Computers and Concrete, Vol. 19, No. 1 (2017) 099-110
DOI: https://doi.org/10.12989/cac.2017.19.1.099

99

Effect of normal load on the crack propagation
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Abstract.

In this paper, the effect of normal load on the failure mechanism of echelon joint has been studied using PFC2D. In

the first step, calibration of PFC was undertaken with respect to the data obtained from experimental laboratory tests. Then, six
different models consisting various echelon joint were prepared and tested under two low and high normal loads. Furthermore,
validation of the simulated models were cross checked with the results of direct shear tests performed on non-persistent jointed
physical models. The simulations demonstrated that failure patterns were mostly influenced by normal loading, while the shear
strength was linked to failure mechanism. When ligament angle is less than 90°, the stable crack growth length is increased by
increasing the normal loading. In this condition, fish eyes failure pattern occur in rock bridge. With higher ligament angles, the
rock bridge was broken under high normal loading. Applying higher normal loading increases the number of fracture sets while
dilation angle and mean orientations of fracture sets with respect to ligament direction will be decreased.
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1. Introduction

There are only few cases where the location of a rock
structure failure is limited to a single discontinuity. Usually
several discontinuities of limited sizes interact and
eventually form a combined shear plane. Besides adjacent
discontinuities themselves, regions between them consisted
of a strong rock, named the rock bridges (Fig. 1) of utmost
importance for the shear strength of compound failure plane
(Jaeger 1973, Olson and Pollard 1991).

A lack of understanding exists regarding processes and
types of breakages and the failure of a discontinuous shear
plane consisting weak and separated as well as intact
sections (Haeri 2015a). Failure process for such
discontinuous joints has been investigated only to a limited
extent. Previous experiments based on uniaxial or biaxial
tests on specimens with inserted, mostly parallel cracks and
the rock bridges between them were concentrated on crack
growth and crack coalescence (Zhao 1995, Bobet 1998,
Sagong 2002, Mughieda and Khawaldeh 2004, Mughieda
and Alzoubi 2004, Fujii and Ishijima 2004, Li et al. 2005,
Mughieda and Khawaldeh 2006, Yang et al. 2008, 2009,
Haeri 2011, Haeri and Ahranjani 2012, Kumar and Barai
2012, Zhang and Wong 2012, 2013, Haeri et al. 20133, b,
Wasantha et al. 2014b, Xie et al. 2014, Jiang et al. 2014,
Haeri et al. 2014a, 2014b, Haeri et al. 2015a, Haeri et al.
2015b, Haeri et al. 2015c, Haeri 2015d, 2015e, 2015f, Haeri
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et al. 2016).

Direct shear testing on regularly stepped joints can be
employed for better understanding of shear strength of
formerly discontinuous joints. Gehle and Kutter’s (2003),
investigation on the breakage and shear behaviour of
intermittent rock joints under direct shear loading showed
that, the joint orientation is an important and influential
parameter for shear resistance of jointed rocks. Ghazvinian
et al. (2007), made a thorough analysis in shear behaviour
of rock-bridges based on the changes in their areas
persistency. Analysis showed that, the failure mode and
mechanism are affected by the rock-bridge continuity. Haeri
et al. (2016) has investigated the shear behaviour of planar
non-persistent joint. He found that the shear failure mode in
bridge changes to the tensile failure mode by increasing in
the effective joint Coefficient. Sarfarazi et al. (2016) has
investigated the effect of non-persistent joints on sliding
direction of rock slope. He found that the shear strength is
closely related to the rock bridge failure pattern and failure
mechanism, so that in the fixed area of the rock-bridge
under fixed normal stress, the rock-bridge resistance
reduced with change in failure mode from shear to tensile.

In recent years, numerical modeling techniques for
fracturing process simulation have been widely used in rock
engineering. A large number of numerical methods such as
finite element method, boundary element method, discrete
element method and displacement discontinuity method,
have been used to study the fracture of rock bridge. The
random particle model presented by Bazant et al. (1990),
UDEC used by Vonk et al. (1991), mechanical model
proposed by Mohamed and Hansen (1999), PFC2D used by
Sarfarazi et al. (2014), Bahaaddini et al. (2013), are all of
typical numerical models for simulating the materials
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Fig. 1 Distribution of rock bridge and rock joint in
shear surface

Fig. 2 Schematic view of ligament length and ligament
angle in a non-persistent joint

fracturing mechanisms.
In previous work the effect of normal load was
eliminated on the shear behaviour of rock bridge.

In this paper, a particle flow code was used to study the
shear failure behaviour of en-echelon joints under low and
high normal loadings. The effect of normal load on the
crack initiation stress and failure stress were determined.

Also, the ability of PFC2D in determining failure patterns
in rock bridges was checked by comparing the numerical
with experimental results.

For this purpose, an inverse modelling calibration
approach and the laboratory results for uniaxial, Brazilian,
and tri-axial tests were used to estimate the intact rock's
micromechanical parameters used in our simulation.
Validation of the simulation was then performed by the
comparison between the shear behaviour of rock bridges in
PFC2D and that of the en-echelon joints tested under direct
shear loadings in the laboratory. Validated numerical model
was used to further studying the mechanical behaviour of
jointed models with different joint persistency.

2. Laboratory tests

2.1 Preparation and testing of the rock like model

The model material used in preparing the intact
samples and jointed blocks was a mixture of plaster

Table 1 Properties of the intact model material determined
experimentally, Ghazvinian et al. (2012)

Property Value

Average uniaxial compressive strength (MPa) 6.6

Average Brazilian strength (MPa) 1
Average Young’s modulus in compression 54
(GPa)

Average Poisson’s ratio 0.18

Internal friction angle 204

Cohesion (MPa) 2.2

(37.5%), cement (25%) and water (37.5%). Mixing,
casting, curing of the specimens and their dimensions has
been described in details by Ghazvinian et al. (2012).

Uniaxial/tri-axial compression and the Brazilian tensile
tests were performed in Rock Mechanics Laboratory of Graz
University of Technology by the Machine Tool System
(MTS) in order to determine the mechanical properties of
intact model material. Mechanical properties of the
physical models are summarized in Table 1.

2.2 Preparation, testing and results of the rock like
model consisting of en-echelon joints

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 joints, and ligament angle is the counterclockwise angle
between ligament length and shear axis; Fig. 2. The lengths
of two edge joints are equal in each sample but they vary in
different specimens. The joints lengths (b) are at 52.5, 66.8,
75, and 78.8 mm associated with the ligament angles of 0°,
25°,90°, and 115°, respectively. Two similar samples were
prepared from each specimen and tested in two different
normal loadings; 0.3 MPa and 2.5 MPa which are at 5%
and 38% of the uniaxial strength of intact material,
respectively. The procedures of mixing, casting, curing
and testing of jointed blocks were introduced in details by
Sarfarazi et al. (2014).

A servo-controlled MTS direct shear apparatus with a
modified shear box was used for testing artificial echelon
joints. All samples were tested with a shear displacement
rate of 0.01 mm/s. Fig. 3 shows the failure patterns obtained
from direct shear tests. Observation results showed that
the normal loads influence the failure pattern of the rock
bridges.

When ligament angle is 0°, under low normal loading
(Fig. 3(a)), the upper tensile crack propagates through the
intact portion area. But, the lower tensile crack develops
only for a short distance, and then becomes stable so as not
to connecting with the tip of other joint. Failure surface of
the bridge area is tensile because no crushed or pulverized
materials existed and no evidence of shear movement was
noticed along the failure surface. Mean orientation of
failure surface related to ligament direction was nearly 43°.
Dilation angle in this configuration was close to 36°.

Dilation angle is measured as the ratio of vertical
displacement to horizontal displacement from MTS
machine registration.
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Table 2 micro properties used to represent the intact rock

Parameter Value Parameter Value
Tvoe of particle Disc Parallel bond radius 1
ypeotp multiplier
. Young modulus of parallel
density 3000 bond (GPa) 40
Minimum radius 0.27 Parallel bond stiffness ratio 1.7
Size ratio 1.56 Particle friction coefficient 0.4
. . Parallel bond normal
Porosity ratio 0.08 strength, mean (MPa) 8
. . Parallel bond normal
Damping coefficient 0.7 strength, SD (MPa) 2
Contact young modulus 40 Parallel bond shear 8

strength, mean (MPa)

(GPa)
. . Parallel bond shear
Stiffness ratio 1.7 strength, SD (MPa) 2

Under high normal loading (Fig. 3(b)), the uneven
shear crack propagates through the intact portion area. In
these failure patterns, the failure surface in bridge area is
shear because the crushed or pulverized materials and the
evidence of shear movement were noticed along the shear
surface. Mean orientation of shear surface related to
ligament direction was nearly 15°. Dilation angle in this
configuration was close to 13°.

When the ligament angle is 25°, under low normal load
(Fig. 3(c)), the wing cracks initiate at the tips of the joints
and propagate in a curvilinear path until they coalesce with

®
Fig. 3 Failure patterns obtained in the direction of shear tests
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the tips of other joints. This coalescence leave an elliptical
core completely separated from the sample. Failure surface
in the bridge area is tensile because there were no crushed
or pulverized materials and no evidence of shear movement
noticed along the failure surface. Mean orientation of shear
surface related to ligament direction is around 25°. Dilation
angle in this configuration is 11°.

Under high normal load (Fig. 3(d)), the shear cracks
initiate at the tips of the joints and propagate in a diagonal
path with respect to shear load direction, 25°, until the
cracks coalesce with each other. This coalescence leave two
blocks completely separated from each other. Failure
surface in bridge area is shear because there were no
crushed or pulverized materials and no evidence of shear
movement noticed along the shear surface. Mean
orientation of shear surface related to ligament direction is
about 0°. Dilation angle in this configuration is close to 7°.

When the ligament angle is 90°, under low normal load
(Fig. 3(e)), the tensile crack initiates at the tips of the joints
and propagates through the bridged segment. In this
configuration, the rock bridge is broken with a single failure
surface. Mean orientation of shear surface related to
ligament direction is around 0°. Dilation angle in this
configuration is 0°.

Under high normal load (Fig. 3(f)), the rock bridge
failure occurs under normal loading. In this condition the
tensile crack initiate at the upper joint tip and propagate
parallel to normal load direction till coalesce with the lower
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Table 3 Macro-mechanical properties of model material in experimental tests and PFC2D, Ghazvinian et al. (2012)

Mechanical Experimental PFC2D model Mechanical Experimental PFC2D model
Properties results results properties results results
Elastic modulus (GPa) 5.4 5 Tensile strength 1 1.1
Poisson’s ratio 0.18 0.19 Friction angle 204 21
UCS(MPa) 6.6 6.7 Cohesion (MPa) 2.2 2.2

joint wall. Failure surface in the bridge area is tensile
because there were no crushed or pulverized materials and
no evidence of shear movement noticed along the failure
surface.

When the ligament angle is 115°, under low normal
load (Fig. 3(9)), the wing cracks initiate at the joint walls
and develop nearly in a vertical direction. These wing
cracks propagate through the intact portion area until they
coalesce with the opposite joints tips. This coalescence
leave a rectangular core of intact material completely
separated from the sample. In these failure patterns, the
failure surface in bridge area is tensile because there were
no crushed or pulverized materials and no evidence of shear
movement noticed along the cracks. Mean orientation of
shear surface related to ligament direction is close to 0°.
Dilation angle in this configuration is 0°.

Under high normal load (Fig. 3(h)), rock bridge failure
occurs under normal loading. In this condition the tensile
crack initiate at the tips of the joints and propagate nearly
parallel to normal load direction, 115°, till coalesce with the
lower joint wall. Failure surface in bridge area is tensile
because there were no crushed or pulverized materials and
no evidence of shear movement noticed along the failure
surface. It can be concluded from the above discussions
that, dilation angle is decreasing by increasing the ligament
angle and the normal loading.

3. Numerical modelling with PFC2D

Particle flow code represents a rock mass as an
assemblage of bonded rigid particles (Potyondy and
Cundall 2004). In the two dimensional version (PFC2D),
circular disks are connected with cohesive and frictional
bonds (bond strength) and confined with planar walls.
Parallel bond model was adopted in this study to simulate
the contacts between particles. The values assigned to
strength bonds influence the macro strength of a sample and
the nature of cracking and failure. Friction is activated by
specifying the coefficient of friction and is mobilized as
long as particles stay in contact. Tensile cracks occur when
the applied normal stress exceeds the specified normal bond
strength. Shear cracks are generated as the applied shear
stress exceeds specified shear bond strength either by
rotation or shearing the particles. Tensile strength at contact
drops immediately to zero after the bond breaks, while
shear strength decreases to residual friction value (Itasca
Consulting Group Inc 2004, Cho et al. 2007, 2008,
Potyondy and Cundall 2004). For all these microscopic
behaviours, PFC only requires selection of the basic micro-
parameters to describe contact and bond stiffness, bond
strength and contact friction, but these micro-parameters
should provide the macro-scale behaviour of the material

being modelled. The code uses an explicit finite difference
scheme to solve the equation of force and motion, and
hence one can readily track initiation and propagation of
bond breakage (fracture formation) through the system
(Potyondy and Cundall, 2004).

3.1 Preparation and calibration of the PFC2D model
for rock-like material

The standard process of generating a PFC2D assembly
to represent a test model, used in this article, is described in
detail by Itasca (2004). The process involves: particle
generation, packing the particles, isotropic stress installation
(stress initialization), floating particle (floater) elimination
and bond installation. A gravity effect did not need to be
considered as the specimens were small, and the gravity-
induced stress gradient had a negligible effect on
macroscopic behaviors.

Uniaxial compressive strength, Brazilian and biaxial
tests were carried out to calibrate the properties of particles
and the parallel bonds in bonded particle model (Sarfarazi
et al. 2014). By adopting the micro-properties listed in
Table 2 and the standard calibration procedures (Potyondy
and Cundall 2004), a calibrated PFC particle assembly was
created.

Different numerical simulations and experimental tests
was considered for model calibration and summarized in the
following sections:

3.2 Numerical unconfined compressive test

A comparison between numerical results and
experimental measurements are presented in Table 3.

3.3 Brazilian test

Numerical  tensile  strength and  experimental
measurements and presented in Table 3. A comparison of
the Brazilian experimental measurements given in Table 3
shows good agreements with those of the numerical results.

3.4 Biaxial test
A comparison of tri-axial experimental results given in
Table 3 demonstrates suitably good agreement with those

of the numerical.

3.5 Numerical direct shear tests on the non-persistent
open joint

3.5.1 Preparing the model
After calibration of PFC2D, direct shear tests for jointed
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Fig. 4 Development of cracks and mean orientation of particle cracks under normal stress of, (a) 0.3 MPa, (b) 0.7 MPa,

(c) 1 MPa, (d) 1.5 MPa, (e) 2 MPa and (f) 2.5 MPa

rock were numerically simulated by creating a shear box model
in the PFC2D. The specifications of PFC specimen were
introduced in details by Sarfarazi et al. (2012). In total,
seven specimens containing two planar edge-notched joints
with different ligament angels were set up to investigate the
influence of ligament angle on shear behaviour of rock
bridges. For different specimens, the lengths of these edge-
notched joints were different, while in the same specimen,
the lengths of those two joints were the same. The joint
lengths (b) are 2.1, 2.18, 2.42, 2.76, 3, 3.38 and 3.69 mm
that are associated with ligament angles of 0°, 25°, 50°, 90°,
115°and 140°, respectively.

3.5.2 Loading set up

Both, upper and left walls of shear box were fixed in X
and Y directions. Shear loading was applied to sample by
moving the lower wall in Y-direction, with an adequate low

velocity (i.e.,, 0.016 m/s) to ensure a quasi-static
equilibrium, while the normal stress was kept
constant by adjusting the velocity of right wall using a

numerical servo-mechanism.

Normal stresses applied to the rock bridges in the
numerical simulations were 0.3 MPa, 0.7 MPa, 1 MPa, 1.5
MPa, 2 MPa and 2.5 MPa). Normal stresses of 0.3 MPa and
2.5 MPa are similar in both of the numerical model and
experimental sample. Shear displacement was measured by
tracing the lower wall displacement. The shear force was
registered by taking the reaction forces on the wall. Each test
takes 15 min to run.

4. Results and discussion

4.1 Influence of normal load on the failure behaviour
of the rock bridge

Figs. 4, 5, 6, 7, 8 and 9 illustrate the shear behaviours of
rock bridges under two different normal loads for ligament
angles of 0°, 25°, 50°, 90°, 115° and 140°, respectively. In
each figure, the fracture patterns at three stages of shear
loading (i.e., at the crack initiation stress stage of I, at the
peak stress of Il, and after the peak shear stress of I11) was
shown. At each stage of simulation, the crack orientation
related to the ligament direction and the number of shear and
tension induced cracks were determined.

4.1.1 Ligament angles is 0°

When normal load is 0.3 MPa (Fig. 4(a)), new cracks
develop in the rock bridge and coalesce at joint tips so that
the intact bridge area becomes split with an uneven shear
failure surface.

Mean orientation of these cracks in respect to ligament
direction is -45°. Dilation angle in this configuration is 19°.
Number of tensile cracks is 37 times more than the shear
cracks.

The length and orientation of upper and lower wing
cracks stay unchanged after stage (a). This means that shear
loading has no effect on force concentration near the wing
cracks after first stage.
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Fig. 5 Development of cracks and mean orientation of particle cracks under normal stress of, (a) 0.3 MPa, (b) 0.7 MPa, (c)

1 MPa, (d)1.5 MPa, (e) 2 MPa and (f) 2.5 MPa

As it can be seen from Fig. 3(a), nearly the same failure
pattern occurred in physical sample when the ligament
angle was 0°. As for the other numerical samples in this
part, the failure patterns obtained by simulation are in
reasonable agreement within some related experimental
results reported by Wong and Chau (1998), (2002) and
Zhang (2006). When normal load is 2.5 MPa (Fig. 4(f)),
several shear bands develop within the rock bridge and
propagates with a mean orientation of 40°. Also, the new
tensile cracks develop between the shear bands with a
mean orientation of -30°. Therefore the intact bridge area
gets split with an uneven shear failure surface. The humber
of tensile cracks is 7 times more than shear crack numbers.
The dilation angle in this configuration is 9°.

The length and orientation of first type of tensile cracks
remain constant after the first stage of shear loading. It
means that the external shear load does not induce any force
concentration near these cracks during the different stages
of shear loading (stages of I and II).

As can be seen from Fig. 3(b), nearly the same failure
pattern occurred in the physical sample when the ligament
angle was 0°. As for the other numerical samples in this
part, the failure patterns obtained from this simulation are in
reasonable agreement with some of the related experimental
results reported by Wong and Chau (1998), Wong et al.
(2001).

4.4.2 Ligament angle is 25°
When normal load is 0.3 MPa (Fig. 5(a)), the upper and
the lower wing cracks propagate within the rock bridge

until they coalesce with the opposite joint tip. This
coalescence leaves an elliptical segment. Mean orientation
of these cracks in respect to ligament direction is -40°.
Dilation angle in this configuration is 13°. Number of
tensile cracks is 12 times more than total shear cracks. As it
can be seen from Fig. 3(c), same failure pattern occurred for
physical samples when the ligament angle was 25°.

When normal load is 2.5 MPa (Fig. 5(f)), the new cracks
develop within the rock bridge until they coalesce with pre-
existing shear bands. Mean orientation of these cracks is 0°.
Dilation angle in this configuration is 3°. Number of tensile
cracks is 7 times more than shear crack numbers. It shows
that the tensile fracturing is dominant mode of failure which
occurs within the rock bridge.

As can be seen from Fig. 3(d), the same failure pattern
occurred in the physical samples when the ligament angle
was 25°,

4.4.3 Ligament angle is 50°

When normal load is 0.3 MPa (Fig. 6(a)), the upper and
the lower wing cracks propagate within the Rock bridge
until they coalesce with the opposite joint tips. This
coalescence leaves an elliptical core. Mean orientation of
these cracks with respect to ligament direction is -20°.
Dilation angle in this configuration is 5°. Number of tensile
cracks is 24 times more than of shear cracks. It shows that,
tensile fracturing is the dominant mode of failure occurring
within the rock bridges.

When normal load is 2.5 MPa (Fig. 6(f)), the upper and
the lower wing cracks propagate within the rock bridge
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Fig. 6 Development of cracks and mean orientation of particle cracks under normal stress of, (a) 0.3 MPa, (b) 0.7 MPa, (c)

1 MPa, (d)1.5 MPa, (e) 2 MPa and (f) 2.5 MPa

until they coalesce with each other. Number of tensile
cracks is 6.4 times more than that of shear cracks. It shows
that, tensile fracturing is the dominant mode of failure
occurring within the rock bridges. Mean orientation of
failure surface is 0°. Dilation angle in this configuration is
1°

4.4.4 Ligament angle is 90°

When normal load is 0.3 MPa (Fig. 7(a)), both the upper
and lower wing cracks propagate through the intact portion
until they coalesce with the opposite joint tips. Mean
orientation of these cracks with respect to ligament
direction is 0°.

Dilation angle in this configuration is 0°. Number of
tensile cracks is 42 times more than that of shear cracks. It
shows that the tensile fracturing is the dominant mode of
failure occurring within the rock bridge. As it can be seen
from Fig. 3(f), nearly the same failure pattern occurred in
physical samples when the ligament angle was 90°. When
normal load is 2.5 MPa (Fig 6(f)), the wing cracks initiate
from joint tip and propagate within the rock bridge till
coalesce with each other.

4.4.5 Ligament angle is 115°

Stage I: When normal load is 0.3 MPa (Fig. 8(a) (1)),
almost no crack initiated within the rock bridge. When
normal load is 2.5 MPa, failure of Rock Bridge occurs under
normal loading (Fig. 8(b)). In this configuration, tensile
cracks initiate from the joint tips and propagate parallel to
the normal load direction till coalesce with each other. As it

can be seen from Fig. 3(g), nearly the same failure pattern
occurred in physical samples when the ligament angle was
115°.

Stage 11: When normal load is 0.3 MPa (Fig. 8(a) (11)), the
lower wing cracks develop from the wall of the lower joint.
Mean orientation of these cracks is nearly 0°.

In this loading stage, nearly 8% of total cracks develop
stably at the rock bridge. It means that, the rock bridge loses
its loading capacity when 8 % of total cracks develop
within. Fig. 3(f), nearly the same failure pattern occurred in
physical samples when the ligament angle was 115°.

Stage I11: When normal load is 0.3 MPa (Fig. 8(a) (l1)),
both the upper and the lower wing cracks propagate through
the intact portion area until they coalesce with the opposite
joint tips. This failure leave an elliptical core completely
separated from the model. Mean orientation of these cracks
with respect to ligament direction is 0°. Dilation angle in
this configuration is 0°. Number of tensile cracks is 40
times higher than that of shear cracks. It shows that, the
tensile fracturing is the dominant mode of failure occurring
within the rock bridge. As it can be seen from Fig. 3(h),
nearly the same failure pattern occurred in physical samples
when the ligament angle was 115°. It’s to be note that the
model breakage occurs under normal load when it is high

(Fig. 8(b)).

4.4.6 Ligament angle is 140°

Stage I: When normal load is 0.3 MPa (Fig. 9(a) (1)),
Almost no crack initiated within the rock bridge. When
normal load is 2.5 MPa, failure of Rock Bridge occurs under
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Fig. 7 Development of cracks and mean orientation of particle cracks under normal stress of, (a) 0.3 MPa, (b) 0.7 MPa,

(c) 1 MPa
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Fig. 8 Development of cracks and mean orientation of particle cracks during the three stages of shear loading of (I), (1)
and (I11); (a) under low normal load of 0.3 MPa, (b) under high normal load of 2.5 MPa

normal loading (Fig. 9(b)). In this configuration, tensile
cracks initiate at joint tips and propagate parallel to normal
load direction till coalesce with each other.

Stage 11: When normal load is 0.3 MPa (Fig. 9(a) (I1)), the
upper wing cracks develop from the wall of the joint. Mean
orientation of these cracks is near to 45°. In this loading
stage, nearly 9 % of the total cracks develop stably in the
rock bridge. It means that, the rock bridge loses its
loadingcapacity when 9 % of total cracks develop within.

Stage I11: When normal load is 0.3 MPa (Fig. 9(a) (111))
the wing crack propagates perpendicular to shear loading
direction until it coalesces with the opposite joint tip.

Mean orientation of these cracks with respect to
ligament direction is 45° Dilation angle in this
configuration is 0°. Number of tensile cracks is 20 times
higher than that of shear cracks. It shows that the tensile
fracturing is the dominant mode of failure occurring within.

It’s to be note that the model breakage occurs under

normal load when it is high (Fig. 9(b)).

From the above discussions, generally we can conclude
that the failure pattern has a close relationship with both,
ligament angle and normal loading.

For a ligament angle of 0°, the intact-bridged rock
ruptures in “v” shape mode under low normal loading, but
the intact-bridged rock ruptures with several shear bands
under high normal loading. When ligament angle is 25°, the
middle bridged rock ruptures in “fish eye” mode with two
narrow shear failure surfaces under low normal loading,
but the bridged rock ruptures in “thicken line” mode with
several short shear bands under high normal loading. when
ligament angle is 50°, the middle bridged rock ruptures in
“fish eye” mode with two narrow shear failure surfaces
under low normal loading, but the bridged rock ruptures in
“thicken line” mode with several short shear bands under
high normal loading. When ligament angle is 90°, the joints
are connected by two horizontal wing cracks under low
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Fig. 9 Development of cracks and mean orientation of particle cracks during the three stages of shear loading of I, Il and
I11; (a) under low normal load of 0.3 MPa, (b) under high normal load of 2.5 MPa
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Fig. 10 The variation of failure stresses versus the
ligament angle for normal loads of 0.3 MPa and 2.5 MPa

normal loading, but the shear failure is not occurring under
any high normal loadings. When ligament angle is 115°, the
joints are connected by two diagonal wing cracks under low
normal loading, but the shear failure is not occurring under
any high normal loadings. Finally, for ligament angle of 140°,
the joints are connected by one horizontal wing crack under
low normal loading, but the shear failure is not occurring
under any high normal loadings.

The results show that, in fixed ligament angle, the mean
orientation of cracks with respect to ligament direction is
decreased by increasing the normal load. Similarly, dilation
angle is decreased by increasing the normal load similar to
that observed in experimental test. Dilation angle was
reduced by increasing the ligament angle too.

In low normal loading, the mean orientation of crack
propagation with respect to ligament direction was decreased
by increasing the ligament angel. But in high normal
loading, the mean orientation of crack propagation with
respect to ligament direction is nearly stayed constant when

ligament angel was increased.

Fig. 10 shows the variation of numerical failure stresses
versus ligament angle. Failure stress is measured by diving
related force to the rock bridge surface area. Because the
models have a unit thickness, the rock bridge area is equal
to the ligament length. The fill points and the hollow points
are representing the stresses under two different normal
loadings of 0.3 MPa and 2.5 MPa, respectively.

From Fig. 10 we can conclude that the capacity of
bridged rock to resist shear loading has a close relationship
with both, the ligament angle and the normal load.

Failure stress was decreased by decreasing normal load. In
fact, in fixed ligament angle, induced tensile force on the
rock bridge was decreased by increasing the normal load.
This leads to increasing the failure stress. Also, the more the
ligament angle is, the less the failure stress is. Generally in
fixed normal loading, the induced tensile force on the rock
bridge is increased by increasing the ligament angle. This
leads to failure stress reduction.

Fig. 11(a) and (b) show the variation of failure stresses,
for both numerical and experimental tests, versus the
ligament angle under two different normal loadings of 0.3
MPa and 2.5 MPa, respectively. Fill points and hollow
points are representing the stresses for PFC2D models and
laboratory samples, respectively. Fig. 11(c) and (d)
represent the variation of failure stress and crack initiation
stress versus ligament angle for low and high normal
loadings, respectively. Crack initiation stress is defined as
a stress where 8% of total cracks are initiated. Fig. 11(a)
and (b) shows that the shear strength of non-persistent joints
predicted by numerical simulations are nearly similar to the
results obtained by experimental tests. Slight discrepancy
may be due to some small variations in mechanical
specifications of numerical and laboratory specimens (i.e.,
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tensile strength and friction angle given in Table 2).

From Fig. 11(c) and (d), the crack initiation stress is
decreasing by increasing the ligament angle. When normal
load is 0.3 MPa, difference between failure stress and crack
initiation stress is low (Fig. 11(c)) i.e., and brittle failure occurs
in the rock bridge. But when normal load is 2.5 MPa, the
difference between failure stress and crack initiation stress will
be high (Fig. 11(d)) i.e., and progressive failure occurs in rock
bridge. This means that, the brittle failure changes to
progressive failure by increasing normal load.

Finally, it may be concluded that the shear loading
peak for jointed rock was mostly influenced by its failure
pattern, while the failure pattern of bridged rock was mainly
controlled by the normal load. Whereas shear strength, as
one of the material mechanical properties has a close
relationship with normal loading, the capacity of jointed rock
masses to resist shear loading was severely influenced by
stress distribution around the rock masses.

5. Conclusions

Laboratory experiments and numerical simulations
reported in this paper show that, the dominant mode of
fracture irrespective of any shear stages is tensile. Also,
numerical simulation of the synthetic rock showed that the
fracture patterns are similar to those observed
experimentally.

* When normal load increases from 0.3 to 2.5 MPa,
number of shear cracks increases while tensile cracking would
be the dominant mode of failure occurring in the rock bridge.

* In fixed ligament angle, increasing the normal loading
from 0.3 to 2.5 MPa, will increase the number of cracks. This
shows that, fracturing intensity was increased by increasing
the normal loading.

e In fixed ligament angle, mean orientation of crack
propagation with respect to ligament direction decreased by
increasing normal loading.

« In fixed ligament angle, the symmetrical “fish eye”
failure pattern changed to a linear failure pattern by
increasing the normal loading.

 For ligament angle of less than 90°, the stable crack
growth length increases by increasing the normal loading. For
higher than 90°, the rock bridge breaks under large normal
loading.

e In low normal loading, mean orientation of crack
propagation with respect to ligament direction decreases by
increasing the ligament angel. But for high normal loading,
mean orientation of crack propagation with respect to
ligament direction stays nearly constant by increasing the
ligament angel.

« In fixed ligament angle, dilation angle decreases by
increasing the normal loading.

 In fixed normal loading, dilation angle decreases by
increasing the ligament angle.
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