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Mechanical behavior of 3D crack propagation and coalescence is investigated in rock-like material under uniaxial compression.
A new transparent rock-like material is developed and a series of uniaxial compressive tests on low temperature transparent resin
materials with preexisting 3D flaws are performed in laboratory, with changing values of bridge angle 𝛽 (inclination between the
inner tips of the two preexisting flaws) of preexisting flaws in specimens. Furthermore, a theoretical peak strength prediction of 3D
cracks coalescence is given.The results show that the coalescence modes of the specimens are varying according to different bridge
angles. And the theoretical peak strength prediction agrees well with the experimental observation.

1. Introduction

Most of the elastic-brittle materials contain different patterns
of flaws. In general, the mechanical behavior of brittle
materials may be affected by the micromechanical behavior
of the defects. The evolution of cracks depends on the
properties of cracks such as size, location, orientation, and
loading condition. The propagation of cracks plays a vital
role in predicting the breakage process of rock specimens
[1–12]. As a rule, the fracture surface is perpendicular to
the maximum tensile stress direction. The experimental and
theoretical research have shown that microcracks developed
in different ways, such as tensile cracks, mixture cracks
(tensile cracks, and shear cracks), and shear cracks, and
became closed, frictional sliding, intergranular propagating,
and kink propagating [13–15]. In the crack evolution process
of brittle materials containing preexisting flaws, usually two
types of crack are observed, which arewing cracks originating
from the tips of preexisting flaws and secondary cracks.Wing

cracks are usually caused by tension, while secondary cracks
may develop due to shear [16]. Wing cracks initiation in
rocks is favored with respect to secondary cracks because
of lower toughness of the materials in tension than in shear
[17–20]. It is mainly expected that crack initiation follows
the direction parallel to the maximum compressive load [21].
Many experiments have been conducted to study the crack
initiation, propagation path, and eventual coalescence of the
preexisting flaws in specimens made of various substance,
including natural rocks or rock-like materials under tensile
and compressive loadings [4, 22–24].

From the practical point of view, nearly all rock engi-
neering projects involve, to a certain extent, construction of
structures in or on rockmasses, which contain different types
of flaws. As underground excavations progress into deeper
andmore complex geological environments, the eventual and
ultimate limitation in all mining is depth [24]. Excavation-
induced macroscale fractures, such as roof fall, side wall slab,
and rock burst [25–29], occur extensively in the side walls
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of underground working face. Understanding of the failure
modes around cavities in brittle rocks under compressive
loading conditions becomes more and more important in
searching solutions to the problem that engineering meets.

Fracture propagation leading to rock failure is a very
important topic in rock mechanics research. A number of
studies have been done on two-dimensional models plate
with preexisting flaws. Crack initiation, propagation, and
coalescence have been subjects of intensive investigation in
rock mechanics, both theoretically and experimentally. The
first theoretical study on the growth of preexisting two-
dimensional flaws was put forward by Griffith [30, 31].
Griffith [30] further introduced the concept of critical energy
release rate and the crack tip stress intensity factor (𝐾).
Relating to the field of rock mechanics, many experimental
studies have been conducted to investigate the crack initia-
tion, propagation, and interaction [1–12, 32, 33]. A number
of studies have been done on two-dimensional (2D) model
plates with throughgoing preexisting fractures, but as is
known rock masses contain some finite size of flaws (three-
dimensional (3D) flaws) existing inside or on the surface
of rock materials. In terms of rock experiments, due to the
nontransparency of rock material, it is difficult to trace the
initiation, propagation, and interaction of fractures within
the rock.That is to say, the crack growth analyses based on 2D
model may not truly reflect the real failure properties. Then
some studies have been done on 3D specimens [5, 34–46]. In
reality, preexisting fractures are 3D in nature.

Recently, several experiments according 3D crack evolu-
tion have been investigated at the Rock Mechanics Labora-
tory at Hong Kong Polytechnic University. Samples that were
prepared in the experiments included a variety of real rocks,
PMMA, cement, gypsum, and resin samples. All samples
contained a preexisting flaw [40–44]. According to these
experiments, bothwink cracks and petal cracks initiated from
preexisting flaw tips of PMMAandmarble samples, and shell-
like cracks emerged from the flaw tips of the two materials
referred to above sometimes. At the same time, antiwing
cracks (opposite to the wing cracks) were induced from the
tips of preexisting flaw at a certain distance in compressive
stress zone in gabbros specimens [42, 43]. Liu et al. conducted
a series of experimental tests to study 3D cracks propagation
progress of a single surface flaw under the conditions of
biaxial compression [44], and a 3D acoustic emission (AE)
location system was used [42, 44].

However, most of previous studies were focused on the
mechanisms and experiments of crack initiation, propa-
gation, and interaction according to 2D cracks. Although
some of significant results have been achieved, there were
some deviations between the research results and the truth
due to the nature of the material itself, the mechanisms of
propagation and coalescence of 3D internal flaws are still not
clear until now, and no existing theoretical explanation of 3D
crack evolution was given.

Therefore, we attempt here to give a more refined study
on the pattern of 3D crack initiation, propagation, and
coalescence of transparent materials like rocks. On the basis
of previous studies, the modeling material used in the paper
is improved by being randomly embedded inside transparent
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Figure 1: Rock bridge area in discontinuous rock.

resin material, certain aggregates of different sizes, and then
heterogeneous transparent materials are obtained and suc-
cessfully deal with the disadvantages of transparent materials
which are isotropic. Experimental studies have shown newly
developed transparent nonhomogeneous material properties
close to real rocks, for the study of internal crack of rock
which is no doubt highly beneficial. Due to fine brittle and
transparency of the material, the internal crack growth can
be clearly seen. Then the crack extension of the materials
containing two preexisting flaws is investigated under uniax-
ial compression, with changing rock bridge angles, and rock
bridge area is defined as shown in Figure 1; different modes
of crack coalescence are observed in the 3D preexisting flaws
specimens. Another main purpose of the paper is to predict
the peak strength of transparent rock-likematerial containing
preexisting flaws.

2. Sample Preparation and
Experimental Technique

The discussion of the sample preparation and experimental
technical contains three sections. The first section is the
preparation of transparent casting resin modeling material;
the second part is design of preexisting flaws in the samples;
the third section is about the testing apparatus.

2.1. Preparation of Transparent Casting Resin Modeling Mate-
rial Specimen. In the experiment, a new unsaturated resin
is used to make specimens; sixty transparent rock-like par-
allelepiped samples are prepared and with cross section
dimensions of 50mm × 50mm and a height of 100mm are
used. The mica sheet is fixed inside the mould through fine
cotton according the needed angle. The precise calculation
ratio of liquid resin is poured into themouldmica sheet fixed.
Some aggregates with different particle sizes are randomly
embedded inside the transparent resinmaterial in the process
of casting resin material modeling. At room temperature for
24 hours, the specimens are taken out from the mould. After
repeatedly baking in the oven for 3 to 5 times, with each
baking time about 30 minutes, the specimens are freezing
to −30∘C, and then this material is perfectly brittle, deforms
without barreling, and has linear stress-strain behavior up to
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Figure 2: A specimen containing two preexisting flaws: the inclina-
tion is 𝛼, the rock bridge angle is 𝛽, the length of the preexisting flaw
is 2𝑐, and the location of inner and outer flaw tips is defined.

its burst-like fracture. The mechanical properties evaluated
during the tests are as follows: Young’smodulus𝐸=7.553GPa;
uniaxial compressive strength 𝜎

𝑐
= 93.488MPa; fracture

toughness 𝐾
𝐼𝐶

= 0.6MPa⋅m1/2.

2.2. Design of Preexisting Flaws. A thin mica film (the thick-
ness of 0.1mm) is used to model internal preexisting flaw
during casting and be hold in the mould by cotton threads;
it can represent a native open fracture of the rocks better for
smaller stiffness than copper.The sizes of elliptical preexisting
flaw are long axis 2𝑐 of 12mm and short axis 2𝑏 of 8mm.The
positions and orientations of the slots are predetermined to
give the inclination of the cracks (𝛼 = 30∘) and different rock
bridge angle (𝛽), which is the relative inclination between
the cracks. For the sake of later discussions, the flaws are
labeled as 1, 2. Three different bridge angles are used in the
experiment, which are 60∘, 85∘, and 110∘, as well as integrated
species. Therefore, we can investigate the cracks coalescence
along different rock bridge angles, as illustrated in Figure 2.

2.3. Testing Apparatus. The uniaxial compression test is
carried out with RMT-150B multifunction automatic rigid
rock servo material testing machine (Figure 3). Displace-
ment control mode is adopted as the load method in this
experiment. The specimens are loaded to fail at a minimum
loading speed of 0.01mm/s. The loading system records the
values of load, displacement, and other parameters and draws
the curve of load-displacement instantaneously. A video
camera is connected to the microscope and all the images are
transferred to a computer instantaneously, so that the process
of crack evolution can be analyzed conveniently after testing.

3. Results and Analysis

Three types of models containing different rock bridge angles
are tested to investigate the development of 3D fracture pat-
terns.The following three sections depict the crack initiation,
propagation, and coalescence of transparent resin materials
with preexisting 3D cracks. The first section is general exper-
imental observation; the second section is different model
of crack coalescence for specimens containing different rock
bridge angles; the third one is peak strength of 3D preexisting
flaws specimens.

3.1. General Experimental Observation. Specimen with dou-
ble preexisting flaws is experienced process of pressure elastic
deformation, crack expansion, brittle failure, and residual
strength on the whole. The coalescence of the specimen has
much to do with the rock bridge angles.

Now the crack propagation process of specimen rock
bridge angle 85∘ is described in detail. According to the
loading record and images obtained in the loading process,
first stage is pressure dense phase and then the elastic
deformation; when the stress reaches about 50% of the peak
strength, the crack initiation appears first as a sudden at
the inner tips of preexisting crack 1 in the form of leaping
and is about half the length of the prefabricated crack axis;
the typical pattern of wing crack is shown in Figure 4(a).
The wrapping wing cracks then start to curve around the
preexisting flaw boundary. When the stress reaches about
60% of the peak strength, the crack emerges from the tips
of preexisting flaw 2 as a sudden, and the length is roughly
the same as the length of axis. With loading increasing, the
wing crack emerges from lower tip of preexisting flaw 1 and
the upper tip of preexisting flaw 2 and grows in a stable
way; later, different from the results of 2D crack growing,
antiwing wrapping crack (its growth direction is opposite to
the wing wrapping crack) is induced from preexisting flaw
2, but the growing length is limited, as long as one-third of
length of the short axis. At the same time, the wing cracks,
respectively, from the upper tip of preexisting flaw 2 and
lower tips of preexisting flaw 1 are growing towards each
other but not coalescence.When the stress reaches about 70%
of the peak strength, a tiny type tension crack turns up in
the middle part of rock bridge area; ultimately the growing
of the secondary crack and the propagation of wing cracks
lead to the coalescence of crack induced by the preexisting
flaws.When the stress reaches about 75%of the peak strength,
cracks begin to grow from the upper tip of preexisting flaw
1. When the stress reaches about 90% of the peak strength,
cracks come up in the no fissure zone and are quickly growing
connecting with the cracks induced by the preexisting flaws.
When the stress falls to about 20% of the peak strength,
the effective bearing load area between particles is gradually
reduced, and the specimen eventually damages, as shown in
Figures 4(a) and 4(a).

The earlier stage of crack evolution of specimens with
rock bridge angle 110∘ has little difference from the one with
rock bridge angle 85∘. The wrapping wing cracks all come up
from the inner tips of the preexisting flaws. The difference
is that no secondary cracks are produced in the area of rock
bridge during the process of crack growing, but the eventual
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Figure 3: Test equipment: (a) data logger of RMT-150Bmultifunction automatic rigid rock servomaterial testingmachine, (b) loading system
of RMT-150B multifunction automatic rigid rock servo material testing machine, and (c) oven, which is used to test sample, make its curing
as soon as possible, and increase its brittleness.

fracture is caused by wing cracks growing. That is to say,
changing rock bridge angles will produce different mode of
crack coalescence. As shown in Figures 4(b) and 4(b), when
loading is going on, the wing cracks start to curve towards the
direction of loading, and wing crack plays a vital role in rock
fracture.

The early stage of crack extension mode with bridge
angle 60∘ resembles rock bridge angles 85∘ and 110∘ of the
specimens; wing crack emerges from the inner and outer tips
of crack 1 and crack 2 long axis one after another. When
the stress reaches about 70% of the peak strength, secondary
cracks emerge from the inner tips of crack 1 and crack 2,
respectively.With loading increasing, when the stress reaches
about 70% of the peak strength, cracks are growing quickly
and begin coalescence in rock bridge area. Eventually they
damage and form a shear failure surface, as shown in Figures
4(c) and 4(c).

In general, most cracks initiation appeared first at the
inner tips of the preexisting flaws; then growth follows at the
outer tips of the preexisting flaws, but some cracks initiation
occurs in the reverse order, growth at the inner tips followed
by cracks initiated at the outer tips.The growth of cracks at the
outer tips is faster than that observed at inner tips. The types
of cracking in rock bridge area can appear as either shear,
tensile, or mix of both modes of crack coalescence. Shear
cracks initiate in two different directions: coplanar or quasi-
coplanar and oblique to the flaw [43]. A detailed discussion
will be present in the next section.

4. The Modes of Crack Coalescence in
Rock Bridge Area

In 2Dmodes,Wong andChau [46] concluded that there were
three modes of coalescence in rock bridge area. Patterns of
crack coalescence of sandstone-like material containing two
parallel inclined frictional cracks under uniaxial compression

load are shown in Figure 5.The influence roles of the possible
orientations of cracks included the values of inclination of
preexisting cracks 𝛼, bridge angle 𝛽, and the frictional coef-
ficient 𝜇 on the surfaces of the two preexisting cracks. When
crack coalescence occurs, three main types of cracking can
be identified in the rock bridge area: wing cracks, which are
tensile in nature; secondary cracks, which are mainly shear
in nature and are normally parallel to the preexisting cracks;
mixed shear/tensile crack coalescence. In all, three main
modes are as follows: S-mode (shear crack coalescence), M-
mode (mixed shear/tensile crack coalescence), and W-mode
(wing tensile crack coalescence), as can be seen in Figure 5.
According to the loading record, our interest is placed on
the coalescence pattern in the rock bridge area. When the
bridge angle is 85∘ and when the stress reaches about 70%
of the peak strength, a tiny secondary crack turns up in the
middle part of rock bridge area; ultimately the growing of
the secondary crack and the propagation of wing cracks lead
to the coalescence of crack induced by the preexisting flaws.
As can be seen in Figures 4(a) and 6(a), contrasting with the
modes of 2D crack coalescence concluded byWong,when𝛼=
30∘, 𝛽 = 85∘, the observations are resemblance as the situation
shown in Figure 5(b). And themode isM-mode (mixed shear
and tensile crack coalescence). When the rock bridge angle
is 110∘, under uniaxial compression load, wing cracks initiate
and grow from tips of preexisting cracks. Wing cracks from
the inner tip of crack 1 propagate downward to the outer tip of
crack 2; at the same time, wing cracks from outer tip of crack
2 propagate upward to the inner tip of crack 1.

However, the specimens failed by axial splitting rather
than localized coalescence failure. As shown in Figures 4(b)
and 6(b), comparison with the coalescence mode of 2D crack
induced which is proposed by Wong, seen in Figure 5(f),
this crack coalescence mode is W-mode (wing tensile crack
coalescence). When the rock bridge angle is about 60∘,
wing cracks nucleation at both inner and outer tips of the
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Figure 4: Modes of crack coalescence with different rock bridge angles: the inclination angle is about 30∘; the frictional coefficient 𝜇 is about
0.577. (a) Showing the early stage of crack coalescence process under uniaxial compression when rock bridge angle is 85∘, (a) showing the
failure of the specimen under uniaxial compression when rock bridge angle is 85∘; (b) showing the early stage of crack coalescence process
under uniaxial compression when rock bridge angle is 110∘, (b) showing the failure of the specimen under uniaxial compression when rock
bridge angle is 110∘; (c) showing the early stage of crack coalescence process under uniaxial compression when rock bridge angle is 60∘, (c)
showing the failure of the specimen under uniaxial compression when rock bridge angle is 60∘.
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Figure 5: Six different patterns of crack coalescence were observed in the 2-flaw specimens. The notion of S, M, and W indicated the shear
mode crack coalescence,mixed (shear/tensile)mode crack coalescence, andwing tensilemode crack coalescence (afterWong andChau [46]).
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Figure 6: Three different patterns of 3D crack coalescence are observed in the tests.

preexisting crack normally occurs first, but before the wing
cracks propagate further, secondary shear cracks nucleate
from both kinks at inner tips. The secondary cracks nucleate
from both kinks at tips. The propagation of these secondary
cracks leads to shear coalescence in the rock bridge area
while wing cracks spread to the edges of the specimen, as
shown in Figures 4(c) and 6(c), and shear failure surface is

formed eventually.This kind of coalescence ismainly induced
by a high shear stress concentration in the bridge area. Our
observations suggest that whenever the two preexisting main
cracks are in alignment, the shear interactions between the
preexisting cracks become dominant. In contrast with the
coalescence mode of 2D crack induced which is proposed by
Wong, seen in Figures 4(c) and 6(c), this crack coalescence
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mode is S-mode (shear crack coalescence), but there are some
differences that the dominant induced role is shear stress, but
the effect of tensile cannot be neglected.

5. Peak Strength of Specimen with Flaws

Peak strength prediction of rock containing preexisting flaws
is discussed in this section. The mode raised by Ashby
and Hallam [47] is employed. Ashby and Hallam derived
the following approximate for wing cracks growing, which
nucleated from a preexisting inclined crack of length 2𝑐when
the specimen was subject to uniaxial compression strength
𝜎
1
:

𝐾
𝐼

𝜎
1

√𝜋𝑐

=
(sin 2𝜓 − 𝜇 + 𝜇 cos 2𝜓)

(1 + 𝐿)3/2
[0.23𝐿 +

1

√3 (1 + 𝐿)1/2
]

+ [
2𝜀
0
(𝐿 + cos𝜓)

𝜋
]

1/2

,

(1)

where 𝜎
1
is the uniaxial compression strength, 𝜓 is the angle

measured from the 𝜎
1
-direction along themain surface of the

flaw (𝜓 = 90∘ − 𝛼), 2𝑐 is the length of the preexisting flaw,
and the flaw density 𝜀

0
is defined as 𝑁𝑐2/𝐴 (𝑁 is the number

of flaw per area 𝐴). Although strictly speaking (1) is for the
case of multiple initial flaws, it was found that it also can be
employed for the specimen containing two flaws. Thus, the
peak uniaxial compressive strength 𝜎

1

max of a flawed speci-
men can be estimated by Wong and Chau [46]:

𝜎
1

max =
𝐾
𝐼𝐶

√𝜋𝑐
{

[sin 2𝜓 − 𝜇 + 𝜇 cos 2𝜓]

(1 + 𝐿
𝑐𝑟
)
3/2

[0.23𝐿
𝑐𝑟

+
1

√3 (1 + 𝐿
𝑐𝑟
)
1/2

] + [
2𝑒
0
(𝐿
𝑐𝑟

+ cos𝜓)

𝜋
]

1/2

}

−1

,

(2)

where 𝐾
𝐼𝐶

is the fracture toughness (in this paper
𝐾
𝐼𝐶

= 0.6MPa⋅m1/2 for our modeling material), 𝐿
𝑐𝑟

=
𝑙max/𝑐 (𝑙max = 2𝑏 sin𝛽 is the maximum possible value for
length of the coalesced wing cracks, and 2𝑏 is the distance
between the two flaws), and 𝜇 is the frictional coefficient
along the main shear crack; the orientation of the shear crack
for which the nucleation of the wing crack is most favorable
is given by 2𝜓 = tan−1(1/𝜇).

In this paper, the initial flaw density of specimen contain-
ing two flaws is 𝑒

0
= 0.015 (𝜀

0
= 𝑁𝑐2/𝐴; note that 𝑁 = 2,

𝐴 = 0.05m × 0.10m, and 𝑐 = 0.004m). Predictions of the
normalized peak strength (𝜎

1

max√𝜋𝑐/𝐾
𝐼𝐶

) by using (2) are
listed in Table 1; furthermore the relationship between stress
and strain of experimental results with different rock bridge

Table 1: Mechanical parameters of specimens with preexisting
cracks of different bridge angles.

𝛽 (∘) Peak strength
𝜀/10−3 𝐸/GPa

Experimental Theoretical
Complete specimen 21.46 — 16.08 6.15
60 13.13 10.09 15.12 5.33
85 12.86 16.51 14.04 5.15
110 12.71 13.68 14.65 5.21
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Figure 7: Stress and strain curves of samples with preexisting cracks
of different bridge angles.

angles is compared (see in Figure 7). As given in (1), the
former part of the formula,

𝐾
𝐼

𝜎
1

√𝜋𝑐

=
(sin 2𝜓 − 𝜇 + 𝜇 cos 2𝜓)

(1 + 𝐿)3/2
[0.23𝐿 +

1

√3 (1 + 𝐿)1/2
] .

(3)

Equation (3) was derived by Ashby and Hallam, which is an
approximate expression for mode 1 stress intensity factor 𝐾

𝐼

at the tip of the wing cracks, and the wing cracks nucleate
from a preexisting inclined crack of length 2𝑐 when the solid
is subject to uniaxial compression strength 𝜎

1
.

If peak strength is to be predicted, crack interaction and
coalescence must be incorporated into the analysis. Using
beam theory, the following 𝐾

𝐼
is due to crack interactions
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using beam theory, as can be seen from the later part of (2),
and written as follows:

𝐾
𝐼

𝜎
1

√𝜋𝑐
= {

2𝑒
0
(𝐿 + cos𝜓)

𝜋
}

1/2

. (4)

Combining (3) and (4) gives the total stress intensity factor
𝐾
𝐼
for the wing cracks with crack interaction. Equation (3)

completes the elastic theory for cracks. But, as known, rock
materials can become plastic if the compressive stress is large
enough. When a beam of thickness 𝑡 and depth 𝑏 is subjected
to an axial stress 𝜎

1
and a bendingmoment𝑚, it starts to yield

when the maximum surface stress reaches the yield strength.
Hence, an additional contribution to stress intensity can be
written as (4). But as shown in Figure 7, the transparent resin
material undergoes elastic deformation dominantly; it suffers
axial compression load but no significant bending. In other
words, stress-strain curves are typical of brittle behavior:
the nonlinear strain before peak strength is fairly small, and
resistance drops dramatically afterwards. So the influence of
beam is negligible, and the equation which can be applied in
the study is (3). However, some modification has been made
about the equation; that is, when 𝛼 < 45∘, | cos 2𝜓| should
be applied. The experimental observations and theoretical
results of peak strength of specimens are shown in Table 1.

The prediction by using the Ashby-Hallam model [46],
which is description in the previous section, is presented
here for comparison, as shown in Table 1; it is clear to see
that the predicted theoretical peak strength agrees well with
the experimental observation, but some deviations still exist
in the modified model. For example, the intensity tendency
does not perfectly agree with the result of the experiment.
Furthermore, theAshby-Hallammodel should not be applied
without modification when the inclination of preexisting
flaws 𝛼 < 45∘ and the modification to be made requires more
detailed analysis in the future.

6. Conclusion

In this paper, experimental results on the mechanism of
3D crack propagation and coalescence as well as the peak
strength of transparent rock-like material containing preex-
isting flaws under uniaxial compression are presented. The
specimens used in this study are made of frozen transparent
resin material with different rock bridge angles; the following
is found:

(i) It can be observed that coalescence in 3D flaws with
different rock bridge angles can be identified as the
shear mode, the mixed mode (tensile mode and shear
mode), and wing tensile mode. When the inclination
angle 𝛼 = 30∘ and frictional coefficient 𝜇 = 0.57,
the coalescence mode is dominated by different rock
bridge angles.When 𝛽 = 60∘, shearmode coalescence
occurs; when 𝛽 = 85∘, mixed mode coalescence
occurs; when 𝛽 = 110∘, wing tensile mode coales-
cence occurs. Nevertheless, more 3D experimental
and theoretical studies need to be carried out.

(ii) The existence of flaws greatly reduces the compression
strength of the specimen, and the cracks existing

make the peak strengths reduced. The uniaxial peak
strength prediction of 3D cracks by Ashby-Hallam
[46] compares well with the experimental result.
And there is some modification of the mode which
has been made. Nevertheless, further modification
should be done to give a better prediction of peak
strength.
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