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ABSTRACT: Rock masses commonly contain discontinuities in the form of cracks and joints. Under various
loads, new cracks initiate from the tips of pre-existing cracks (flaws). Propagation of new cracks ultimately leads
to crack coalescence and flnal failure of the medium. In this paper, crack propagation and coalescence mechanism
in rock-like materials (gypsum specimens) containing two parallel and open flaws under uniaxial compressive
loads are experimentally investigated. In cubic specimens with two inclined flaws, the length of connection line
between two flaws (bridge distance) and connection line inclination angle (bridge angle) are varied under fixed
flaw angle and flaw length and the crack propagation and coalescence mechanism are studied. Two types of
cracks initiate from the tips of the flaws: wing cracks and secondary cracks. Wing cracks, secondary cracks or
combination of them produce the coalescence of the flaws. For bridge angle of 90◦, the bridge distance of two
flaws has no effect on the crack propagation and coalescence pattern but the bridge angle has important role
and controls the propagation and coalescence pattern. For different bridge angles (45◦ − 120◦), four coalescence
mode including shear, shear – tension, tension – shear and tension modes are observed.

1 INTRODUCTION

Rock media contain different kinds of discontinue-
ties such as cracks, joints, etc. under various loads,
stress components concentrate on crack tips and lead to
crack propagation, coalescence and breakage of rock
mass. Different numerical and experimental studies
are carried out to investigate the mechanical behav-
ior of fractured rock medium. Various experimental
research are carried out on different kind of materials,
including Plaster of Paris (Lajtai 1980), sandstones
(Petit & Barquins 1988), marble (Huang et al. 1990,
Wong & Einstein 2006), gypsum (Reyes & Einstein
1991, Shen 1993, Bobet & Einstein 1998, Sagong &
Bobet 2002) and artificial sandstone (Wong & Chau
1998, 2001). In different studies, crack propagation
and coalescence are investigated on specimens with
two open/closed flaws (Shen 1993, Bobet 1997), three
and 16 open flaws (Sagong & Bobet 2002) and three
closed flaws (Wong et al. 2001, Park & Bobet 2007).

In this study gypsum specimens containing two
open pre-existing inclined cracks with different geom-
etry of cracks (different length and inclination of con-
nection line) are considered under compression loads
and the crack propagation and coalescence mechanism
are studied and analyzed.

Figure 1. Crack types which initiate from pre-existing
flaws.

2 WING CRACKS AND SECONDARY CRACKS
AND COALESCENCE

Wing cracks are tensile cracks and initiate at or near
the tips of the flaws. They are always the first cracks to
appear. Wing cracks propagate in a stable manner fol-
lowing a curvilinear path towards the loading direction
(Figure 1).
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Figure 2. Specimen with two flaws. The inclination (α) and
length of flaws are fixed to 45 degree and 15 mm respectively.
The bridge distance (l) and bridge angle (β) are varied.

Secondary cracks are shear cracks. They appear
after wing cracks and always initiate from the tips
of the flaws. Secondary cracks are initially stable,
but they become unstable near coalescence. Two dif-
ferent directions of secondary cracks are observed:
coplanar or quasi-coplanar and oblique to the flaw
(Figure 1). Coalescence occurs when two initial flaws
are connected through a newly formed crack. Coales-
cence occurs by the Wing cracks, secondary cracks or
combination of them.

3 PREPARATION OF THE SPECIMENS
AND TESTING

The specimens are made from a mixture of gyp-
sum and water with a mass ratio of 3:2 to sim-
ulate the behavior of brittle rock. The gypsum is
manufactured by Semnan Sepidar Gypsum Com-
pany. The average values of unit weight, uniaxial
compressive strength, tensile strength, cohesion and
frictional coefficient of the modeling material are
γ = 1.05 gr/cm3, σc = 15.7 MPa, σt = 3.17 MPa, c =
5.32 MPa and μ = 0.18 respectively.The average value
of the tangent Young’s modulus at 50% of peak
strength is 3.33 GPa and the Poisson’s ratio is 0.19.
The dimensions of specimens containing two flaws are
100 mm width, 200 mm height and 25 mm thickness.
The inclination and length of the cracks are fixed to
45 degree and 15 mm respectively. The bridge distance
and bridge angle are varied. The layout of specimen is
shown in Figure 2. The bridge distance is varied from
10 mm to 30 mm and bridge angle is varied from 45◦ to
120◦. The uniaxial compression tests of the specimens
were performed in a INSTRON loading machine. This
is a load control machine available in our rock mechan-
ics laboratory. The average loading rate is about 4 N/s,
and it takes about 10–15 min to load. The setting of
the apparatus is shown in Figure 3 where a load cell of
3 kN is placed on the upper loading platen to measure
the applied load.

Figure 3. Uniaxial Testing Machine.

4 RESULTS AND DISCUSSION

The effect of bridge distance and bridge angle on
the crack propagation and coalescence mechanism of
specimens with two flaws under uniaxial compression
are investigated. The inclination and length of flaws
are remained constant for all specimens at 45◦ and
15 mm respectively.

4.1 Specimens with various bridge lengths

To investigate the influence of bridge distance on coa-
lescence pattern, a set of specimens containing two
flaws with fix bridge angle of 90 degree and various
bridge distances of 10, 15, 20, 25 and 30 mm were
tested. In all of the specimens the crack initiation,
propagation and coalescence mechanism follow sim-
ilar pattern. In all of the specimens first wing cracks
initiate near normal to the flaw from the inner and
outer tips of the flaws and propagate toward the load-
ing direction. Fallowing the wing cracks, secondary
cracks (shear cracks) initiate from the tips of flaws.
Commonly, the secondary cracks initiated from inner
tips are coplanar or quasi-planar and from outer tips are
oblique. Coalescence occurs from the linkage of inner
wing and secondary cracks. For instance, crack prop-
agation and coalescence mechanism of the specimen
with the bridge distance of 10 mm is shown in Fig-
ure 4. Results show that variation of bridge distance
has no effect on the crack propagation, coalescence
and failure mechanism of specimens.
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Figure 4. Crack propagation and coalescence in specimen
with bridge distance of 10 mm and bridge angle of 90◦.

4.2 Specimens with various bridge angles

To investigate the influence of bridge angle on coa-
lescence pattern, a set of specimens containing two
flaws with fix bridge distance of 20 mm and various
bridge angles of 45, 60, 75, 90, 105 and 120 degrees
were tested. Crack initiation and propagation, linkage
of cracks and coalescence mechanism are different for
specimens with various bridge angles.

In specimen with the bridge angle of 45◦, first
wing cracks initiate only from outer tips of flaws and
then secondary cracks initiate from inner and outer
tips of the flaws. The secondary cracks initiated from
inner tips propagate unstable and link to each other
and produce coalescence of the flaws (Fig. 5a). The
coalescence occurs in shear mode.

In specimen with the bridge angle of 60◦, first
wing cracks initiate from outer and inner tips of the
flaws and then secondary cracks initiate from inner
and outer tips of the flaws. The secondary cracks are
unstable and propagate trough a tensile crack. The ten-
sile crack initiates from the tips of the internal shear
cracks and produce coalescence of the flaws (Fig. 5b).
The coalescence occurs in shear-tension mode.

In specimen with the bridge angle of 75◦, crack
initiation, propagation and coalescence mechanism is
similar to the specimen with the bridge angle of 60◦
(Fig. 5c).

In specimen with the bridge angle of 90 is discussed
in previous section. In this case first wing cracks
and then secondary cracks initiate and propagate from
inner and outer tips of flaws. The coalescence occurs
from the linkage of the internal wing cracks and sec-
ondary cracks (Fig. 5d). The coalescence occurs in
tension-shear mode.

In specimen with the bridge angle of 105◦, the coa-
lescence pattern is similar to the specimen with the
bridge angle of 90◦ (Fig. 5e).

In specimen with the bridge angle of 120◦, wing
cracks initiate from the inner and outer tips of the flaws.

Figure 5. Crack propagation and coalescence pattern in
specimens with various bridge angles.

The inner wing crack of one of the flaws connects to the
midpoint of the other flaw and produce the coalescence
of the flaws (Fig. 5f).The coalescence occurs in tension
mode.
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Figure 5. Continued

5 CONCLUSIONS

The length of the connection line between two cracks
has no effect on the crack propagation and coalescence
pattern. By the increasing of this length, only the initia-
tion and coalescence stresses increase. The inclination
of the connection line has important role and controls
the propagation and coalescence pattern. For different
connection line inclinations, four coalescence mode
including shear, shear-tension, tension-shear and ten-
sion modes are predicted by the use of numerical
modeling.
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