa decreases gradually. The more scattered the cracks are, the higher the

stress intensity of the wing crack will be; as the damage variable D changed from D0 to 1,
the multiple-fractured rock-like material lost its strength.

6. Conclusions

(1) Compression experiments were conducted for brittle rock-like samples with multiple
fissures to explore the failure rules of the rock-like material with different fissure
inclination angles and density distributions. Owing to the differences in crack ge-
ometries, seven coalescence modes were identified and the failure process of the
multiple-fractured specimens was divided into four categories. It was also found
that the strength of the multiple-fractured specimens was affected by the crack angle
and crack number, and the crack angle was the main influencing factor. The crack
density merely affected the transfixion pattern, and the peak value decreased with the
increase in the crack number.

(2) Based on the rock fracture mechanics theory, a wing crack propagation model con-
sidering the interaction of multiple cracks was established, for the first time, in this
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study. The multi-crack effect would result in “reinforcement” of the wing crack’s prop-
agation. The multiple-crack initiation criterion was further developed to predict the
propagation process of the fractures in the rock mass, which provided a theoretical ba-
sis for applications in rock engineering. Comparisons between theory and experiment
results indicated that the peak strength of specimens with multiple cracks decreased
initially and increased with the increasing inclination angle of the fissures, but the
peak strength decreased with the increasing fissure distribution density. This work
provides a basis for quantitative research on fractured rock-mass failure subjected
to compression.

Author Contributions: Conceptualization, T.L. and M.C.; Data curation, Q.L. and S.Y.; Formal
analysis, Z.Y. and Y.S.; Funding acquisition, S.Y.; Investigation, T.L., Q.L. and K.Z.; Methodology,
M.C.; Project administration, T.L.; Resources, P.C. and T.L.; Supervision, P.C. and T.L.; Validation, Z.Y.
and Y.S.; Writing—original draft, M.C.; Writing—review & editing, T.L. and S.Y. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation Project of China
under Grant No. 72088101 and 52004327.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable in this article.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Naser Al-Shayea, A. Crack propagation trajectories for rocks under mixed mode I-II fracture. Eng. Geology. 2005, 81, 84–97.

[CrossRef]
2. Li, J.; Huang, Q.; Ren, X. Dynamic Initiation and Propagation of Multiple Cracks in Brittle Materials. Materials 2013, 6, 3241–3253.

[CrossRef]
3. Nicksiar, M.; Martin, C.D. Factors Affecting Crack Initiation in Low Porosity Crystalline Rocks. Rock Mech. Rock Eng. 2014,

47, 1165–1181. [CrossRef]
4. Xu, J.; Li, Z. Crack Propagation and Coalescence of Step-Path Failure in Rocks. Rock Mech. Rock Eng. 2019, 52, 965–979. [CrossRef]
5. Shen, Q.Q.; Rao, Q.H.; Li, Z.; Yi, W.; Sun, D.-L. Interacting mechanism and initiation prediction of multiple cracks.

Trans. Nonferrous Metals Soc. China 2021, 31, 79–791. [CrossRef]
6. Pu, C.; Cao, P. Failure characteristics and its influencing factors of rock-like material with multi-cracks under uniaxial compression.

Trans. Nonferrous Met. Soc. China 2012, 22, 185–191. [CrossRef]
7. Wang, M.; Wan, W.; Zhao, Y. Experimental study on crack propagation and the coalescence of rock-like materials with two

preexisting fissures under biaxial compression. Bull. Eng. Geol. Environ. 2020, 79, 3121–3144. [CrossRef]
8. Liu, G.; Chen, Y.; Du, X.; Wang, S.; Fernández-Steeger, T.M. Evolutionary Analysis of Heterogeneous Granite Microcracks Based

on Digital Image Processing in Grain-Block Model. Materials 2022, 15, 1941. [CrossRef]
9. Niu, Y.; Zhou, X.P.; Zhou, L.S. Fracture damage prediction in fissured red sandstone under uniaxial compression: Acoustic

emission b-value analysis. Fatigue Fract. Eng. Mater. Struct. 2020, 43, 175–190. [CrossRef]
10. Gao, Y.; Liu, Z.; Zeng, Q.; Wang, T.; Zhuang, Z.; Hwang, K.C. Theoretical and numerical prediction of crack path in the material

with anisotropic fracture toughness. Eng. Fract. Mech. 2017, 180, 330–347. [CrossRef]
11. Cao, P.; Li, J.; Yuan, H. Testing study of subcritical crack growth rate and fracture toughness in different rocks. Trans. Nonferrous

Met. Soc. China 2006, 16, 709–713. [CrossRef]
12. Park, C.H.; Bobet, A. Crack initiation, propagation and coalescence from frictional flaws in uniaxial compression. Eng. Fract. Mech.

2010, 77, 2727–2748. [CrossRef]
13. Zhang, X.P.; Wong, L.N.Y. Cracking processes in rock-like material containing a single flaw under uniaxial compression: A

numerical study based on parallel bonded-particle model approach. Rock Mech. Rock Eng. 2012, 45, 711–737. [CrossRef]
14. Li, B.; Yu, S.; Zhu, W.; Cai, W.; Yang, L.; Xue, Y.; Li, Y. The Microscopic Mechanism of Crack Evolution in Brittle Material

Containing 3-D Embedded Flaw. Rock Mech. Rock Eng. 2020, 53, 5239–5255. [CrossRef]
15. Wang, H.; Gao, Y.; Zhou, Y. Experimental and numerical studies of brittle rock-like specimens with unfilled cross fissures under

uniaxial compression. Theor. Appl. Fract. Mech. 2022, 117, 103167. [CrossRef]
16. Lam, K.Y.; Phua, S.P. Multiple crack interaction and its effect on stress intensity factor. Eng Fract Mech. 1991, 40, 585–592.

[CrossRef]

http://doi.org/10.1016/j.enggeo.2005.07.013
http://doi.org/10.3390/ma6083241
http://doi.org/10.1007/s00603-013-0451-2
http://doi.org/10.1007/s00603-018-1661-4
http://doi.org/10.1016/S1003-6326(21)65538-3
http://doi.org/10.1016/S1003-6326(11)61159-X
http://doi.org/10.1007/s10064-020-01759-1
http://doi.org/10.3390/ma15051941
http://doi.org/10.1111/ffe.13113
http://doi.org/10.1016/j.engfracmech.2017.06.013
http://doi.org/10.1016/S1003-6326(06)60126-X
http://doi.org/10.1016/j.engfracmech.2010.06.027
http://doi.org/10.1007/s00603-011-0176-z
http://doi.org/10.1007/s00603-020-02214-z
http://doi.org/10.1016/j.tafmec.2021.103167
http://doi.org/10.1016/0013-7944(91)90152-Q


Materials 2022, 15, 4326 19 of 19

17. Yang, H.; Cao, P.; Xu, W. Mechanism study on subcritical crack growth of flabby and intricate ore rock. Trans. Nonferrous Met.
Soc. China 2006, 16, 723–727.

18. Pu, C.Z. Experiment Research on the Fracture Failure Mechanism of Rock-Like Material with Cracks under Uniaxial Compression; Central
South University: Changsha, China, 2010.

19. Li, Y.; Zhou, H.; Zhu, W.; Li, S.; Liu, J. Numerical Study on Crack Propagation in Brittle Jointed Rock Mass Influenced by Fracture
Water Pressure. Materials 2015, 8, 3364–3376. [CrossRef]

20. Zhang, J.Z.; Zhou, X.P.; Zhou, L.S.; Berto, F. Progressive failure of brittle rocks with non-isometric flaws: Insights from acousto-
optic-mechanical (AOM) data. Fatigue Fract. Eng. Mater. Struct. 2019, 42, 1787–1802. [CrossRef]

21. Dyskin, E.; Sahouryeh, R.J.J. Influence of shape and locations of initial 3-D cracks on their growth in uniaxial compression.
Eng. Fract. Mech. 2003, 70, 2115–2136. [CrossRef]

22. Yang, S.; Jing, H.W.; Wang, S.Y. Experimental Investigation on the Strength, Deformability, Failure Behavior and Acoustic
Emission Locations of Red Sandstone Under Triaxial Compression. Rock Mech Rock Eng. 2012, 45, 583–606. [CrossRef]

23. Liu, G.; Chen, Y.; Du, X.; Xiao, P.; Liao, S.; Azzam, R. Investigation of Microcrack Propagation and Energy Evolution in Brittle
Rocks Based on the Voronoi Model. Materials 2021, 14, 2108. [CrossRef]

24. Ju, M.; Xing, H. Crack propagation in jointed rock and its effect on rock macrofracture resistance: Insights from discrete element
analysis. Geomech. Geophys. Geo-Energy Geo-Resour. 2022, 8, 21. [CrossRef]

25. Mei, J.; Yang, L.; Sheng, X.C.; Ma, X.J.; Sui, B.; Yang, W.M. An experimental and theoretical investigation of time dependent
cracking and creep behavior of rocks under triaxial hydro-mechanical coupling. Theor. Appl. Fract. Mech. 2021, 115, 103046.
[CrossRef]

26. Park, C.H.; Bobet, A. Crack coalescence in specimens with open and closed flaws: A comparison. Int. J. Rock Mech. Min. Sci. 2009,
46, 819–829. [CrossRef]

27. Cao, P.; Liu, T.; Pu, C.Z. Crack propagation and coalescence of brittle rock-like specimens with pre-existing cracks in compression.
Eng. Geol. 2015, 187, 113–121. [CrossRef]

28. Guo, S.; Qi, S.; Zou, Y.; Zheng, B. Numerical Studies on the Failure Process of Heterogeneous Brittle Rocks or Rock-Like Materials
under Uniaxial Compression. Materials 2017, 10, 378. [CrossRef] [PubMed]

29. Ashby, M.F.; Sammis, C.G. The damage mechanics of brittle solids in compression. Pure Appl. Geophys. 1990, 133, 489–521.
[CrossRef]

30. Liu, T.; Cao, P.; Lin, H. Damage and fracture evolution of hydraulic fracturing in compression-shear rock cracks. Theor. Appl.
Fract. Mech. 2014, 74, 55–63. [CrossRef]

31. Zhao, Y. Coupling Theory and Seepage Damage Fracture in Fractured Rock Mass and Its Applications; School of Resources & Safety
Engineering, Central South University: Changsha, China, 2009.

32. Ashby, M.F.A.; Hallam, S.D. The failure of brittle solids containing small cracks under compressive stress states. Acra Merall. 1986,
34, 497–510. [CrossRef]

33. Baud, P.; Reuschle, T.; Charlez, P. An improved wing crack model for the deformation and failure of rock in compression.
Int. J. Rock Mech. Min. Sci. 1996, 33, 539–542. [CrossRef]

34. Horii, H.; Nemat-Nasser, S. Compression induced microcrack growth in brittle solids: Axial splitting and shear failure. J. Geo Res.
1985, 90, 3105–3125. [CrossRef]

35. Wong, L.N.Y.; Einstein, H.H. Crack coalescence in molded gypsum and Carrara marble-part 1. macroscopic observations and
interpretation. Rock Mech. Rock Eng. 2009, 42, 475–511. [CrossRef]

36. Liu, T.; Cao, P.; Lin, H. Evolution procedure of multiple rock cracks under seepage pressure. Math. Probl. Eng. 2013, 2013, 738013.
[CrossRef]

http://doi.org/10.3390/ma8063364
http://doi.org/10.1111/ffe.13019
http://doi.org/10.1016/S0013-7944(02)00240-0
http://doi.org/10.1007/s00603-011-0208-8
http://doi.org/10.3390/ma14092108
http://doi.org/10.1007/s40948-021-00326-6
http://doi.org/10.1016/j.tafmec.2021.103046
http://doi.org/10.1016/j.ijrmms.2009.02.006
http://doi.org/10.1016/j.enggeo.2014.12.010
http://doi.org/10.3390/ma10040378
http://www.ncbi.nlm.nih.gov/pubmed/28772738
http://doi.org/10.1007/BF00878002
http://doi.org/10.1016/j.tafmec.2014.06.013
http://doi.org/10.1016/0001-6160(86)90086-6
http://doi.org/10.1016/0148-9062(96)00004-6
http://doi.org/10.1029/JB090iB04p03105
http://doi.org/10.1007/s00603-008-0002-4
http://doi.org/10.1155/2013/738013

	Introduction 
	Experimental Scheme 
	Multiple-Cracks Failure Mode 
	Crack Coalescence Mode 
	Multiple-Crack Propagation 
	Multiple-Crack Failure Mode 

	Deformation and Strength 
	Stress–Strain Curves 
	Strength Characteristics 

	Multi-Crack Damage Fracture Modes 
	Crack Initiation 
	Wing Crack Propagation 
	The Multi-Crack Interaction Models 
	Multi-Crack Damage Models 

	Conclusions 
	References

