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Abstract. A rock mass containing non-persistent joints can only fail if the joints propagate and coalesce
through an intact rock bridge. Shear strength of rock mass containing non-persistent joints is highly affected
by the both, mechanical behavior and geometrical configuration of non-persistent joints located in a rock
mass. Existence of rock joints and rock bridges are the most important factors complicating mechanical
responses of a rock mass to stress loading. The joint-bridge interaction and bridge failure dominates
mechanical behavior of jointed rock masses and the stability of rock excavations.The purpose of this review
paper is to present techniques, progresses and the likely future development directions in experimental and
numerical modelling of a non-persistent joint failure behaviour. Such investigation is essential to study the
fundamental failures occurring in a rock bridge, for assessing anticipated and actual performances of the
structures built on or in rock masses. This paper is divided into two sections. In the first part, experimental
investigations have been represented followed by a summarized numerical modelling. Experimental results
showed failure mechanism of a rock bridge under different loading conditions. Also effects of the number of
non-persistent joints, angle between joint and a rock bridge, lengths of the rock bridge and the joint were
investigated on the rock bridge failure behaviour. Numerical simulation results are used to validate
experimental outputs.
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1. Introduction

Lengths of the fractures in natural rocks can vary from tens of kilometres down to tens of
microns. In addition, the joints in rocks are normally discontinuous in nature with limited lengths.
There are only few cases where the cause and the location of failure in rock structure limited to a
single discontinuity. Usually, several discontinuities of limited size interact and eventually form a
combined shear plane where the failure takes place (Committee on Fracture Characterization and
Fluid Flow 1996). So, besides the discontinuities themselves, regions between adjacent
discontinuities consisting strong rock which called the rock bridges are of utmost importance for
the shear strength of compound failure plane (Jaeger 1971, Einstein et al 1983). From the practical
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point of view and to a certain extent, in nearly all rock engineering projects, constructions of
structures in or on rock masses contain both; fractures and rock bridges. The crack coalescence in
a rock bridge is usually responsible for the failure of many rock structures. Also, higher strength of
rock mass is mainly induced by the presence and the arrangement of rock bridges (Stimpson 1978,
Jennings 1970, Zhao 1995, Horii et al 1986). One claims to be on the safe side since the rock
bridges are thought to produce a strength reserve, as they have to be broken first before failure can
take place along the newly separated plane (Stimpson 1978). In some approaches, the rock bridges
are taken to be responsible for increasing additional cohesive strength (Einstein et al 1983,
Stimpson 1978, Jennings 1970).

From other point of views, the collapse of underground structures can be regarded as either; the
movement of fractured block in fully persistent jointed rock masses, or propagation and
coalescence of non-persistent joints around excavation surface. Therefore, the mechanism of crack
coalescence in the rock bridge area between pre-existing joints remains one of the most
fundamental theoretical problems in rock mechanics to be solved. A comprehensive study on the
shear failure behaviour of jointed rock can provide a good understanding of local and general rock
instabilities, leading to improved designs for the rock engineering projects. In the following
sections, experimental and numerical studies will be described.

2. Experimental analyses

Crack initiation and propagation have been the subjects of intensive investigations in rock
mechanics, both theoretically and experimentally. First theoretical study on growth of the pre-
existing two-dimensional cracks was given by Griffith (1921, 1924). Irwin (1957) further
introduced the concept of critical energy release rate and the crack tip stress intensity factor (K).
With respect to the field of rock mechanics, a number of experimental studies have been carried
out to investigate the crack initiation, propagation and interaction (Hoek et al. 1965, Pang et al.
1972, Hallbaue et al. 1973, Tapponn et al. 1976, Olsson et al. 1976, Kranz 1983, Batzle et al.
1980, Wong 1982; Pan et al., 2014; Haeri et al., 2014a, 2014b, 2014c, 2014d, 2014e, 2014f;
Ibraheem et al., 2015; Haeri et al., 2015a, 2015b, Haeri, 2015c, 2015d, 2015e; Haeri and Sarfarazi,
2016a, 2016b). For a comprehensive literature review on micro-crack studies, it refers to Kranz
(1983). Meanwhile, many mathematical models were developed to explain and predict the
processes of crack growth, interaction and rock failure (Dey et al. 1981, Steif 1984, Horii et al.
1985, Ashby et al. 1986, Sammis et al. 1986, Kemeny et al. 1987, Kemeny 1991). For discussing
on how these shear crack models can be applied to real rocks, it refers to the comparative study by
Fredrich et al. (1990).

A number of researches were described their studies on crack propagation on different
materials in uniaxial compression forms (Nemat-Nasser & Horii 1982, Hoek & Bieniawski 1984,
Jiefan et al. 1990). A common crack pattern found in rocks and rock-model materials under
compressive loading was also summarized by Bobet (2000) as follows (see Fig. 1): 1. Wing cracks
start at the tips of the fractures and propagate in a curvilinear path as load increases. Wing cracks
as the tensile type grow in stable manner, since an increase in loading is necessary to lengthen the
cracks. Wing cracks tend to align with the direction of the most compressive stress. 2. Secondary
cracks are generally described as shear cracks or shear zones. They initiate from the tips of the
fractures and there two directions are possible: (1) coplanar or nearly coplanar to the fractures; (2)
with an inclination similar to wing cracks but in opposite direction.
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Fig. 1 A common crack pattern found in rocks and rock-model materials, Bobet (2000)

Ingrafea and Heuze (1980) observed similar crack pattern in uniaxial compression tests on
limestone and grano diorite specimens with single inclined flaws. Petit and Barquins (1988)
studied crack propagation in sandstone from a single flaw subjected to uniaxial compression;
tensile cracks, or “Branch Fractures”, and a “Shear Zone” were observed at the tips of the flaw.
Chen et al. (1992) conducted uniaxial experiments on marble; first, tensile cracks appeared near
and at the tip of the flaw. As the load was increased, an “X” shape band appeared at and extended
from the tips of the flaw approaching to the specimen boundary. A number of investigators have
reported cracks with similar characteristics in the specimens containing single inclined flaw
(Einstein et al. 1993, Pang et al. 1972, Hallbauer 1973, Tapponnier et al. 1976, Olsson et al. 1976,
Kranz 1979, Batzle et al. 1980, Dey et al. 1981, Germanovich 1996, Steif 1984, Sagong et al.
2000, Bieniawski 1967, Jamil 1999, Alzo’ubi 2001, Bobet 1997, Bobet et al. 1998, Celestino et al.
2001, Huang et al. 1999, Li et al. 2003, Papadopoulos et al. 1983, Shah 1999a, Shah 1999b, Shang
1999, Shen 1993, Shen et al. 1995, Tang et al. 1998, Takeuchi 1991, Wong et al. 1998, Deng et al.
1984, Zhu et al. 1998; Haeri et al., 2014a, 2014b; Haeri et al., 2015a, 2015b, Haeri, 2015c, 2015d;
Haeri and Sarfarazi, 2016a, 2016Db).

Reyes (1991), Shah (1999 a,b), Shen (1993, 1995), Bobet (1997), Bobet and Einstein (1998),
Zhu et al. (1998), Wong and Chau (1998) and Wong et al. (1997) have investigated crack
propagation and coalescence on rock-like materials specimens containing two inclined flaws
which both were either open or closed. Besides model materials, real rock samples are also
employed to study the rock materials with fractures. Examples include the work of Huang et al.
(1999) and Celestino et al. (2001) on marble and Shang et al. (1999) on granite and marble. They
found that wing cracks and secondary cracks (initiating after the wing cracks) may occur and
eventually lead to coalescence under uniaxial compression. To incorporate the effect of crack
surface friction, Shen et al. (1993) conducted a series of uniaxial compressive tests on gypsum
specimens containing both, open and closed fractures. It was found that the initial geometrical
setting of parallel flaws controls the mechanism of crack coalescence. The observed patterns of
crack coalescence were similar to those reported in the study by Wong and Chau (1998). Failure of
flawed solids may occur in tensile and/or shear modes, depending on geometrical relation between
the two pre-existing flaws. Based upon the experimental work by Wong and Chau (1998) and
Shen et al. (1995), Wong and Chau (1997) reconsidered the problems of crack coalescence and the
strength between the two flaws by using a rock-like material (made of barite, sand, plaster and
water) under uniaxial compression. Three main factors were changed to investigate the failure
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Fig. 2 three main modes of crack coalescence Wong and Chau (1998)

patterns: the flaw angle ‘a ’ (inclination of the flaw), the bridge angle ‘B’ (angle between two
flaws) and the frictional coefficient ‘i’ of flaw surface, under the conditions of a fixed flaw length
‘2¢’ and a fixed distance between the flaws ‘2b’. In general, three main modes of crack
coalescence were observed as shown in Fig. 2. They are the wing tensile mode (crack coalescence
involving the growth of wing cracks along the direction parallel to the compression), the shear
mode (links between two flaws along the direction roughly parallel to the flaw), and the mixed
mode (shear/tensile). Wong and Chau (1998) proposed a classification of patterns for three
different failure modes (tensile, shear and mixed), for different combinations of flaw angle «;
bridge angle B and frictional coefficient p on flaw surface.

Wong (1997), Wong et al. (1997, 1998) and Wong and Chau (1998) found that compressive
strength of specimen for the wing crack coalescence is normally lower than that for the shear crack
coalescence. Furthermore, Wong and Chau (1998) found that the strength of cracked solids does
not show any linear relation with the number of pre-existing flaws (density) once a threshold value
of flaw density is exceeded. In those researches, the effect of confining pressure on crack growth
properties has eliminated.

Model tests have been conducted to study the effect of structural planes on the deformation
characterizes of rocks by Hu et al. 2009, and the strength computing method of rock with
intermittent joints is proposed. The deformation characterizes of rocks contain structural planes are
analyzed by Mao et al. 2009.

Hall et al. (2006) has investigated the fracture propagation in a soft rock consisting imbedded
non-persistent joint using acoustic emissions and digital images.

Based on the observations made, for tuff Neapolitan fine-grained, failure is highly dependent
on the juxtaposition of the flaws. As such, a general description of the fracture development and
coalescence in the rock bridge has been identified with three phases similar to that in a classical
form. Few precursory warning signals to failure have been identified, even in the AE analysis. In
situ any precursory signals are most likely to be from with AE signatures, in particular their
location, frequency character, the ratio of the cumulative hits and the cumulative energy parameter
detected with AE sensors local to high risk fracture zones. Such data might allow the assessment
of what stage/type of failure is occurring and so the state of coalescence of the fracturing might be
inferred. Even though the observations showed that the coalescence mechanisms may lead very
rapidly to failure with only a slight prior warning from the AE monitoring, in situ collapses will
occur as the result of many such rock-bridge failures and under different stress conditions.
Therefore monitoring with AE within the cavities below Naples may allow tracking of rock-bridge
failures and assessment of the overall likelihood of block detachment and large failures. In this
research, the effect of non-persistent joint on the shear behavior of rock bridge is ambiguous
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Fig. 3 (a) Geometry of specimens and the pre-existing cracks, (b) Upper side of the failure surface K =
0.6, a=0°, B=45°,(c) K=10.6,a=30°b=45° (d) K= 0.6, a =45°, b = 45°, Mughieda et al. (2004)

Mughieda et al. (2004) has investigated the Fracture mechanisms of offset rock joints under
uniaxial loading (Fig. 3). The inclination angle of the joints (B) remained constant at 45° for all
specimens and the inclination angle of the bridge (a) was changed from 0.0°-120° with an
increment of 15°. The ratio of rock bridge surface to total shear surface was 0.6 (K=0.6).

In all specimens, the wing cracks were initiated and propagated before the failure, due to high
concentration of tensile stresses at the joint tips. Mode of failure was dependent on the crack-
bridge configuration (Fig. 3(b), (¢) and (d). Bridge inclination was the main variable that
controlled the mode of failure. For bridge inclination of 30°, 45°, 90°, and 105°, the coalescence
occurred due to mixed tensile and shearing failures. For bridge inclination of 60°, 75° and 120°,
coalescence was due to pure tensile failure. For non-overlapped joints, the strength of specimens
was the highest for coplanar joints and the lowest for bridge inclination angle of 30°. Mixed mode
of failure controlled the strength of offset joints. For overlapped joints, the strength increased as
the bridge inclination angle increased. Difference in displacement between the bridge and the joint
proves that there was progressive failure. . In this research, the effect of confining pressure on the
shear behavior of rock bridge are ambiguous. Also, the effect of joint persistency on the failure
pattern has been eliminated.

Mughieda et al. (2006) has investigated the Coalescence of offset rock joints under biaxial
loading (Fig. 4). Inclination angle of the joints (b) remained constant at 45° for all specimens and
inclination angle of the bridge (a) was changed from 0 to 90° with an increment of 15. The
specimens were tested under three different confining stresses: 0.35, 0.7 and 1.5 MPa, and the
lateral stress to unconfined compressive strength (11 MPa is an average value) ratios were: 0.032,
0.064 and 0.14, respectively. Experimental study proved that, the coalescence mechanism and the
strength of jointed blocks with open offset rock joints were highly dependent on the bridge
inclination angle. In all specimens, wing cracks initiated and propagated before the failure due to
high concentration of tensile stresses at the joint tips. For low confining stress, wing cracks
appeared in the middle of joints. The mode of failure was dependent on the crack-bridge
configuration. Bridge inclination was the main variable that controlled the mode of failure. For
bridge inclination of 0°, the coalescence occurred due to shear failure and for bridge inclination of
90°, the coalescence occurred due to tensile failure while for the other bridge inclinations,
coalescence occurred due to mixed tensile and shear failure. Results showed that for non-
overlapped joints, the strength of specimens was the highest for coplanar joints and the lowest for
bridge inclination angle of 30°. Mixed mode of failure controlled the strength of offset joints. In
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Fig. 4 Geometry of specimens and the pre-existing cracks, b) Biaxial testing equipment, general set-up,
Mughieda et al. (2006)
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Fig. 5 Geometries of model rock specimen. a) Overall view, (b) detail, Bobet and Einstein (1998)

this research, the effect of confining pressure has been investigated only in two direction. Also, the
effect of joint persistency on the failure pattern has been eliminated. In this research dimension of
sample is small and scale effect was absent in the research.

Bobet and Einstein (1998) have been investigated the fracturing coalescence in rock type
material under uniaxial and biaxial compression (Fig. 5). the flaw angles (B) were set at 30°, 45°
and 60°, the spacing (s) was 0 to 4a and the continuity (c) was from a to 4a. The flaw types were
either open or closed.

Results showed that by increasing confining stresses, wing cracks initiations which were
expected to occur at flaw tips shifted towards middles of the flaws. Secondary cracks which in
some cases were actually appeared before the wing cracks, involved in cracking coalescence. Both
types of cracks grow stably to a point before the coalescence, when unstable propagation of
secondary cracks takes place. A very interesting observation relates to the influence of ligament
length is, i.e. distance between the flaws. Up to a distance of 1.5 times of the flaw length, flaws
effect on each other during the crack growth; also coalescence can only occur if flaws are
sufficiently close to each other, a distance which decrease with increasing confining stress. It is
also significant to mention that, the secondary cracks initially propagate in shear in many cases up
to the coalescence. In this research, the effect of confining pressure has been investigated only in
two directions. Also, the effect of joint persistency on the failure pattern has been eliminated. In
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Fig. 6 Scale effect on the mode of failure, = 67°, Mughieda et al. (2004)

this research dimension of sample is small and scale effect was absent in the research. It’s to be
note that the spacing and continuity of rock joint have important effect on the failure behaviour but
this effect has been eliminated due to small scale of sample.

Mughieda et al. (2004) has investigated the scale effect on engineering properties of open non-
persistent rock joints under uniaxial loading (Fig. 6). Uniaxial compression tests were performed
on blocks made of rock like material. Three block sizes were tested having dimensions of (63.5x
28%20.3) cm, (40.7x20.3x13.5) cm and (30.5x15.24x10) cm with different degrees of persistence
(K) (joint length percentage of the total non-persistent length; 0.2, 0.4, 0.6 and 0.8) and joint angle.
Joint angles (B) were set at 45° or 67.5°

Results showed that there are two modes of failure; shearing failure along the non-persistent
joints, and the failure through intact materials, depending upon the following three factors: As [
increases, mode of failure changes from failure through intact material to shearing along the non-
persistent joints. As K increases, the mode of failure tends to change from splitting failure in intact
materials to shear failure along the planes of non-persistent joints. As sample size decreases, the
mode of failure changes from splitting failure in intact materials to shearing failure along the
planes of non-persistent joints. As size increases, strength decreases. In this research, the effect of
confining pressure on the shear behaviour of rock bridge is ambiguous. Also, the effect of number
of joints on the failure pattern has been eliminated

Since in rock masses, a number of discontinuities are present, the question remains as whether
the observations from specimens with two flaws can be extrapolated to specimens with multiple
flaws. Lin et al. (2000) and Wong et al. (2000) reported very briefly the results from specimens
containing multiple flaws under both uniaxial and biaxial compression. Number of flaws in
specimens was from 3 to 42. To study the failure of brittle rocks consisting non-persistent joints,
Nemat-Nasser and Horii (1982), Horii and Nemat-Nasser (1985, 1986) investigated the
mechanism of crack interactions and the final failure patterns in fractured (flawed) plates made of
Columbia resin CR39 under uniaxial, as well as biaxial compressions. Their specimens contain a
series of flaws of different lengths and orientations (Horii et al. 1985). They showed that the flaw
length is one of the parameters controlling failure patterns specimens. In general, larger flaws
control mechanism of coalescence in the form of axial splitting under uniaxial compression with
little or no crack growth from small flaws. Under biaxial compression, the growth of larger flaws
is followed by the growth of smaller flaws and the final failure is a coalescence of smaller flaws in
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Fig. 7 The specimen containing three flaws, Wong et al. (2001)

a form of shear zone or fault.

Wong et al. (2001) investigated the crack coalescence in rock-like materials containing three
flaws (Fig. 7). The inclinations of the pre-existing flaws a used in this study were 45° and 65°. The
bridge angle of b was fixed at 45°, while b varied from 75° to 120°. Length of flaw 2c was fixed at
12mm. Bridge distance between the two flaws 2b was fixed at 20 mm.

Results show that the crack coalescence occurs between only two flaws (not three). The
mechanisms of crack coalescence depend on coalescence stress of the pair of flaws. The lower
value of coalescence stress between the pair of flaws will dominate the process of coalescence.
Mixed and wing tensile modes of coalescence are more likely to occur in respect to the shear
mode, if coalescence stress between a pair of flaws be very close to (within 5% of each other).
Frictional coefficient m of flaw surface can affect the pattern of coalescence of cracked solids.
Uniaxial peak strength for cracked specimens does not depend on the total number of flaws but
only on the number of flaws which actually involved in forming shear zone of failure pattern. In
this research, the effect of confining pressure on the shear behaviour of rock bridge is ambiguous.
Also, the effect of number of joints on the failure pattern has been eliminated. It’s to be note that
the behaviour of sample consisting rock joint with various direction is ambiguous.

Kuntz et al. (1998) has used the steady-state flow experiments to visualise the stress field and
potential crack trajectories in a 2D elastic-brittle cracked media for uniaxial compression. Several
experiments with one single, two en-echelon and randomly distributed cracks have been conducted
and compared with analogue data in two-dimensional elastic plates. It is shown that the steady
state flow method not only provides an accurate picture of crack-induced perturbation of the
displacement field but may also be used to predict the potential trajectories of mode | cracks.
Micro mechanisms of the cracks interactions such as screening or enhancing effects are well
illustrated. Since the coalescence is observed only for few favourable initial configurations of pre-
existing flaws, the emergence of a macroscopic failure still remains an open question.

Sagong et al. (2002) have been conducted a number of experiments on pre-cracked specimens,
made of gypsum loaded in compression (Fig. 8). Two series of tests have been investigated:
specimens with three flaws, and with 16 flaws. The objective of their research is to ascertain if the
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Fig. 8 Specimen with multiple flaws, (a) Overall view, (b) geometry of the flaws, Sagong et al. (2002)

crack types and coalescence patterns produced in specimens with two flaws can be extrapolated to
specimens with three and 16 flaws. Three parameters are changed to produce different geometries
(Fig. 8(b)): flaw inclination angle, b; spacing, S; and continuity, C: All flaws were parallel to each
other and have the same angle  with the Horizontal (i.e. the horizontal is defined as perpendicular
to the direction of loading). Three flaw inclination angles were at: 30°, 45°, and 60°. Spacing, S; is
the distance between the two contiguous rows of flaws, and is measured along a direction
perpendicular to the planes of the flaws. Two different spacing are used; a, and 2a (i.e. 6.35 and
12.7mm); 2a refers to the length of flaw, and a, half-length of flaw; all flaws had the same length,
2a =12.7mm). Continuity, C; is the distance between the flaws in two different rows, and is
defined as the overlapping length between two flaws measured along the planes of the flaws (see
Fig. 8(b)). Continuity can be positive (as in Fig. 8(b)), or negative (for example, if the right tip of
flaw 2 (one side of the crack) in the figure is between flaw 1 and flaw 3). Five investigated
continuities were: -2a, -a, 0, a, and 2a (i.e. -12.7, -6.35, 0, 6.35 and 12.7mm). Distance between
flaws on the same row was kept constant for all tests and equal to 2a (12.7mm; see Fig. 8(b)).

Results showed that the initiation stresses for wing crack and secondary crack were dependent
on the geometry of flaws. Initiation stress increases with; the flaw angle, the spacing, the
overlapping ratio, and decreases with the number of flaws.

Coalescence was produced by the linkage of two flaws through wing and/or secondary cracks.
Linkage can be produced by any combinations of wing cracks and secondary cracks. Nine types of
coalescence have been identified based on the nature of the cracks involved. Type of coalescence
can be correlated with the geometry of flaws, defined by the flaw inclination angle and the
ligament angle. Coalescence Type | occurs in coplanar flaws; coalescence Type Il in non-
overlapping left stepping flaws; coalescence Type IV in overlapping left stepping flaws;
coalescence Type Il is a transition between Types Il and IV (i.e. transition between non-
overlapping and overlapping); coalescence Type V for perfectly overlapping geometries;
coalescence Type VI for overlapping right stepping geometries; coalescence Types VIl and 1X for
non-overlapping right stepping geometries; coalescence Type VIl is a transition between Types VI
and VIII (i.e. between overlapping and non-overlapping). Coalescence stress increases with flaw
inclination angle and ligament length. For ligament lengths greater than 3a, the joint length would
be 2a and the coalescence stress stays constant and it is rather independent of the relative locations
of flaws. Coalescence in specimens with multiple flaws tends to occur in a “columnar” pattern
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where flaws in the same column are linked together. The right and left stepping failures observed
in three flaws samples occurred for the samples consisting 16 flaws too. In this research, the effect
of confining pressure on the shear behavior of rock bridge is ambiguous. Also, the behavior of
sample consisting rock joint with different direction is unknown. It’s to be note that the result of
this research was restricted to gypsum. It’s important to clarify what is the behavior of rock bridge
when inserted in different materials.

Prudencio et al. (2007) has investigated the strength and the failure modes of rock mass models
with non-persistent joints (Fig. 9). Joint geometries and confining stresses are shown in Table 1.
Results show that, stress orientation relative to joint orientation and the value of confining stress
are concluded from different failure modes. Samples with steeply dipping non-persistent joints and
the joint step angles larger than 90° underwent planar failure. Strengths of some samples turned
out to be larger than those predicted by a simple model, because normal stress on rock bridges is
several times larger than that assumed by simple (intact) model. Low confining pressures when the
joint step angle is approximately 90° can induce a step failure along an average slope angle of yf=
y1 +Ay, where y1 is the dip of joint system and Ay =tan™(d/Lj) (d is the joint spacing and Lj is
the joint length). Wing fractures and tensile failure propagating in the rock bridge between the
parallel adjacent fractures can significantly reduce the strength of rock mass. As a result, the model
divides into a series of individual blocks which can rotate, leading to a toppling or “rotational
failure”. The overall strength can be as low as the residual strength on an equivalent joint along

Fig. 9 (a) Parameters varied in the tests, (b) Joint geometries tested, Prudencio et al. (2007)

Table 1 Joint geometries and confining stresses of the samples tested, Prudencio et al. (2007)

Serie .‘_I {cm) L, {cm) d (cm) ¥ [ e (em) G266,
| 5 2 2 0.01 0.000 0.050 0.169
2 o0 45 0,000 0,026 0,040 0,050 0.096
3 135 15 0,000 0.043 0,047 0,103 0169
4 in 0.000 0.017 0023 0.033 0.091 0.103 0169
5 45 0.000 0.040 0064 0.126
[ 60 0.000 0011 0025 0,035 0.060  0.077 0079 0176 0.199
7 4 117 0.000
8 127 45 0.000 0.011 0.020 0,039 0.058 0.086
9 2 2 112.5 0.000 0.030 035 0.075 0. 100
10 135 0,00 0,000 0.042 (L6 0,123
I

25 1 1 90 0,01 0.000 0.0949
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Fig. 10 Geometry of model rock-like specimen. B1, B2 and B3 are the distance between two joints,
Wong et al. (2002)

100mm

the potential failure surface. Planar failure and stepped failure are associated with higher strengths,
brittle behaviour, and small failure strains, while rotational failure is usually associated with a very
low strength, ductile behaviour, and large deformation. The ability to forecast failure mode has a
significant economic effect on open pits stabilities: rotational failure would lead to a regressive
slope failure, while a planar failure, although associated with a possible steeper pit, would lead to a
brittle behaviour of the slope.

In this research, the effect of confining pressure has been investigated only in two directions.
Also, the effect of joint persistency on the failure pattern has been eliminated duo to restrict in
sample dimension. In this research sample is small. Scale effect was absent in the research. Wong
et al. (2002) has investigated creeping damage around an opening in rock-like material containing
non-persistent joints (Fig. 10). The locations and orientations of slots are pre-determined by giving
a fixed arrangement of joints. The lengths (2c) and the angles of joints are fixed at 10 mm and at
45°, respectively. Lengths of the three bridges (the distance between the two joints, i.e. B1, B2,
B3) are fixed at 10 mm. For all specimens, the angle of bridge 2 or B3 is fixed at 105° while the
bridge angle for B1 at 45°. Two types of stress levels are applied on the jointed specimen with an
opening, to study the creeping damage after excavation. For the first type stress level, the 63 value
is changed with a fixed stress of 1. The fixed o1 is set at 1.2 MPa, at 65% of clmax. This fixed
ol (1.2 MPa) is the average stress level required to cause crack initiation in jointed specimen. The
o3 changes is varied from A (63/ o1) = 1/3 to 1 with 1/6 increment. Second type of stress level is
based on the changes of o1 with a fixed A value. The o1 is changed from 45% to 85% of olmax
with 20% increment. Thus, applied o1 are changed from 0.8, 1.2 to 1.6 MPa. These three stress
levels represent the stress below, at, and above the crack initiation stress. With a fixed A, the
applied o3 will also be varied with the changes in 61. For a systemic studying on creeping around
the excavated opening, the A value is also varied from 1/3 to 1. With these variations, the effects of
in situ stress level on failure mechanisms and the creeping time to failure could have been fully
studied.

Results show that, when the stress ratio A (63/ ¢ 1) is low (1/3), the tensile mode of creeping
failure is dominant and with high stress ratios of (A > 1/2), the shear mode or a combined tensile
and shear mode are.

For a lower A (A <=1/33), the micro-fractures are induced and propagate stably towards the
neighbouring joints, opening with a stepwise increasing until final failure. For a higher A (A > 1/2),
deformation around the opening fluctuate slightly after the excavation, then sudden failure. For A
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>= 2/3, no deformation changes after the excavation momentarily, then sudden failure.
Deformation around the opening decreases distance away from it where the strain of the inner zone
(r <=1.7 a) is about four times larger than that of the strain in the outer zone (r > 1.7 a). For a high
stress ratio of o1/ oclmax > 65% (clmax: the peak stress of jointed rock-like specimen without
opening), large deformation appears after the excavation. As a result, faster collapses of the
opening will occur. When 61/ clmax < 45%, only few cracks initiate and propagate after the
opening was drilled. As a result, the opening remains stable. creeping failure time decreases with
an increase in stress ratio of A and 61/ clmax. Stress ratios A and o1/ 6lmax are important indices
indicating the degree of instability of an opening after excavation. In this research, the effect of
confining pressure has been investigated only in two directions. Also, the effect of joint
persistency on the failure pattern has been eliminated duo to restrict in sample dimension. In this
research sample is small. Scale effect was absent in the research. The effect of tunnel diameter on
failure behaviour is unknown. In this research the effect of porosity, density, material mixture has
been eliminated.

Rocky landslides contain a lot of rock bridges, and researches on rock bridge were carried out
by experimental methods and simulated by analytical and numerical simulation techniques. The
laboratory study of AE characteristics during rock stress-strain process was reviewed (Rudajev et
al. 2000, Jansen et al. 1993); real-time failure process (Wang et al. 2013) and stability evaluation
and harm degree of landslides (Cheon 2011) were marked out. Behavior of rock bridge was
observed firstly by shear test in 1990 (Li et al. 1990); then cyclic loading test of rock bridge and
mechanical behavior was carried out (Shen 1990). The failure mechanisms and pattern of
coalescence of rock bridges were investigated (Wong 1999). Strength, deformability, failure
behavior, and AE locations of red sandstone were tested by using triaxial compression (Yang,
2012). Analytical methods such as neural network (Ghazvinian 2010), slice element method
(Zhang, 2008), and time-dependent degradation failure (Kemeny 2005, Zhu et al. 2004) are used
to study the progressive failure of rock bridge.

Rocky landslides contain a lot of rock bridges, and researches on rock bridge were carried out
by experimental methods. The laboratory study of AE characteristics during rock stress-strain

Fig. 11 (a) Sample size and sensor position, (b) Failure of locked section under continuous loading, (c)
Different reserved rock bridge length, Chen et al. (2015)
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process was reviewed (Rudajev et al. 2000, Jansen et al. 1993); real-time failure process (Wang et
al. 2013) and stability evaluation and harm degree of landslides (Cheon 2011) were marked out.
Behaviour of rock bridge was observed firstly by shear test in 1990 (Li et al. 1990); then cyclic
loading test of rock bridge and mechanical behaviour was carried out (Shen 1990). The failure
mechanisms and pattern of coalescence of rock bridges were investigated (Wong 1999). Strength,
deformability, failure behaviour, and AE locations of red sandstone were tested by using triaxial
compression (Yang, 2012). Analytical methods such as neural network (Ghazvinian 2010), slice
element method (Zhang, 2008), and time-dependent degradation failure (Kemeny 2005, Zhu et al.
2004) are used to study the progressive failure of rock bridge.

Chen et al. 2015 was investigated the failure mechanism of Rock Bridge based on acoustic
emission technique under direct shear test (Fig. 11).

The results show that AE source location can be accurately located during small scale tests in
small scale direct shear tests. The AE event count peak value increases with the increasing of rock
bridge length and vertical stress. In addition, the time of AE event count peak value appearing
goes back with the increase of the length and the vertical stress. AE resource location was
accurately and reliably located during large scale landslide model test with locked section. Based
on the locating process, rock sample failure features and cracks time-space evolution process were
revealed. AE showed that the brittle failure feature of landslide with locked section was reflected
well. In this research the effect of echelon joint, joint roughness, joint filling and joint aperture on
the failure behavior has been eliminated. Also the effect of material mixture on the failure pattern
is ambiguous.

However, most of the previous studies are focused on the mechanisms of crack initiation,
propagation and interaction under uniaxial and biaxial compression, but relatively few
experimental investigations were done to examine the pattern of crack coalescence in the rock
bridge area under direct shear loading. Lajtai (1969a,b) performed direct shear testing on model
material with non-persistent joints and observed that, the failure mode changes with increasing
normal stress. He suggested a composite failure envelope to describe the transition from tensile
strength of an intact material to residual strength of discontinuities. He thus recognized that the
maximum shear strength develops only if strength of solid material and the joints are mobilized
simultaneously. Savilahti et al. (1990) did some further study on the specimens with jointed rock
under direct shear testing where the joint separation varies in both horizontal and vertical
directions and joint arrangement changes from non-overlapping to overlapping using modelling

Fig. 12 shear specimen with discontinuous joint. Definition of the geometrical parameters, (b) beginning
of idealized shear test record. Shear stress t is shown to vary systematically with growing shear
displacement u, Gehle (2003)
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material. The coalescence patterns for specimens indicated that, the jointed rock failed in mixed
and tensile modes for non-overlapping and overlapping joint configurations, respectively. Wong et
al. (2001) studied shear strength and failure pattern of rock-like models containing arrayed of open
joints in both modelling plaster material and natural rocks under direct shear tests. Results showed
that failure pattern was mainly controlled by the joint separation while shear strength of jointed
rock depended mostly on the failure pattern. Ghazvinian et al. (2007) made a thorough analysis of
the shear behaviour of the rock-bridges based on changes in the persistency of their area. The
analysis proved that, the failure mode and mechanism were under continuity effect for rock-bridge.
Gehle (2003) investigated breakage and shear behaviour of intermittent rock joints (Fig. 12).

The effect of crack angle i; scale and degree of separation (I = e; with crack length | and crack
distance e) (see Fig. 12(a)), the influence of different crack types and conditions, the influence of
normal loading as well as of the kind of loading (CNL versus CNS), and finally, the influence of
different model materials on shear failure behaviour of rock bridges has been investigated. These
tests revealed that shearing of such joints is characterized by several mechanisms, each responsible
for a special kind of shear resistance. Three phases for shearing can be identified. The
characteristic or maximum shear resistances in these phases are called SR1 to SR3 (Fig. 12(b)).
First shearing phase is that of actual rupture, initiated by the formation of wing cracks (at SR1a),
starting from existing cracks and growing into the material bridges, and concluded by generating
additional new fractures connecting the initial cracks in the zone between the wing cracks (at
SR1b). Complete bisecting of the material bridges is then obtained. The second phase of shearing
is characterized by friction processes and volume increase in shear zone. Depending on whether or
not the initial cracks are open, the shear resistances representing the levels in the shear curves are
called SR2a or SR2. Finally, the third phase of shearing, reached after large shear displacements, is
determined by the sliding processes inside strongly fractured shear zone. Here SR3 is the measured
resistance.

These shear resistances corresponding to different shear mechanisms depend on various ways
of testing conditions. Each can be a maximum shear resistance, so none of the shear mechanisms
may be neglected. Of all investigated parameters, the inclination of cracks inside discontinuous
joint and the normal stress are found to have dominant effects on shear strength. Their influence
varies from phase to phase due to different shear mechanisms. Each shear mechanism has been
investigated in detail. Failure of the rock bridges by wing and connecting cracks are shown to be a
tensile one. Frictional resistance after the completion of initially discontinuous joint is not only
caused by sliding, but by rotation and further breakage as well. The final shear process is
characterized by sliding within the rock breccia, into which the rock has been transformed by
intensive cracking and crushing. Most important conclusion from the presented results is the fact
that, not only one but several shear mechanisms are responsible for the shear strength of a
discontinuous joint. Most previous models suggested that, evaluation of the shear strength of
discontinuous rocks are usually based on one shear mechanism only or entirely empirical and are
therefore not suited for the representation of complete shear process. In this research the effect of
joints persistency, joint number, scale effect, material mixture, and echelon joint has been
eliminated on the failure mechanism of non-persistent joint. Also the effect of normal load,
loading rate, cyclic and dynamic loading are ambiguous on the shear behaviour of non-persistent
joint.

Ghazvinian et al. (2011) has investigated the effect of joint overlapping on shear behaviour of
rock bridge. Four specimens with similar Ligament length of 45 mm and different ligament angles
of 0, 25", 90" and 115  were prepared (Ligament length is the distance between the tips of two
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Fig. 13 the crack patterns for ligament angle of; (a) 0', (b) 25’, (c) 90 and (d)115", Ghazvinian et al. (2011)

joints and ligament angle is the counter-clockwise angle between the ligament length and shear
axis. For different specimens, the lengths of edge joints were different but in same specimen, the
lengths of those two joints were similar. The joint lengths (b) were at 52.5, 66.8, 75 and 78.8 mm,
associated with the ligament angles of 0', 25°, 90" and 115'; respectively.

All samples were tested by applying a shear displacement rate of 0.01mm/s. Normal stress
applied to the samples was set at 0.1 MPa. Observations showed that ligament angles influence
failure pattern of the rock bridge. Fig. 13 shows four different types of failure pattern obtained in
direct shear tests. When ligament angle is 0" (Fig. 13(a)), the upper tensile crack propagates
through the intact portion area but the lower tensile crack develops for a short distance, and then
becomes stable so as not to coalesce with the tip of other joint. When ligament angle is 25 (Fig.
13(b)), the wing cracks initiate at the tip of joints and propagate in curvilinear path till coalesce
with the tip of other joint. This coalescence left an elliptical core completely separated from the
sample. When ligament angle is 90 (Fig. 13(c)), the tensile crack initiates at the joint tip and
propagates through the bridged segment. In this configuration, the rock bridge is broken with a
single failure surface. When ligament angle is 115  (Fig. 13(d)), the wing cracks initiate at joint
walls and develop nearly in vertical direction. These wing cracks propagate through the intact
portion area, till coalesce with the opposite joint tips. This coalescence leave a rectangular core of
intact material completely separated from the sample. In these failure patterns, surface of failure at
bridge area is tensile because no crushed or pulverized materials and no evidence of shear
movement were noticed.

The models with ligament angle of 0" and 25 have the non-linear behaviour in force-
displacement curve. The non-linearity in force-displacement curve means that, the wing cracks
have a stable growth till the peak shear strength is reached. In other word, the wing cracks are
suppressed by external normal stress so they have stable growth. When ligament angles are 90°
and 115°, the load-displacement curve is completely linear. It means that, the wing cracks grow
unstably as soon as they initiate between the joint. Whereas, the effect of normal load is eliminated
on the rock bridge due to joint overlapping, therefore the wing cracks grow unstably. Also results
showed that, shear loading capacity of non-overlapped joints is more than that of overlapped joints
due to normal load appearances on the rock bridge in non-overlapped joint configuration. In this
research the effect of joint number, scale effect, material mixture has been eliminated on the
failure mechanism of non-persistent joint. Also the effect of loading rate, cyclic and dynamic
loading are ambiguous on the shear behavior of non-persistent joint.
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3. Numerical simulations

Numerical approach proves the necessity of these studies for rocks in investigating the crack
propagation and coalescence because of mechanical and geometrical complexity of most
problems. In general, many established numerical techniques can be used, i.e., the finite element
method (FEM) (Carpinteri et al. 1988), the boundary element method (BEM) (Blandford et al.
1981, Altiero et al. 1982, Aliabadi et al. 1993) or the displacement discontinuity method (DDM).
In recent decades, numerous theories for predicting stress distribution and crack propagation have
been proposed. For most practical purposes, the three fundamental theories commonly employed
are (Vasarhelyi et al. 2000): maximum tangential stress theory (Erdogan et al. 1963), maximum
energy release rate theory (Hussain et al. 1974), and minimum energy density theory (Sih 1974).
Although, any of the above methods can reasonably predict the tensile crack initiation in any
samples under both tension and compression, but they have been unsuccessful for the shear crack
initiation (Vasarhelyi et al. 2000). The Damage Model of Reyes and Einstein (1991) and the F -
criterion of Shen and Stephansson (1994) have been specifically developed for crack coalescence
through secondary cracking. Both models were successful using uniaxial compression tests but
with limited capabilities (Vasarhelyi et al. 2000). Recently, Bobet and Einstein proposed a hew
analytical criterion for both wing and secondary cracks (Bobet et al. 1998). This criterion is based
on the assumption that crack initiation depends on the local stress state relative to strength of
material rather than on stress intensity factor (SIF).

Using DDM, Scavia and Castelli (1996) and Scavia (1999) have conducted some preliminary
work through a numerical technique, BEMCOM, to investigate the mechanical behaviour of rock
bridges in materials containing two and three crack-like flaws. In their study, a series of numerical
analyses was carried out to evaluate the influence of overlapping, so as to identify a critical value
of resistance in the rock bridge. Their results show that, direct and induced tensile crack
propagation occurs in either, stable or unstable conditions depending on flaw spacing and the
applied confining stresses. Vasarhelyi and Bobet (2000) used the Displacement Discontinuity
Method, FROCK, to model the crack initiation, propagation and coalescence between the two
bridged flaws in gypsum under uniaxial compression. Their work reproduced the types of
coalescence observed in the experiments, and predicted an increase in coalescence stresses with
ligament length. While a good agreement between numerical and experimental results was found
as for the propagation trajectory of tensile and shear cracks in numerical models containing multi-
flaws, few numerical models are able to simulate the global response of the loaded specimens
containing multi-flaws. Motivated by the observations experimentally conducted by Horii and
Nemat-Nasser (1982), uniaxial and biaxial compression on numerical modelling of samples
containing a number of large, pre-existing flaws and a row of suitably oriented smaller flaws are
simulated by Tang and Kou using RFPA2D code (1998). Numerical results demonstrate that, with
confining pressure, the crack growth is stable and stops at some finite crack length; whereas a
lateral tensile stress even with a small value will result in an unstable crack growth after a certain
crack length was attained. This numerical modelling clearly demonstrated that RFP2D is a
validated tool to simulate not only the crack interaction mechanisms but also the global failure
behaviour of sample containing pre-existed crack-like flaws.

Mughieda et al. (2008) has investigated the stress analysis for rock mass failure with offset
joints using finite element analyses. Results show that in two-dimensional finite element model
based on linear elastic material, the tensile stress was mainly responsible for wing crack initiation
while the shear stress for the secondary crack.



A review of experimental and numerical investigations about crack propagation 251

Fig. 14 (a) The numerical model containing a row of small flaws and several larger flaws, Tang et al.
(1998), (b) Layout of sample containing three pre-existing flaws, Tang et al. (2001).

Bremaecker et al. (2004) have investigated the shear fracture propagation using displacement
discontinuity method (DDM). In this study, one or two cracks were stressed under either uniaxial
or biaxial compressions. Two failure criteria have been used; maximum strain energy criterion
GMax and maximum tangential displacement discontinuity, DsMax.

Results show that in agreement with many previous investigations (Shen et al. 1998), under
uniaxial stress, propagation occurs by an open wing crack which tends to be in the direction of
maximum compressive stress.

Under low lateral normal stress, fracture propagation starts by an open wing crack and
continues by a succession of short open and closed segments in a stair step pattern. These
segments correspond respectively to wing cracks and shear cracks. It is only in this case that the
results of two different propagation criteria for closed cracks, Guax and Dsyay, differ: both criteria
give the same propagation direction for the open segments, but the closed segments are oriented
symmetrically with respect to this direction. Numerical considerations suggest that the DSpyax
criterion is preferable. As the lateral normal stress increases, the lengths of shear cracks increase at
the expense of wing cracks, causing a change in global orientation of the extension. At sufficiently
high lateral normal stress, propagation occurs by a purely closed shear crack. These findings
confirm Cherepanov’s conclusions (1966), which were reached from purely theoretical
considerations.

FLAC software has used to study the effect of two structural planes on the rock strength by Yin

et al. 2010; Experimental tests and simulation work are conducted by Pu et al. 2010 to study the
uniaxial strength of the rock contains several structural planes.
Tang et al. (1998) have been investigated the crack propagation and coalescence in brittle
materials under compression using RFPA2D (Fig. 14(a)). The model contains eleven small flaws
(8.6 mm for each flaw in length) and eight large flaws (28.8 mm in length for each), with small
flaws arranged in a row. Mesh for the model consists of 240x120 = 28,800 elements with
geometry of 200x100 mm in size. An axial compression is applied to the sample with different
confining conditions (compression, tension and no confinement).

Numerical simulations show that micro cracks may nucleate at the tips of flaws and grow in the
direction of axial loading. However, the presence of slight lateral tension causes out-of-plane,
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curved crack growth in an unstable manner when a suitable critical length was attained. In this
case, cracks grow almost spontaneously without an increase in axial compression, leading to
sample collapsing in the manner of axial splitting. On the other hand, no unstable growth occurs if
a lateral confining pressure is applied to the sample. As a matter of fact, the cracks initiated from
the flaw tips and their propagations stop after reaching a finite length. It is confirmed that, under
axial compression; nucleation, growth, interaction and coalescence of micro cracks are the
dominant controlling sources leading to macroscopic failure of rocks. However, the coalescence of
wing-cracks may be in either tensile or shear modes, or a combination of both. Numerical results
show qualitatively a reasonably good agreement with reported experimental observations for
samples with similar flaw arrangements.

Tang et al. (2001) has investigated the crack coalescence in rock-like materials containing three
Flaws using RFPA2D. Mesh for the model is 240x120=28,800 elements representing sample
geometry of 120x60mm in scale (Fig. 14(b)). The flaw length, 2c, is 12mm and the bridge length
between the tips of flaws, 2b, is 18mm. The ratio of flaw length to bridge length (c /b) is fixed
approximately at 0.66 for all samples. The Inclination of flaws is 45°. The bridge angles between
Flaw A and Flaw B (B1) are fixed at 45° but 2, the bridge angles between flaws A and C varies
from 75° to 120°.

Results show that there are two types of cracks initiated from the flaw tips: wing cracks and
secondary cracks. Wing cracks initiate at an angle with the pre-existing flaw and tend to propagate
towards the loading direction. Secondary cracks, however, initiate in a direction coplanar or quasi-
coplanar to the pre-existing flaw. Four coalescence modes are observed; tensile wing crack
linkage, en-echelon tensile crack forming a shear failure band, pure shear, and mixed mode in
tensile and shear. Their relative contribution to crack coalescence depends on the geometry of the
pre-existing flaws in the sample. Numerical simulations confirm the coalescence rules that have
been found in experiments, called the *‘weakest coalescence path’’ either in terms of coalescence
stress or coalescence mode. Crack coalescence will occur between the flaws for which the
coalescence stress is lower; and the tensile or mixed mode crack coalescences dominate over shear
modes when the coalescence stresses are similar.

Li et al. (2005) has investigated the failure behaviour of pre-cracked models under compression
using RFPA2D. Under uniaxial compression, the basic characteristic of crack propagation was that
wing cracks and secondary cracks usually initiated from tips of the fractures. This is coincident

Fig. 15 Schematic of numerical specimen with (a) Pre-existing single flaw, (b) three array flaws and (c) a
number of randomly distributed crack-like flaws, Wong et al. (2002)
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with both of the analytic results of classical fracture mechanics and experimental results.

Wong et al. (2002) have investigated the splitting failure in brittle rocks containing pre-existing
flaws under uniaxial compression using RFPA2D (Fig. 15). Pre-existing single flaw with the
length 2a of 10, 20 and 30 mm is numerically simulated to examine the influence of flaw length on
wing crack growth (Fig. 15(a)). Specimens are 50 mm wide, with flaw angle w, inclining 45° to
the axial of compression direction. Numerical specimen is of 170 mm high and 50 mm wide. In
order to study the influence of geometric settings on crack-like flaws and the interactions between
them, specimens of 170 mm high and 100 mm wide containing three arrays of flaws with the same
length 2a, of 20 mm were numerically tested (Fig. 15(b)). Also specimen containing a number of
randomly distributed crack-like flaws with different lengths and angles has been modelled (Fig.
15(c)).

Results show that, independent of the specimen size, cracks are easier to nucleate from larger
flaws than from the smaller. For the same size (width and length) specimen, growth rate of longer
flaw in specimen is generally about twice of which containing shorter flaws. For flaws with
orientation of 60° to axial loading direction, crack grows most easily. Wing cracks grow more
easily in narrow specimens and split it into columns. For wing cracks approaching to upper and
bottom boundaries, growth of the wing cracks slow down. For distance (between the tip of a flaw
and free boundary) of less than twice of the flaw length, shear failure may occur, if the shear stress
around the flaw tips becomes high enough. For distance smaller than the half-length of flaw,
strong interaction between the cracks and the free boundary occurs, causing buckling type failure.
Length and location of flaws are important factors to determine the crack nucleation. In general,
longer flaws and being closer to specimen free boundary makes the crack nucleation easier. Stress
interaction is the most important factor affecting the initiation and propagation of crack from the
tips of flaws. For flaws arranged in a diagonal line on specimens, cracks generally grow more
easily; but for vertical or horizontal arranged, the growth of middle flaws will be suppressed by
stress interactions from nearby flaws.

Fig. 16 The shear fracture propagation process in the shear-box test under (a) high confinement,(b) low
con confinement, Liu et al. (2004)
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Zhao et al. (2013) were analysed the Fracture of Rock Bridge under shear pressure using
FLAC3D. The results shows that firstly the shear stress increases with increasing tangential
displacement at the stage before rock bridge fracture and then the shear stress decreases as the
tangential displacement increases at the fracture developing stage. Thirdly the sliding along the
joint planes is caused and the shear stress increases with increasing tangential displacement.
Finally, the shear stress decreases as tangential displacement increases and the value decreases to
the residual strength of structural planes.

Liu et al. (2004) has investigated the shear fracture of non-persistent joint in heterogeneous
rock under direct shear test using numerical simulation (Fig. 16). The rock and tool interaction
code (R-T2D), which is developed on the basis of rock failure process analysis (RFPA) model
(Tang 1997) and the finite element method, is used to simulate the progressive shear fracture
process in shear-box test. The model dimension is 70x70 cm? rock bridge length is 20 cm. Lateral
confinements are 15 MPa and 30 MPa.

Results show that under high confined condition, initially; tensile crack is initiated at the notch
tip and propagated in a direction perpendicular to loading direction, then the shear crack initiated
at the kink tip, left by the notch and the tensile crack propagate towards the centre of ligament,
finally the shear cracks initiated from the two notches coalesce with each other. It is found that
heterogeneity and confinement have important influences on the formation and characteristics of
shear fracturing in a shear-box test. Because of the heterogeneity, there would be failure events
even in initial loading stage and also some in between the bridge area during subsequent loading
stage. In a shear-box test under low confinement, the fracturing initiation, propagation and
coalescence could be caused by the mixed tensile and shear failure. But the dominant mechanism
is a tensile failure instead of shear failure, where initially the tensile crack initiated at notch tip and
propagates out of the maximum shear stress zone to form a wing crack. Then with the propagation
of wing cracks, an elliptical core is formed between the two tips of prefabricated cracks. Finally a
tensile crack suddenly appears at the centre of the ligament and quickly propagates to both tips of
the notches to cause coalescences. Moreover, calculated mode Il of fracture toughness is increased
a little bit with the confinement increasing.

Zhang et al. (2006) have been investigated the shear behaviour of intermittent rock joints with
different geometrical parameters under direct shear test using RFPA2D (Fig. 17). The geometry of
model is 100 mmx100 mm. The Edge-notched joint length ( b) is 10 (mm), Imbedded joint

Fig. 17 (a) The sketch map of rock specimen and (b) one example of numerical specimen under direct
shear loading condition, Zhang et al. (2006)



A review of experimental and numerical investigations about crack propagation 255

length (d) is 16 (mm), Joint azimuth angle (® ) is 0°, 15°, 30°, 45°, 60°, 75°, 90°, -15°, -30°, -45°,
-60°, -75° and Normal stress (P), 0.15 (MPa).

Results show that the failure pattern is mostly influenced by geometrical parameters (joint
separation and joint azimuth angle), while shear strength is closely related to failure pattern and its
mechanism. The following preliminary conclusions can be drawn from numerical tests: Wing
cracks normally initiate from the tips of pre-existing imbedded joints with an initiation angle due
to strong stress interaction between the joints. Wing cracks propagate towards neighbouring joints
through the rock bridge. In the cases of long joint separation, wing cracks will connect each other
by newly fractured cracks. Damaging the inner joints by wing cracks formation and coalescence
controls further shear processing. It dominates the eventual failure pattern and determines the peak
shear load of rock specimen.

Macro shear fracture results from the mesoscopic tensile damage of a large number of
elements. The whole fracture process can be divided into three phases: (1) damage of inner
configuration; (2) rapid propagation and connection with other cracks; (3) friction process after the
total rupturing of bridged rock. The peak shear load is a function of joint angle, and the shear
strength has a close relationship with its defect configuration, which is influenced by microscopic
defects and macroscopic joints.

Discrete element method (DEM) is also another capable method of studying the failure
behaviour of bonded geo-materials (Potyondy and Cundall 2004). Kulatilake et al. 2001
established a jointed rock model using adjacent flaws investigating the mechanical behaviour of
jointed rock model under uniaxial loading. Zhang et al. (2012, 2013) studied crack initiation,
propagation and coalescence using one, two or three open flaws. Many types of crack initiation
and coalescence observed numerically were similar to the ones observed in laboratory tests.
Smooth-joint was found to be a better way to model the mechanical behaviour of a joint in PFC
modelling. Bahaaddini et al. (2013) used the smooth-joint in a bonded particle model to
investigate the effect of joint geometrical parameters on mechanical properties of a non-persistent
jointed rock mass under uniaxial compression.

Fig. 18 Joint geometry configurations for a) f=0° and b) f=15°, Xiang et al. (2015)
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Xiang et al. (2015) has investigated the crack initiation stress and strain of jointed rock
containing multi-cracks under uniaxial compressive loading using PFC2D (Fig. 18).

The following two parameters are used to design the joint geometry configurations in
investigated blocks, the joint inclination angle, B, and the joint continuity factor, k, (the joint
length percentage of the total non-persistent length). The joint configuration for f=0° is shown in
Fig. 19(a). The other joint configurations result when the block is rotated contrary to z axis in
counter-clockwise direction for an increment of 15° until the inclination angle reaches 90° (Fig.
19b). When the Lj (length of a single joint) gets the values of 6, 12, 18 and 24 mm; k takes 0.2,
0.4, 0.6 and 0.8, respectively. When B=15°, 30°, 60° and 75°, some joints close to the boundaries
get truncated (Fig. 19(b)). The distance d shown in Figs. 19a and b is 3 cm. The results show that
the ratio of jointed model strength to intact model strength decreases with increasing the ratio of
joint length to rock bridge length. p=60°, 30° and 45° provide the highest effect on the said
relation. f=90° and 75° provide the lowest effect on the said relation. The moderate level effect on
the mentioned relation can be seen for f=0° and 15°. The ratio of jointed model strength to intact
model strength shows values between 0.125 and 0.9. The conducted study shows that the ratio of
the crack initiation stress of jointed model to jointed model strength has an average value of about
0.48 with a variability of £0.1. Ghazvinian et al. (2011) has investigated the failure mechanism of
planar non-persistent open joints using PFC2D (Fig. 19(a)).

The joint length (b) has a range from 12 to 25.5 mm with an increment of 4.5 mm, while the
joint separation or ligament length () decreases from 36 to 9 mm with a decrement value of 9 mm.

Results show that by increasing the joint coefficient, the most fractured surface changes to a
single symmetrical failure surface. In all examined cases, about 45 % of the total number of cracks
developed at the peak strength, and nearly 55 % of them developed after the peak shear resistance
were reached. This revealed that, the models lost their loading capacities when 45 % of the total
number of cracks developed within the rock bridge.

Sarfarazi et al. (2014) has investigated the Process of fracture of echelon rock joints using
PFC2D (Fig 19(b)). Six ligament angles were investigated: 0°, 25°, 50°, 90°, 115° and 140°. The
ligament lengths of 18 mm between the joints were kept constant for all models. For different
ligament angles, the lengths of the edge-notched joints were different (i.e. b = 21, 21.8, 24.2, 33.8,
and 36.9 mm for the ligament angles of 0°, 25°, 50°, 90°,115°, and 140°, respectively). But in the
same specimen, the lengths of those two edge joints were the same.

Fig. 19 (a) Planar non-persistent joints; Ghazvinian et al. (2011), (b) en-echelon non-persistent joints;
Sarfarazi et al. (2014)
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Fig. 20 Model consisting single joint

Results showed that, the failure pattern is highly dependent on joint overlapping. In non-
overlapped joints, cracks were initiated from the joint tips and elliptical failure patterns occurred in
the models. In overlapped joints, the cracks were initiated from the joint walls and a rectangular
failure patterns occurred in the models. Joint configuration had also been shown to affect the shear
strength of non-persistent joints, so the shear strength of non-overlapped joints was more than that
of the overlapped joints.

The amount of fracturing at the peak shear loading stage decreased with increasing the rock
bridge angle. This means that, the length of stable crack growth decreases with increasing ligament
angle.

In non-overlapped joints, the crack initiation stress was less than the failure stress, so progressive
failure occurs, whereas for overlapped joints the crack initiation stress was equal to failure stress,
so brittle failure occurred.

Fig. 21 Numerical model with two pre-existing 3D flaws
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Fig. 22 Numerical prediction from the DEM

Wang et al. (2015) has investigated crack propagation of heterogeneous notched rock under
uniaxial tension numerically (Fig. 20).

For the single-notched case, the numerical simulations reproduce the basic characteristics
of the load-displacement curve of the fracture process zone. However, it is noted that after the
peak stress, the development of the fracture process zone does not stop. Indeed, the post-peak
stress stage contributes more to the development of the fracture process zone. In addition, with an
increase of the length b, the peak stresses of the specimens decrease gradually while the
residual strengths are almost the same. Moreover, 3D FPZs can be numerically simulated for
the specimens with different internal depths. Although the surface FPZs looks very similar, the
failure modes for the specimens with varying thicknesses are quite different. This indicates
that the 3D PRZs are very different to the two-dimensional ones.

Wang et al. (2014) has investigated failure behaviour of pre-cracked rock specimens under
conventional triaxial compression using numerical method (Fig. 21) the numerical results show

Fig. 23 The layout of samples containing four pre-existing flaws under biaxial compression: a the pre-
existing penetrating flaws, b the pre-existing embedded flaws
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that both the flaw angle and the ligament length can affect the final failure modes and the uniaxial
compression strength of the rock specimen. The uniaxial compression strength increases slightly
with increasing ligament angle. The uniaxial compression strength is the lowest when the flaw
angle equals 45°. These numerical results are in agreement with the corresponding experimental
results reported by Tien et al. (2006) and Wang et al. (2012b). Scholtes et al (2012) has
investigated the progressive failure in fractured rock masses using a 3D discrete element method
(Fig. 22).

It is shown that the characteristic features of a fractured rock mass can be accurately modelled
with the proposed approach. Particularly, the method is proven to re produce the key mechanisms
usually involved i n t h e progressive failure of a join ted rock mass, i. e. deformation a long pre -
existing discontinuities, stress concentration at the discontinuity tips and the subsequent crack
initiation and propagation (brittle fracturing) in the intact rock. The challenging wing crack
extension, typical of brittle material fracturing, is successfully simulated under both compressive
and shear loading, as a result of the progressive coalescence of local tensile micro-cracking. Bi et
al. (2015) has done 3D Numerical Simulation for the Propagation Process of Multiple Pre-existing
Flaws in Rock-Like Materials Subjected to Biaxial Compressive Loads (Fig. 23).

The results show that with increasing lateral stress, the secondary cracks keep growing in the
samples, while the growth of the wing cracks is restrained. The main reason is that lateral stress
hampers the growth of wing cracks. The samples subjected to biaxial compression are mainly split
into fragments in a shear failure mode, which is different from a splitting failure of the samples
subjected to uniaxial compression.

4. Conclusions

The presence of rock bridges in not fully persistent natural discontinuity sets is a significant
factor affecting the stability of rock structures. Compared with intact rocks, jointed rock masses
are usually weaker, more deformable and highly anisotropic, depending upon the mechanical
properties of each joint and the explicit joint positions.

Because of the inherent statistical nature and the uncertainties involved in the in situ survey of
non-persistent joints, they are usually described by sets, hence by number of sets and the geometry
of each set such as orientation, spacing and persistence. The fracture process of non-persistent
joint can be divided into three main phases: The first phase of shearing is that of rock bridge
rupture and model dilation, the second phase of shearing is characterized by friction processes and
volume increase in the shear zone, finally, the third phase of shearing, reached after large shear
displacements and determined by sliding processes inside the strongly fractured shear zone. These
shear resistances corresponding to different shear mechanisms depend on various ways of testing
conditions. Each can be the maximum shear resistance, so none of shear mechanisms may be
neglected.

Researches show that, the bearing capacity of jointed rock decrease by increasing the number,
the length and the inclination of non-persistent joint set. Coalescence in specimens with multiple
flaws tends to occur in a ““‘columnar’’ pattern where flaws in the same column are linked together.
In fact the crack coalescence always occurs between the flaws for which the peak strength is
lower.

The shear or mixed shear/tensile failure change to tensile failure by increasing the confining
pressure, ligament length and ligament angle. Also, the bearing capacity of rock bridge increases
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by increasing the confining pressure. It means that, when non-persistent joint is situated in shallow
area, it suppressed by low confining pressure so tensile failure occurs in the rock bridge. For non-
persistent joint located in deep area, shear failure occurs in the rock bridge.
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