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Abstract The mechanical behavior, crack initiation stress,
cracking modes, and crack coalescence process due to uniax-
ial compressive loading for brittle granite specimens (70×
140×29 mm in size) containing two orthogonal fissures with
different Bvirtual ligament length^ were first modeled experi-
mentally. Intact granite specimens present typical axial split-
ting failure, and the ultimate failure of specimens containing a
single fissure results mainly from tensile cracks initiated from
the fissure tips. Basically, mechanical parameters of granite
specimens containing two orthogonal fissures are lower than
the values for intact specimens, and the reduction extent is
distinctly related to the virtual ligament length. The uniaxial
compressive strength, peak axial strain, Young’s modulus, se-
cant Young’s modulus, and crack initiation stress of granite
specimens containing two orthogonal fissures present the
same trend with the increasing virtual ligament length, i.e.,
first decrease and then increase, finally once again decrease.
The effect of virtual ligament length on the crack initiation
type and ultimate failure modes of granite specimens contain-
ing two orthogonal fissures is analyzed. Crack types based on
the fissure geometry and crack propagation mechanism are
identified, and three different crack initiation types are sum-
marized. The crack coalescence is observed and characterized
from tips of pre-existing fissures. Relation between the real-
time cracking process and axial stress–strain curves of granite

specimens containing two orthogonal fissures for the entire
deformation process is captured, and the corresponding axial
stress for crack coalescence is also obtained. Each sharp stress
drop in axial stress–strain curves indicates an obvious crack
coalescence.

Keywords Brittle granite . Two orthogonal fissures . Virtual
ligament length .Mechanical behavior . Crack initiation
stress . Crack coalescence

Introduction

Natural rock, as a typical complex geological medium, con-
tains a lot of flaws such as fissures, joints, holes, weak sur-
faces, and faults, which have significant influence on the
strength, deformability, and crack coalescence behavior of
rock materials. New cracks are readily initiated at the tips
of existing flaws under an applied load (Li et al. 2005;
Prudencio and Van Sint Jan 2007; Zhang and Wong 2012;
Haeri et al. 2014a). and a series of cracking processes eventu-
ally control the overall behavior of the rock. Therefore, study
on related mechanical properties and the initiation and propa-
gation of cracks in flawed rock plays a vital role in ensuring
stability and security of rock engineering.

Many experimental works have been devoted to study the
mechanical behavior, crack initiation, propagation, interac-
tion, and coalescence of the pre-existing fissures in flawed
specimens made of various substances, including natural
rocks and rock-like materials under compressive loading.
Feng et al. (2009) carried out a number of experimental stud-
ies to explore the mechanism of multi-crack interaction in
limestone specimens with two or three fissures of different
geometries under coupled uniaxial compressive stress and
chemical solutions with different ionic concentrations and
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pH values. Wong and Einstein (2009) summarized the effects
of the flaw angle, ligament angle and length on the cracking
processes, and coalescence patterns of marble specimens con-
taining two open fissures and used a high-speed camera to
observe the specimens at a macroscopic scale. Yang et al.
(2014b) analyzed the effect of fissure angle on the strength
and deformation behaviors of sandstone specimens containing
combined flaws, and the ultimate failure mode and crack
coalescence behavior were evaluated for the flawed
specimens. Nine different crack types were identified based
on the geometry and crack coalescence mechanism for
combined flaws, and the effect of crack coalescence process
on the mechanical behaviors was also investigated by using
digital photogrammetry. Yin et al. (2014) studied experimen-
tally the coalescence mechanism between two parallel three-
dimensional pre-existing surface cracks in granite specimens
under uniaxial compression, and the bridge angles between
the two pre-existing cracks varied from 0° to 135°. Zhao
et al. (2014) used granite models with dimensions of 100×
100×200 mm and acoustic emission technique to examine the
development of fracture around pre-existing cylindrical cavi-
ties in brittle rocks, and the results indicated that both tensile
and compressive stresses play an important role in the fracture
evolution process around cavities in brittle rocks.

As for rock-like materials, Wong et al. (2001) conducted
uniaxial compression tests for rock-like materials containing
three closed flaws to investigate the crack coalescence and
peak strength behaviors of fractured rock. The results showed
that the peak strength of the specimens depended on the actual
number of pre-existing flaws involved in the coalescence, and
the mechanism of crack coalescence depended on the flaw
arrangement and the frictional coefficient on the flaw
surface. Park and Bobet (2009) carried out a comparison be-
tween experimental observations for gypsum specimens load-
ed in uniaxial compression, with open and closed flaws. From
which, three types of cracks including wing cracks, coplanar,
and oblique cracks were observed, and eight coalescence
types were identified. Janeiro and Einstein (2010) conducted
uniaxial compression tests on prismatic gypsum specimens
containing either one or two inclusions to experimentally in-
vestigate the cracking behavior of brittle heterogeneous mate-
rials. Three kinds of materials including PMMA, gypsum, and
granite were used by Lee and Jeon (2011) to study the crack
initiation, propagation, and coalescence at or near pre-existing
open cracks or flaws in a specimen under uniaxial
compression, and the flaw geometry in the specimen was a
combination of a horizontal flaw and an inclined flaw
underneath. Haeri et al. (2014b) experimentally modeled the
mechanism of crack propagation and crack coalescence due to
compressive loading of brittle substances containing pre-
existing cracks by using specially made rock-like specimens
from Portland Pozzolana Cement, and the breakage process of
the specimens was studied by inserting single and double

flaws with different inclination angles at the center and apply-
ing uniaxial compressive stress at both ends of the specimen.

Besides, various numerical methods have been developed
and used for the simulation of cracking behavior and fracture
coalescence in brittle substances. These numerical methods
include the boundary element method (BEM) (Aliabadi and
Brebbia 1993). finite element method (FEM) (Trädegård et al.
1998; Bouchard et al. 2003). extended finite element method
(XFEM) (Belytschko and Black 1999). discrete element meth-
od (DEM) (Vesga et al. 2008; Iturrioz et al. 2009). discontin-
uous deformation analysis (DDA) (Ning et al. 2011; Zhao
et al. 2011). scaled boundary finite element method
(SBFEM) (Ooi et al. 2012). and numerical manifold method
(NMM) (Wu and Wong 2012, 2013). Several computer codes
can also be applied to model the failure mechanism of brittle
materials such as rocks, for example, Rock Failure Process
Analysis (RFPA2D) code (Wong et al. 2002). FROCK code
(Park 2008). and 2D Particle Flow Code (PFC2D) (Lee and
Jeon 2011; Yang et al. 2014a).

As it is well known, stress redistribution during the under-
ground excavation generates a multitude of new fissures in
rock mass, which are mainly characterized with parallel and
cross shapes. Many scholars have studied the mechanical be-
havior and crack coalescence of rocks containing parallel fis-
sures through both experiments and numerical simulation, and
a lot of positive results have been obtained. However, the
fracture coalescence behavior for rocks containing cross fis-
sures has rarely been experimentally reported. In this study, a
new pre-existing fissure geometry that consisted of a pair of
orthogonal fissures was first simplified and introduced accord-
ing to the induced fissure orientation in the protective coal
pillar at tunnel 5937 of Tashan mine in China, as shown in
Fig. 1. Uniaxial compression tests for brittle granite specimens
containing two orthogonal fissures were conducted by using a
rock mechanic servo-controlled testing system, and a high-
speed camera was also used to capture the real-time crack
coalescence process of the flawed specimens during the load-
ing process. The emphasis on this research was to investigate
the influence of the Bvirtual ligament length^ c of the two
orthogonal fissures on the mechanical behavior and the crack
initiation, propagation, and coalescence process of the flawed
granite specimens containing two orthogonal fissures.

Granite material and experimental procedure

Granite material and specimen preparation

In this work, the brittle granite material from Linyi City in the
Shandong Province of China, which is widely distributed in
the continental crust, was chosen as the test rock. The tested
granite, with a crystalline and blocky structure, is a kind of
medium-grained heterogeneous material with the average
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density of about 2690 kg/m3. The granite is porous. Based on
the result of X-ray diffraction (XRD) (Fig. 2), the main min-
erals in the granite specimens are quartz and feldspar, with
minor quantities of margarite and gismondine. Moreover, the
tested granite has no surface texture visible to naked eye and
with the color of gray in natural state.

To investigate the mechanical behavior and crack coales-
cence evolution of pre-cracked rock, granite specimens con-
taining two orthogonal fissures were prepared to conduct uni-
axial compression tests in natural and dry conditions. The
specimens were cut from the same rectangular granite block,
and when cutting, the specimens were machined along the
same direction in the block in order to minimize the influence
of anisotropy on the final test results (Yang and Jing 2011).

According to the method suggested by the ISRM (Fairhurst
and Hudson 1999). all the specimens have a height-to-width
ratio of 2.0 to ensure a uniform stress state within the central
part of the specimens, and the size of all tested granite speci-
mens is rectangular with 70 mm in width, 140 mm in height,
and 29 mm in thickness.

A high-pressure water jet cutting machine (Lee and Jeon
2011; Yang et al. 2014b) was used in this study to cut a pair of
orthogonal fissures with the distribution of BT^ shape in the
intact granite specimens, and the width of all pre-existing fis-
sures was about 1.5 mm. The geometry of the flawed granite
specimen containing two orthogonal fissures is described in
Fig. 3, and geometric parameters of the fissures in the specimens
are defined as follows: 2a is the primary fissure length, b is the
secondary fissure length,β is the primary fissure angle (the angle
of the primary fissure to the horizontal direction), and c is the
virtual ligament length (distance between the point of intersec-
tion of the two fissures and the upper tip of the primary fissure).

In order to accurately investigate the effect of virtual liga-
ment length c on the mechanical properties and crack coales-
cence behavior of the flawed granite specimens containing
two orthogonal fissures under uniaxial compression, different
fissure geometries by varying c while keeping other parame-
ters constant were chosen in this study. A detailed description
of the specimens containing two orthogonal fissures is given
in Table 1.

Experimental procedure

The uniaxial compression tests for the granite specimens were
conducted using a rock mechanic servo-controlled testing sys-
tem (CSS-55000) with the maximum loading capacity of
500 kN in China University of Mining and Technology. The
axial stress was imposed on the surface of the specimen until
the ultimate failure took place. Before that, two rigid steel
plates, with dimensions of 50×150×20 mm, were placed be-
tween the loading frame and the specimen, and a layer of
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Fig. 2 XRD analysis of the tested granite material in this research
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Fig. 3 Geometry of the flawed granite specimen containing two
orthogonal fissures and schematic of a typical experimental setup

Fig. 1 A photo that mainly contains simplified orthogonal fissures (in the
protective coal pillar at tunnel 5937 of Tashan mine in China)
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petroleum jelly was evenly coated between the two rigid steel
plates and end surfaces of the specimen in order to reduce the
end friction effects. All tests were conducted under
displacement-controlled conditions with the loading rate of
0.08 mm/min. During the uniaxial compression, the axial
loads and deformations of the specimens were recorded simul-
taneously, and the real-time crack coalescence process was
captured with a high-speed camera at the same time. A sche-
matic of the setup is shown in Fig. 3.

Experimental results and discussion

Axial stress–strain curves and the cracking process
of the intact and flawed granite specimens containing
a single fissure

Figure 4a presents the axial stress–strain curve and the ulti-
mate failure mode of the intact granite specimen no. 7–5 under
uniaxial compression, in which the corresponding mechanical
parameters are also listed. Here, σc refers to the peak strength
and the ε1c is defined as the peak axial strain. The Young’s
modulus E refers to the average slope of the axial stress–strain
curve for the tested granite in the elastic stage, and the ET is the
secant Young’s modulus from zero stress to its uniaxial com-
pressive strength. It can be seen from Fig. 4a that axial stress
of the intact specimen drops abruptly after the peak axial
strain, presenting typical brittle characteristics. The ultimate
failure mode of the intact granite specimen takes on axial
splitting failure. Corresponding cracking process for the entire
deformation of the intact specimen is also captured, as shown
in Fig. 4b. No cracking can be observed in the intact specimen
by unaided eyes before point A (σ1=111.74 MPa=91.61 %

σc). However, when the specimen is loaded to point A, crack 1
(vertical splitting tensile failure) first initiates at the upper right
corner of the specimen, and propagates rapidly along the di-
rection of axial loading, which leads to the first axial stress
drop to 108.45 MPa. Afterward, the axial stress increases
gradually with the increasing axial deformation, and when
the specimen is loaded to point B (σ1=119.20 MPa=
98.79 % σc), vertical splitting tensile crack 2 and crack 3
initiate near crack 1 at the same time, and quickly propagate,
coalescing into one wider crack finally. At this moment, the
second stress drop occurs, falling from 119.20 to 118.83 MPa.
Continuous increase of the axial deformation causes the spec-
imen to quickly reach the peak stress point C (σ1=
120.66 MPa=100 % σc). During this process, tensile crack 4
forms and evolves rapidly toward both the upper and under
specimen boundaries, accompanying with some surface
spalling failure at the right side region of the specimen, as
shown in the elliptical region of Fig. 4b, leading to the third
stress drop from 120.66 to 118.20 MPa. However, after the
third stress drop, the axial supporting capacity continues to
increase slowly, for the specimen still has a good supporting
structure. When the axial stress is loaded to point D (σ1=
119.80 MPa=99.29 % σc), some rapid spalling damage of
the specimen can be observed. At this moment, the specimen
loses the bearing capacity with a loud failure sound. Ultimate
brittle failure occurs quickly, resulting in rapid reduction of the
axial stress to 20.79 MPa.

Due to the heterogeneity of rock, it is difficult to obtain
completely same experimental results for two different speci-
mens even though with the same testing conditions and spec-
imen scale. Figure 5a shows the effect of heterogeneity on
axial stress–strain curves of granite specimens containing a
single fissure under uniaxial compression. The figure shows

Table 1 Geometric and mechanical parameters of the granite specimens under uniaxial compression

Specimen H (mm) W (mm) T (mm) 2a (mm) β (°) b (mm) c (mm) σc (MPa) E (GPa) ET (GPa) ε1c (10
−2)

1–1 139.53 69.77 29.06 30 45 15 0 79.54 9.40 6.75 1.179

1–2 139.73 69.64 29.09 30 45 15 0 76.31 9.41 6.39 1.194

2–1 139.72 69.81 29.04 30 45 15 7.5 58.84 7.45 5.33 1.103

2–2 139.75 69.97 28.96 30 45 15 7.5 62.13 7.84 5.40 1.151

3–2 139.52 69.69 28.84 30 45 15 15 52.52 6.93 5.01 1.048

3–3 139.82 70.02 29.76 30 45 15 15 48.52 6.91 4.83 1.004

4–1 139.96 69.94 28.92 30 45 15 22.5 69.53 8.42 6.47 1.075

4–2 139.86 69.89 28.87 30 45 15 22.5 66.56 8.73 6.35 1.048

5–1 139.46 69.78 29.28 30 45 15 30 36.03 7.54 4.96 0.727

5–2 139.73 69.81 29.67 30 45 15 30 32.74 7.38 4.87 0.672

6–1 139.73 69.84 28.94 30 45 Specimens containing
a single fissure

79.97 9.73 6.94 1.152

6–2 139.66 69.81 28.99 30 45 79.61 9.31 6.78 1.174

7–5 139.81 69.84 28.94 Intact specimens 120.66 10.49 8.32 1.450

7–9 139.57 69.80 28.84 122.92 10.23 7.69 1.599

W width, H height, T thickness
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that, for specimens containing a single fissure with the same
geometry, the axial stress–strain curves exhibit very good con-
sistency. The peak strengths of specimen nos. 6–1 and 6–2 are
79.97 and 79.61 MPa, respectively, and the discrete coeffi-
cient (the ratio of standard deviation to the average value) is
0.23 %. The corresponding peak axial strains are 1.152×10−2

and 1.174×10−2, respectively, and the discrete coeffi-
cient is 0.96 %. The Young’s moduli are 9.73 and
9.31 GPa, respectively, and the discrete coefficient is
0.22 %. The above analysis indicates that heterogeneity
of the tested granite material has a negligible effect on
the strength and deformation parameters of the speci-
mens containing a single fissure with the same geome-
try, and the effect of virtual ligament length on the
mechanical behavior and failure mechanism of granite

specimens containing two orthogonal fissures can be
accurately studied.

Cracking process of the granite specimen containing a sin-
gle fissure under uniaxial compression is analyzed for the
entire deformation process, as shown in Fig. 5a, b. When the
axial stress is loaded to point A (σ1=74.80 MPa=93.53 % σc)
and point B (σ1=75.61 MPa=94.55 % σc), initiation and
propagation of crack 1 from the lower tip of the pre-existing
fissure lead to two slight axial stress drops. Afterward, when
the specimen is loaded to the peak strength point C (σ1=
79.97 MPa=100 % σc), shear crack 2, which initiates from
the upper tip of the fissure, leads to the third stress drop from
79.79 to 77.47 MPa, accompanying with some surface
spalling during this process. Then, the crack 2 continues to
evolve to the under specimen boundary with the increasing

(b) Cracking process of the intact specimen 7-5#
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axial deformation (point D, σ1=79.42 MPa=99.31 % σc),
which leads to a stress drop from 79.42 to 77.60 MPa.
However, the specimen still has not lost the bearing capacity
completely, when the axial stress is loaded to point E (σ1=
78.03 MPa=97.57 % σc), initiation and rapid propagation of
crack 3 from the upper tip of the fissure lead to a stress drop to
77.31 MPa. When the axial stress continues to increase to
point F (σ1=77.59 MPa=97.02 % σc), crack 1 propagates
toward the upper specimen boundary and crack 4a initiates
from the lower tip of the fissure. Besides, crack 4b occurs from
the upper tip of the fissure and propagates rapidly to coalesce
with the crack 1. At this time, the axial stress drops sharply
and the specimen loses the bearing capacity, accompanied by
cracks 4c and 4d.

Strength and deformation behaviors of granite specimens
containing two orthogonal fissures

Figure 6 depicts the axial stress–strain curves of the granite
specimens containing two orthogonal fissures with different
virtual ligament lengths (c=0, 7.5, 15, 22.5, and 30 mm, re-
spectively). It can be seen that the initial compaction stage of
the axial stress–strain curves is obvious, presenting typical

concave shapes, which results mainly from the closure of
original fissures and pores in the rock material. After that,
the elastic deformation begins to dominate the axial stress–
strain curves, and the axial stress has an approximately linear

(a) Axial stress-strain curves
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Fig. 5 Axial stress–strain curves and the cracking process of granite specimens containing a single fissure under uniaxial compression
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relation with the axial strain. However, with the initiation,
propagation, and coalescence of new cracks in the flawed
specimens due to axial loading, fluctuations and stress drops
are observed in the axial stress–strain curves. After several
stress drops, the specimen will reach the maximum axial de-
formation, at which time the axial stress drops rapidly and the
specimen loses the bearing capacity, presenting obvious brittle
characteristics.

Figure 7 shows the influence of virtual ligament length c on
the strength and deformation properties of granite specimens
containing two orthogonal fissures under uniaxial compres-
sion, and the relevant mechanical parameters are listed in
Table 1. Basically, the mechanical parameters of flawed spec-
imens containing two orthogonal fissures are lower than those
for the intact specimens presented in Fig. 4, and the reduction
extent has a close relation with the virtual ligament length,
which can be summarized as follows. The intact granite

specimens have an average peak strength of 121.79 MPa,
while that for the flawed specimens containing two orthogonal
fissures ranges from 34.39MPa (c=30mm) to 77.92MPa (c=
0 mm), indicating reductions of 36.02–71.77 % compared
with the value of intact specimens. The average peak axial
strain for the intact granite specimens is 1.524×10−2, while
the flawed specimens have an average peak axial strain of
1.186×10−2 (c=0 mm), 1.127×10−2 (c=7.5 mm), 1.026×
10−2 (c=15 mm), 1.061×10−2 (c=22.5 mm), and 0.699×
10−2 (c=30 mm), showing decreases of 22.18, 26.05, 32.68,
30.38, and 54.13 %, respectively, over the value for intact
specimens. The reduction extent of both two Young’s moduli
for the flawed granite specimens containing two orthogonal
fissures also depend on the virtual ligament length. Taking the
Young’s modulus for example, the average E of intact speci-
mens is 10.36 GPa, while that for the flawed specimens con-
taining two orthogonal fissures ranges from 6.92 GPa (c=
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15 mm) to 9.41 GPa (c=0 mm), with the reduction extent
between 9.17 and 33.20 % compared with that for intact
specimens.

The effect of virtual ligament length c on the uniaxial com-
pressive strength of flawed granite specimens containing two
orthogonal fissures is shown in Fig. 7a. The σc first decreases,
then increases, and finally once again decreases with the in-
creasing virtual ligament length. The average σc at c=0 mm is
77.92 MPa, while it decreases to 50.52 MPa when c increases
to 15 mm, decreasing by 35.17 % compared with that for c=
0 mm. As c increases from 15 to 22.5 mm, the average σc for
granite specimens containing two orthogonal fissures in-
creases from 50.52 to 68.04 MPa, by 34.68 %. Whereas when
c is increased from 22.5 to 30 mm, the average σc once again
decreases, from 68.04 to 34.39 MPa, showing a decrease of
49.46 %.

Figure 7b displays the effect of virtual ligament length on
the peak axial strain of granite specimens containing two or-
thogonal fissures under uniaxial compression, which is similar
to the variance on the peak strength (see Fig. 7a). The average
peak axial strain of specimens containing two orthogonal fis-
sures with c=0 mm is approximately 1.186×10−2, while that
for c=15 mm is 1.076×10−2, decreasing by 9.27 % compared
with the value for c=0 mm. In general, the peak axial strain of
specimens containing two orthogonal fissures has a little in-
crease from 1.076 to 1.111×10−2 with the increase of c from
15 to 22.5 mm. However, when the c increases from 22.5 to
30 mm, the average ε1c of flawed specimens decreases rapidly
from 1.111 to 0.699×10−2, by 37.07 %.

In accordance with Fig. 7c, d, the influence of virtual liga-
ment length on the Young’s modulus and secant Young’s
modulus for granite specimens containing two orthogonal fis-
sures under uniaxial compression can be analyzed, respective-
ly. It is very clear that both the two Young’s moduli all depend
on the virtual ligament length, and the relationship is qualita-
tively similar to those for the uniaxial compressive strength
and peak axial strain. Both Young’s moduli decrease in the
range of c from 0 to 15mm, then increase from 15 to 22.5mm,
and finally once again decrease from 22.5 to 30 mm. Taking
the Young’s modulus for example, the average E decreases
from 9.41 to 6.92 GPa, by 26.46 %, with the increasing c from
0 to 15 mm, and then, it increases to 8.57 GPa at c=22.5 mm.
Finally, as c increased from 22.5 to 30 mm, the average E
decreases once again from 8.57 to 7.46 GPa, by 12.95 %.

Cracking mode analysis

According to the nine different crack types identified based on
the fissure geometry and crack propagation mechanisms (ten-
sile crack, shear crack, lateral crack, far-field crack, and sur-
face spalling) by Yang et al. (2014b). cracking modes of the
brittle granite specimens containing two orthogonal fissures
with different virtual ligament lengths can be analyzed, as

shown in Fig. 8. Crack types in those flawed specimens are
listed in Table 2. It can be seen that cracking modes of the
granite specimens containing two orthogonal fissures are sig-
nificantly different with those for the flawed specimens con-
taining a single fissure presented in Fig. 5, and the crack coa-
lescence patterns for specimens containing two orthogonal fis-
sures are different with respect to the virtual ligament length c.

For c=0 mm, two tensile cracks, including one anti-tensile
crack and one secondary tensile crack, are observed initiating
from the upper tip of the primary fissure, and propagating
toward the specimen boundaries, which generate one failure
plane in the ultimate failure mode of the specimen, as shown
in Fig. 8a. Besides, one shear crack, which occurs from the
outer tip of the secondary fissure, finally coalesces with the
anti-tensile crack initiated from the lower tip of the primary
fissure. One tensile wing crack, which initiates from the lower
tip of the primary fissure and propagates toward the under
specimen boundary, forms another failure plane in the speci-
men. Note that the propagation path of the tensile crack is not
perfectly parallel to the major principal stress direction, but
very tortuous through the specimen, which is probably due to
the fact that the crack always propagates along the boundaries
of large mineral grains within the granite matrix. Moreover,
several far-field cracks are also observed, accompanied by
some surface spalling in the left side region of the specimen
during the loading process.

When c is 7.5 and 15 mm, the cracking modes, which are
various with that for c=0 mm, are very similar in the two
specimen nos. 2–2 and 3–3 even though with some minor
differences. Two tensile cracks initiate from the upper tip of
the primary fissure and propagate toward the specimen bound-
aries, producing a failure plane in both the two specimens.
There is all one anti-tensile crack, which emanates in the re-
gion between the lower tip of the primary fissure and the outer
tip of the secondary fissure, connecting these two flaws to-
gether and forming a free-standing Btriangular prism
structure^ within the two specimens. One lateral crack while
one shear crack is observed initiating from the outer tip of the
secondary fissure in specimen nos. 2–2 and 3–3, respectively.
However, for cracks initiated from the lower tip of the primary
fissure, the cracking mode also differs in the two specimens.
In specimen no. 2–2, one shear crack occurs and propagates
toward the under specimen boundary. Whereas in specimen
no. 3–3, apart from one shear crack, one secondary tensile
crack is also observed initiating and propagating along the
axial stress direction.

For c=22.5 mm, there are also two tensile cracks emanat-
ing from the upper tip of the primary fissure along the axial
loading direction, as shown in Fig. 8d, forming a failure plane
in the ultimate failure mode of the specimen, which is similar
to those for c=0, 7.5, and 15 mm. One tensile wing crack
initiates from the lower tip of the primary fissure, while the
length and aperture thickness of this crack keep basically
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constant for the entire deformation process, presenting a dif-
ferent pattern compared with those in flawed specimen nos. 1–
1, 2–2, and 3–3. Besides, for cracks initiated from the outer tip
of the secondary fissure, apart from one shear crack, two ten-
sile cracks are also observed initiating and propagating toward
the specimen boundaries, generating another failure plane in
the specimen. No crack occurs in the region between the outer
tip of the secondary fissure and the lower tip of the primary
fissure, and the surface spalling failure is more severe.

The cracking mode in the specimen for c=30 mm (Fig. 8e)
is obviously different with those for the flawed specimens
with the virtual ligament length c of 0, 7.5, 15, and
22.5 mm. One tensile wing crack initiates from the upper tip
of the primary fissure, first propagating along the direction
vertical to the primary fissure, then gradually departing toward
the axial loading direction, and finally along an obliquely
upward direction mainly resulting from heterogeneity of rock
and end effects. Besides, one lateral crack is also observed
initiating from the upper tip of the primary fissure along the
direction vertical to the major principal stress direction.
Moreover, one anti-tensile crack from the outer tip of the sec-
ondary fissure propagates rapidly toward the under specimen
boundary. Generally, crack types and the ultimate failure
mode are relatively simple with almost no surface spalling
and no cracks initiating from the lower tip of the primary
fissure during the whole process.

It needs to be noted that the initiation and propagation of
new cracks in rock reflect the accumulation and transforma-
tion of energy. During the loading process, axial stress im-
posed by the loading frame actually does work on the speci-
mens, and the work is considered to totally transform into the
energy absorbed by the specimens neglecting the energy dis-
sipation. The higher the strength of the rock, the more energy
it can accumulate, and more fracture surfaces will be generat-
ed to release the energy when deformation failure happens.
From Fig. 8, generally, the number of cracks formed in the

Table 2 Crack types of the granite specimens containing two
orthogonal fissures with different Bvirtual ligament length^ c under
uniaxial compression

c (mm) Crack types

Tw Ts Ta F Ss Lc S

0 √ √ √1 √ √ √
7.5 √ √1 √ √ √ √
15 √ √1 √ √ √
22.5 √ √ √1 √ √ √
30 √1 √1 √ √

√1 indicates the first crack which initiates from the tips of the pre-existing
fissures

Tw tensile wing crack, Ts secondary tensile crack, Ta anti-tensile crack, F
far-field crack, Ss surface spalling, Lc lateral crack, S shear crack

(a) c=0mm (b) c=7.5mm (c) c=15mm (d) c=22.5mm (e) c=30mm
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Fig. 8 Ultimate failure modes of
the granite specimens containing
two orthogonal fissures with
different Bvirtual ligament
lengths^ under uniaxial
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specimens containing two orthogonal fissures decreases in the
range of c from 0 to 15 mm, then increases as c from 15 to
22.5 mm, and finally decreases once again for c=30 mm.
Besides, the surface spalling degree presents similar variation,
weakening gradually with the increasing c from 0 to 15 mm,
then becoming serious for c=22.5 mm, and finally with al-
most no surface spalling when c is 30 mm. The analysis is
consistent with the variance on the mechanical parameters for
flawed granite specimens containing two orthogonal fissures,
with the increasing virtual ligament length under uniaxial
compression, as discussed in BStrength and deformation
behaviors of granite specimens containing two orthogonal
fissures^ section.

Crack initiation type and crack initiation stress level

Granite, as a typical kind of heterogeneous material, contains
massive flaws such as joints, holes, and weak surfaces, which
make it easier to generate a local stress concentration phenom-
enon during the loading process, and new cracks will be in-
duced when the local concentration stress exceeds the bearing
capacity of the rock. Crack initiation stress level is an impor-
tant index evaluating the heterogeneity of rock materials,
which can be defined as follows (Martin 1993, 1997; Wang
et al. 2014):

K ¼ σc1

σc
ð1Þ

in whichK is the crack initiation stress level of the rock and
σc and σc1 are the peak strength and corresponding crack
initiation stress of an identical specimen, respectively.
However, what needs to be explained is that the judgment
criteria for crack initiation stress have not been unified by
scholars. Lee and Jeon (2011) and Yang et al. (2011) defined
the crack initiation stress as the axial stress when the first
macroscopic crack was observed with naked eyes, and in this
paper, this empirical definition is referenced to analyze the
crack initiation stress variation characteristics of the granite
specimens containing two orthogonal fissures with different
virtual ligament lengths under uniaxial compression, as shown
in Fig. 9. It can be seen that both the crack initiation stress and
crack initiation stress level first decrease, then increase, and
finally once again decrease with the increasing virtual liga-
ment length, with the turning points at c=15 and 22.5 mm,
respectively, which is similar to the effect of virtual ligament
length on the mechanical parameters of granite specimens
containing two orthogonal fissures under uniaxial compres-
sion discussed above. For c=0 mm, the crack initiation stress
and crack initiation stress level are 64.84 MPa and 0.81, re-
spectively, while those two parameters decline to 13.55 MPa
and 0.28, respectively, when the virtual ligament length is
15 mm, decreasing by 79.10 and 65.43 %, respectively.

Then, the crack initiation stress increases to 61.04 MPa, and
the crack initiation stress level increases to 0.92 with the vir-
tual ligament length c of 22.5 mm, which are 3.50 times and
2.28 times larger than the values for c=15 mm, respectively.
However, both the two parameters once again decrease with
the increasing virtual ligament length from 22.5 to 30 mm,
showing decreases of 54.66 and 7.82 %, respectively.

Figure 10 and Table 2 plot the crack initiation types of the
flawed granite specimens containing two orthogonal fissures
with different virtual ligament lengths under uniaxial com-
pression. For c=0 and 7.5 mm, one tensile crack first initiates
from the lower tip of the primary fissure, propagating along
the axial loading direction for c=0 mm, while along the direc-
tion evolving toward the outer tip of the secondary fissure for
c=7.5 mm. Figure 10c, d indicate that for flawed specimens
with relatively larger virtual ligament lengths of 15 and
22.5 mm, one tensile crack is first observed initiating from
the outer tip of the secondary fissure along the direction of
axial stress for c=15 mm, while along the direction with a
certain deviation to the axial stress for c=22.5 mm.
However, for c=30 mm (Fig. 10e), cracks first occur from
the upper tip of the primary fissure along the direction approx-
imately vertical to the primary fissure and from the outer tip of
the secondary fissure along the major principal stress direction
at the same time, respectively.

Real-time crack coalescence process

According to the photographic monitoring results, the rela-
tionship between the typical real-time cracking process and
axial stress–strain curves of flawed granite specimens contain-
ing two orthogonal fissures with different virtual ligament
length can be analyzed in detail as follows.

Figure 11 presents the real-time crack coalescence process
of the granite specimen containing two orthogonal fissures
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with the virtual ligament length c of 0 mm under uniaxial
compression. Before point A (σ1=64.84 MPa=81.52 % σc),
the stress concentration nearby the pre-existing fissures does
not reach the material strength to initiate any cracks. But when
the axial stress is loaded to point A, anti-tensile crack 1 first
initiates from the lower tip of the primary fissure and propa-
gates along the direction of axial stress, which leads to slight
fluctuations to the axial stress–strain curve. After point A, the
axial stress increases gradually with the increasing axial de-
formation, and when the axial stress is loaded to point B (σ1=
70.16 MPa=88.21 % σc), the specimen undergoes the first
axial stress drop from 70.16 to 69.86 MPa due to the propa-
gation of tensile crack 1 and initiation of tensile crack 2 from
the upper tip of the primary fissure. When the specimen is
loaded to point C (σ1=73.09 MPa=91.90 % σc), tensile wing
crack 3 initiates from the lower tip of the primary fissure, first
along the primary fissure direction, then gradually turning
toward the major principal stress direction, and the crack 2

continues to evolve, which leads to the second axial stress
drop from 73.09 to 72.52 MPa. When the axial stress is in-
creased to point D (σ1=78.63 MPa=98.86 % σc), crack 1
propagates toward the upper specimen boundary, and shear
crack 4 occurs from the outer tip of the secondary fissure,
and evolves rapidly to coalesce with the crack 1, resulting in
another axial stress drop from 78.63 to 77.31 MPa. However,
after undergoing the first three axial stress drops, the specimen
still has a good supporting structure. The continuous increase
of the axial deformation results in that the specimen is loaded
to the peak strength point E (σ1=79.53 MPa=100 % σc). At
this time, the specimen begins to produce rapidly the tensile
crack 5 from the upper tip of the primary fissure, resulting in
the axial stress falling to 79.26 MPa. Afterward, when the
axial stress is reduced to point F (σ1=79.15 MPa=99.52 %
σc) after the peak strength, all the cracks 2, 3, and 5 propagate
toward the specimen boundaries, and the specimen loses the
bearing capacity with a loud failure sound. Brittle failure

(a) c=0mm (b) c=7.5mm (c) c=15mm (d) c=22.5mm (e) c=30mm

Fig. 10 Crack initiation types of the flawed granite specimens containing two orthogonal fissures with different Bvirtual ligament lengths^ under
uniaxial compression
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occurs quickly, and far-field cracks 6a, 6b, and 6c initiate,
which result in a rapid reduction of the axial stress to
17.32 MPa, accompanied by some surface spalling failure
during the process.

In accordance with Fig. 12, the real-time cracking process
for the granite specimen containing two orthogonal fissures
with the virtual ligament length c of 15 mm is analyzed. It can
be seen that when the axial stress is loaded to point A (σ1=
13.55 MPa=27.94 % σc), anti-tensile crack 1, which initiates
from the outer tip of the secondary fissure and evolves to the
lower tip of the primary fissure, leads to a small axial stress
drop to 11.53 MPa. After the first axial stress drop, the axial
stress begins to increase linearly as the increased axial defor-
mation with the Young’s modulus of 6.91 GPa. When the
axial stress is increased to point B (σ1=31.13 MPa=64.17 %
σc), tensile crack 2, which also initiates from the outer tip of
the secondary fissure, results in slight fluctuations to the axial
stress–strain curve. Afterward, when the axial stress is loaded
to point C (σ1=39.00 MPa=80.38 % σc), tensile crack 1
quickly coalesces with the lower tip of the primary fissure,
and runs through the whole thickness of the specimen, gener-
ating a triangular prism structure with no longer bearing ca-
pacity; moreover, secondary tensile crack 3 initiates from the
upper tip of the primary fissure. The axial stress drops to
38.81 MPa. With the increasing axial deformation, the axial
stress continues to increase to point D (σ1=43.16 MPa=
88.96 % σc). At this time, crack 2, similar to tensile crack 1,
also propagates toward the lower tip of the primary fissure,
and the axial stress undergoes another drop due to the propa-
gation of crack 3 and initiation of tensile wing crack 4 from the
lower tip of the primary fissure. When the specimen is loaded

to point E (σ1=44.39 MPa=91.45 % σc), crack 4 evolves
rapidly toward the bottom edge of the specimen, and anti-
tensile crack 5 initiates from the upper tip of the primary
fissure along the major principal stress direction, which results
in an axial stress drop to 42.33 MPa. However, when the
specimen is loaded to the peak strength point F (σ1=
48.52 MPa=100 % σc), both cracks 3 and 5 propagate toward
the upper and under specimen boundaries, respectively. After
the peak axial stress, brittle failure happens and the axial stress
drops abruptly to 23.11 MPa in additional cracks (e.g., shear
cracks 6a and 6c and far-field crack 6b).

The real-time cracking process of the granite specimen
containing two orthogonal fissures with the virtual ligament
length c of 30 mm, as shown in Fig. 13, is significantly dif-
ferent with those for c=0 and 15 mm. Anti-tensile crack 1a

first initiates from the outer tip of the secondary fissure along
the major principal stress direction; meanwhile, tensile wing
crack 1b occurs from the upper tip of the primary fissure along
the direction approximately vertical to the primary fissure
when the axial stress is loaded to point A (σ1=27.68 MPa=
84.54 % σc), which leads to slight fluctuations to the axial
stress–strain curve. Afterward, both cracks 1a and 1b continue
to widen and lengthen with the increasing axial deformation,
while the propagation direction of crack 1b gradually turns
toward the axial loading direction, and finally once again
changes the direction with some deviation to the principal
stress direction mainly resulting from the heterogeneity of
rock and end effects. When the axial stress increases to point
B (σ1=31.27 MPa=95.50 % σc), tensile crack 2 initiates from
the outer tip of the secondary fissure, leading to an axial stress
drop from 31.27 to 31.01 MPa. When the specimen is loaded
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to the peak strength point C (σ1=32.74 MPa=100 % σc),
crack 1b continues to lengthen and crack 1a evolves toward
the under specimen boundary. The axial stress drops to
31.58 MPa. Then, when the axial stress continues to drop to
point D (σ1=31.57 MPa=96.44 % σc) after the peak strength,
shear crack 3 initiates from the outer tip of the secondary
fissure along the secondary fissure direction, which leads to
an abrupt axial stress drop to 24.77 MPa, reducing by
6.80 MPa. However, the specimen has not lost the whole
bearing capacity. When the axial stress is loaded to
point E (σ1=25.02 MPa=76.42 % σc), both cracks 1b

and 3 extend toward the boundaries of the specimen. At
this time, the specimen loses the bearing capacity with a
rapid reduction of the axial stress to 11.25 MPa, accom-
panying with the lateral crack 4.

Conclusions

The emphasis of this experimental investigation is to
explore the strength, deformation failure, cracking
modes, and crack coalescence behavior of brittle granite
specimens, with dimensions of 70×140×29 mm, contain-
ing a pair of orthogonal fissures (a kind of new fissure
geometry) with different virtual ligament lengths of 0,
7.5, 15, 22.5, and 30 mm, respectively, under uniaxial
compression. The fissures in the tested granite specimens
were all cut by using a high-pressure water jet cutting
machine with a fixed water pressure to ensure the ma-
chined open fissures with a uniform aperture thickness of

about 1.5 mm. Based on our study, the main conclusions
can be drawn as follows:

1. Basically, the mechanical parameters of the flawed granite
specimens containing two orthogonal fissures are weaker,
showing reductions of 36.02–71.77, 22.18–54.13, 9.17–
33.20, and 17.93–38.61 % for the uniaxial compressive
strength, peak axial strain, Young’s modulus, and secant
Young’s modulus, respectively, compared with the values
for intact specimens; moreover, the reduction extent is
closely related to the virtual ligament length. The average
peak strength of granite specimens containing two orthog-
onal fissures is decreased from 77.92 to 50.52 MPa as c
from 0 to 15mm, then increased from 50.52 to 68.04MPa
as c from 15 to 22.5 mm, and finally declined once again
from 68.04 to 34.39 MPa with the increasing c from 22.5
to 30 mm. The average peak strain for granite specimens
containing two orthogonal fissures is first decreased from
1.186 to 1.026×10−2 as c from 0 to 15mm, then increased
from 1.026 to 1.061×10−2 with c from 15 to 22.5mm, and
finally declined to 0.699×10−2 for c=30 mm. Both
Young’s moduli decrease in the range of c from 0 to
15 mm, then increase in the range of c from 15 to
22.5 mm, and finally decrease up to 30 mm. The average
secant Young’s modulus decreases from 6.57 GPa (c=
0 mm) to 4.92 GPa (c=15 mm), then increases to
6.41 GPa (c=22.5 mm), and finally decreases from
6.41 GPa (c=22.5 mm) to 4.91 GPa (c=30 mm).

2. The influence of the virtual ligament length on the crack
initiation stress, crack initiation stress level, and the crack
initiation type of granite specimens containing two
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orthogonal fissures is discussed. Both the crack initiation
stress and crack initiation stress level decrease in the range
of c from 0 to 15 mm, then increase as c from 15 to
22.5 mm, and finally decrease with the increasing c from
22.5 to 30 mm, presenting similar variation regulation to
the mechanical parameters for the specimens containing
two orthogonal fissures with the virtual ligament length.
With the increasing c from 0 to 15mm, the crack initiation
stress decreases from 64.84 to 13.55 MPa, with the corre-
sponding crack initiation stress level decreasing from 0.82
to 0.28. When the c is increased to 22.5 mm, the crack
initiation stress increases to 61.04 MPa, and the corre-
sponding crack initiation stress level increases to 0.92.
Finally, the crack initiation stress and crack initiation
stress level decrease to 27.68 and 0.85 MPa, respectively,
with the virtual ligament length of 30 mm. The crack
initiation mode of granite specimens containing two or-
thogonal fissures under uniaxial compression also de-
pends on the virtual ligament length. For c=0 and
7.5 mm, the crack first emanates from the lower tip of
the primary fissure, with no cracks initiating from the
outer tip of the secondary fissure. For c=15 and
22.5 mm, the crack first occurs from the outer tip of the
secondary fissure, while no cracks is initiated from the
tips of the primary fissure. However, for c=30 mm, crack
1a initiates from the outer tip of the secondary fissure and
crack 1b initiates from the upper tip of the primary fissure,
respectively.

3. As a typical kind of brittle rock, intact granite specimens
present splitting tensile failure under uniaxial compres-
sion. Cracking process and the ultimate failure mode of
two granite specimens containing a single fissure with the
same geometry under uniaxial compression are similar,
with the failure planes generated by tensile cracks initiated
from the fissure tips. The cracking process for granite
specimens containing two orthogonal fissures differs with
the virtual ligament length. For c=0 mm, the shear crack
from the outer tip of the secondary fissure rapidly coa-
lesces with the tensile crack initiated from the lower tip
of the primary fissure. For c=7.5 and 15 mm, there is all
one coalesced crack between the outer tip of the second-
ary fissure and the lower tip of the primary fissure,
forming a free-standing triangular prism structure within
the specimens. For c=22.5 mm, tensile cracks initiated
from the upper tip of the primary fissure and the outer
tip of the secondary fissure generate two main tensile
failure planes in the specimen. However, for c=30 mm,
the cracking process is relatively simple, cracks initiated
from the outer tip of the secondary fissure, and the upper
tip of the primary fissure lead to ultimate failure of the
specimen, with no coalesced cracks between the outer tip
of the secondary fissure and the upper tip of the primary
fissure. According to the photographic monitoring results,

relation between the real-time cracking process and axial
stress–strain curves of the specimens containing two or-
thogonal fissures is captured and discussed, and the cor-
responding axial stress for crack coalescence is also ob-
tained. Each sharp stress drop in axial stress–strain curves
indicates an obvious crack coalescence.
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