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The tensile strengths of geomaterials such as rocks, ceramics, concretes, gypsum,
and mortars are obtained based on the direct and indirect tensile strength tests. In
this research work, the Brazilian tensile strength tests are used to study the effects
of length and inclination angle of T-shaped non-persistentjoints on the mechanical
and tensile behaviors of the geomaterial specimens prepared from concrete. These
specimens have a thickness of 40 mm and a diameter of 100 mm, and are prepared
in the laboratory. Two T-shaped non-persistent joints are made within each
Brazilian disc specimen. The Brazilian disc specimens with T-shaped non-
persistent joints are tested experimentally in the laboratory under axial
compression. Then these tests are simulated in the two-dimensional particle flow
code (PFC2D) considering various notch lengths of 6, 4, 3,2, and 1 cm. However,
different notch inclination angles of 0, 30, 60, 90, 120, and 150 degrees are also
considered. In this research work, 12 specimens with different configurations are
provided for the experimental tests, and 18 PFC2D models are made for the
numerical studies of these tests. The loading rate is 0.016 mm/s. The results
obtained from these experiments and their simulated models are compared, and it
is concluded that the mechanical behavior and failure process of these geomaterial
specimens are mainly governed by the inclination angles and lengths of the T-shape
non-persistent joints presented in the samples. The fracture mechanism and failure
behavior of the specimens are governed by the discontinuities, and the number of
induced cracks when the joint inclination angles and joint lengths are increased.
For larger joints when the inclination angle of the T-shaped non-persistent joint is
around 60 degrees, the tensile strength is minimum but as it is closed to 90 degrees,
the compressive strengths are maximum. However, an increase in the notch length
increase the overall tensile strength of the specimens. The strength of samples
decreases by increasing the joint length. The strain at the failure point decreases by
increasing the joint length. It is also observed that the strength and failure process
of the two sets of specimens and the corresponding numerical simulations are
consistence.

1. Introduction

Natural rock masses consist of the main
structure of the surface and underground geo-
mechanical projects used in many engineering
mining,

fields such as

geological, and environments [1]. The
discontinuities in form of joints, flaws, and
fractures may exist in most of the rock masses,

petroleum, civil, which alter the mechanical behavior of the rock
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structure under various iz situ loading conditions
[2]. Some discontinuities such as joints occur
naturally in parallel or regularly spaced sets of
discontinuities in rock masses. These geometrical
sets may have different orientations, which
produce natural rock blocks in the rock mass.
Many researchers usually considered the effects
of one or two discontinuities on the mechanical
characteristics of rock specimens in the
laboratory [3-14]. It is very difficult to prepare
specimens of natural rocks with discontinuities.
Therefore, the specimens of rock-like materials
containing artificial joints are used in laboratories
for studying the physical and mechanical
characteristics of geo-materials [15-29]. Several
researchers [5-7, 15] used cutting machines with
a water jet of high pressure to produce the
required cracks in granite and sandstone samples.
Most of the previous studies are focused on the
behavior, strength, and fracture mechanics of
geo-materials under various environments. The
fracture mechanics of geo-material samples
considering the initiation, propagation, and
coalescence of one, two, and three cracks in the
specimen can be studied and understood [18].
However, the discontinuities in the geo-materials
such as rocks and concrete mostly occur in a set
form, for example, as one or two or more joint
sets in rock masses. Many investigators worked
on the effects of discontinuities such as faults and
joint sets with different orientations and geometry
on the stability and ground subsidence of huge
underground structures such as tunnels and mines
which pass through rock masses [30]. Therefore,
considering the effects of multiple joint sets and
cracks with different orientations on the strength
and mechanical characteristics of the geo-
materials are of paramount importance in the
design of underground rock structures [31-34].
Most of these investigations worked on the
failure and fracture mechanisms in rock masses
with multiple cracks and joints considering
various geometries and loading environments.
The crack patterns, propagations, and
coalescences in various geo-material specimens
were studied. These investigations claimed that
the fracture patterns and failure mechanisms in
these specimens were very close to the results
obtained by considering only two cracks or joints
with different orientations in the geo-material
specimens [35]. They also stated that the rock
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strengths and structural failures mainly depend on
the principal stresses and joints’ geometries and
joints’ conditions [35]. Many experimental tests
on the subject used laboratory rock-like material
specimens to model the jointed rocks. However,
rock-like material specimens with multiple joints
and flaws can be fabricated in the laboratory for
studying the effects of joint sets and their
orientations on the mechanical behavior of
natural rock masses [35]. The numerical
simulations of these laboratory tests are adopted
by many investigators to consider the influences
of various cracks and joint patterns on the fracture
mechanisms and failure modes of jointed rock
masses. The various scenarios and complexity of
these geo-mechanical problems can be modeled
by the sophisticated numerical methods such as
finite element methods like RFPA2D and
RFPA3D used by Tang et al. [37] and Wang et
al. [38], respectively, boundary element method
(displacement discontinuity method used by
Fatehi Marji [39], extended finite element
method used by Xie et al. [40] and discrete
element method used by Cheng et al. [34]. The
crack coalescences phenomena in the specimens
of red sunstone with two random flaws under
compression were simulated in PFC2D by Yang
et al. [15]. The effects of two original random
cracks in the specimens of red sandstones on the
stresses are investigated, and the mechanisms of
cracks’ coalescences under uniaxial compression
are studied in the recent years. However, the
crack analyses considering the initiations,
extensions, and coalescences of natural fractures
in the jointed rock masses embedding the tunnels,
and underground openings have been
investigated by the researchers [41-44]. In the
previous research work, the effect of two parallel
notches on the failure behavior of a notched
sample has been investigated. In this work, the
effect of the un-parallel notch on the tensile
behavior of rock-like sample has been
investigated. The experimental tests and the
discrete element simulation technic are used to
study the effects of crack inclination angles and
lengths of the non-persistent joints with T shapes
on the Brazilian tensile strength of the rock
bridges in between the joints in the rock mass.

2. Uniaxial Compression Test for Rock-like
Specimens with Non-persistent T-shaped Joint
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The uniaxial compression and Brazilian tensile
tests on the rock-like specimens are used for
experimental tests and their numerical
simulation. In this experiment, the jointed rock
mass is physically modeled by the specimens of
rock-like materials in the laboratory. As shown in
Figure 1, the specimens are prepared from cement
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and water with a mass ratio of 2:1, respectively.
The sample size (diameter * thickness) was 12 cm
* 4 cm. Open cracks are established with the
insertion of metal sheets in the material past
before casing and pulling them out after the
solidification of the specimen.

(e)

®

Figure 1. a) Frame with diameter of 10 cm and thickness of 40 cm. b) Frame with diameter of 10 cm and
thickness of 40 cm. ¢) Shim with dimension of 100 mm x 1 mm % 60 mm inside the plastic fiber. ¢) Plaster
slurry inside the mold e) Aluminum sheet is removed from the mold. f) Sample consisting of T-shaped non-
persistent joint.

These experimental samples are prepared in
several sets for accomplishing various tests in the
laboratory. T-shaped non-persistent cracks were
formed in the model. The open cracks with
various dip and inclination angles are located in
various experimental samples. The small
prefabricated cracks in this experiment are 1 cm,
2 cm, and 3 cm (Figure 2a). The large
prefabricated cracks are 6 cm, 4 cm, and 2 cm
(Figure 2b). The opening of the notch is 1 mm.
The specimen sets are kept in a cool and dry
laboratory room for 28 days. The angle of joint

1191

with larger length related to the horizontal axis
was 0 (Figures 3a, 4a, and 5a), 30 (Figures 3b, 4b,
and 5b), 60 (Figures 3c, 4c, and 5c), 90 (Figures
3d, 4d, and 5d). The angle between the large joint
and the small joint was 90 degrees (Figures 3-5).
12 types of T-shaped non-persistent joints were
used in this experiment. The crack arrangement
and specimen number of each specimen were
depicted in Figures 3-5. The non-persistent joints
of the T-shape are located within the specimens,
and the Brazilian tensile strength tests are carried
out with the electrohydraulic universal testing
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machine in the laboratory. The electrohydraulic control system, testbed, and data acquisition
universal testing machine was used to perform system. These experiments are performed at a
the Brazilian test for the non-persistent joints. loading rate of 0.005 mm/s, as shown in Figure 6.

The experimental system includes the loading

() (b)

Figure 2. Two T-shaped joints with large joint angle of a) 0, b) 30, ¢) 60, d) 90.
(a) (b)
(d) ()

Figure 3. T-shaped joint with large joint angle of a) 0, b) 30, c) 60, d) 90; large joint length was 2 cm.
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Figure 4. T-shaped joint with large joint angle of a) 0, b) 30, c) 60, d) 90; large joint length was 4 cm.
.
(@) (b)
. .
(@ ()

Figure 5. T-shaped joint with large joint angle of a) 0, b) 30, c) 60, d) 90; large joint length was 6 cm.
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Figure 6. Specimens are placed between plates of the loading machine.

3. Failure Process Observed in Laboratory
Tests

The failure process in the experimental tests of
the rock-like specimens with T-shaped non-
persistent joints are studied considering various
joints of different lengths and inclination angles.

3.1. Large joint is 2 cm and small joint is 1 cm

The failure mechanism and fracturing pattern in
the specimens with non-persistent joints of 2 cm
and 1 cm in length are shown in Figure 7. Various
joint angles are considered, and the initiation and
growth patterns of the induced cracks are shown.
Figure 7a shows the initiation mechanism of two
tensile cracks starting from the tips of the large
crack when its inclination angle is below 30
degrees. Figure 7b and Figure 7¢ show the failure
mechanism of the specimens when the crack
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inclination angles are 30 and 60 degrees,
respectively. The large crack starts its
propagation path from the tips but induced tensile
cracks may initiate from the middle part (wall) of
the small cracks as the inclination angle
increases. Figure 7d shows the crack growing
path for the specimens of large cracks with a 90-
degree inclination angle. The tensile cracks
initiate from the tips of the large crack, and
continue their path toward the specimen’s
boundary in the direction of the applied load. The
tensile cracks may also initiate from the tip, and
the middle part of the small crack and propagate
within the specimen till coalescence with the
other cracks or meet the specimen’s boundary.
Tensile cracks surfaces are smooth without
pulverized material. Any characteristics of shear
displacement are not observed in failure surface.
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Figure 7. Failure mechanisms of rock-like material specimens with two non-persistent joints when the
inclination angle of large crack is a) 0, b) 30, ¢) 60, d) 90.

3.2. Small joint is 2 cm and large joint 4 cm

The failure and fracturing process in the rock-
material specimens with two non-persistent joints
are shown in Figure 8. As shown in Figure 8a for
the case of a large crack with 0 inclination angle
concerning the loading direction, two induced
tensile cracks are initiated from the large crack
and propagated in the loading direction till reach
to the specimen’s boundaries. In this case, one
tensile crack may also get initiated from the
middle of the small crack and extend to the lower
boundary of the specimen. For the case of 30
degrees inclination angle for a large joint as
shown in Figure 8b, a tensile crack may be
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induced from the upper tip of the large joint and
extend up in the direction of loading and meet the
boundary of the specimen. For the inclination
angles 60 and 90 degrees of the large crack, the
tensile crack may be initiated from the lower tip
of the bigger crack and extend toward the
boundary as shown in Figures 8c and 8d. For the
higher inclination angles of a large crack, a tensile
crack may be initiated from the wall of the small
joint and extend toward the specimen's boundary.
Inspection of the failure surface shows that there
is not any pulverized material in the failure
surface, and also failure surface was slickenside,
which means that the dominant mode of failure
was tensile.
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(@

()

Figure 8. Failure pattern of specimens containing two non-persistent joint with large joint angle of a) 0, b) 30,
¢) 60, d) 90.

3.3. Large joint length was 6 cm and small
joint length was 3 cm

The two non-persistent joints existing in the
rock-like material specimens modeled in PFC and
the specimen’s failure process is shown in
Figures 9a to 9d considering the changes in the
inclination angle of the large crack concerning
the applied loading direction. In these analyses,
the inclination angle of the large crack changes
from 0 to 90 degrees with an interval of 30
degrees. Figure 9a shows that the failure process
for the case that the large crack angle is 0 degrees.
In this case, two wing cracks are initiated from
the two tips of the large crack, and one tensile
crack is initiated from the middle part. These
tensile cracks are propagated toward the
specimen’s boundaries. Figures 9b and 9c show
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the failure process of the specimens for the cases
of 30 and 60 degrees inclination angles of the
large crack, respectively. In either of these cases,
two wing cracks are initiated from the upper and
lower tips of the large crack and propagate toward
the respective specimens’ boundaries in the
direction of the applied load. For the case of 90
degrees inclination angle of a large joint, two
tensile cracks are initiated from the upper and
lower tips of the crack and propagate toward the
respected boundaries parallel to the loading
direction as shown in Figure 9d. In these cases,
the fracture surfaces are clean and slickenside
with no pulverized material in between. This
feature demonstrates the domination of mode I
fracture in the specimens during the failure
process.
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(@) (b)

(@ (e)
Figure 9. Mechanism of failure process in the rock-like material specimens containing two non-persistent
joints with large and small sizes; the large joint inclination angle changes as a) 0, b) 30, c) 60, d) 90 degrees,

respectively.
3.4. Specimens’ strength affected by joint of the specimens is maximum for right angle
inclination angle large joints and minimum for 60 degrees

inclination angle. On the other hand, as the joints’
lengths increase, strengths of the samples
decrease.

The strengths of modeled specimens are
affected by the inclination angles of joints, and
their lengths as shown in Figure 10. The strength

0.2 —e—larger joint length=6cm — —e—/largerjoint length=4cm

Failure stress (MPa)

—e—|arger joint length=2cm

0 20 40 60 20 100

The angle of larger joint related to horizontal axis(®)
Figure 10. Effects of joint length and joint inclination angle on strength of the modelled specimen.
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4. Numerically Simulated Tests
4.1. Two dimensional particle flow code

The discrete element analysis of geo-
mechanical problems in two dimensions can be
accomplished using the particle flow code
(PFC2D). The geo-material specimens are
considered as an assembly of circular particles,
and the explicit time-step finite difference
algorithm is established in PFC2D based on the
force-displacement relations obeying the second
law of Newton [45]. The contact bond and
parallel bond models are adopted in the discrete
element code. In the contact bond models, only
force and displacement are modeled at the contact
points with no resistance to momentum. On the
other hand, in the parallel bond, the areas of glue
and contacts are considered in a parallel line
form, which can resist both forces and moments.
Therefore, the joints’ contact surfaces can be
easily simulated by the parallel bond model
scheme. Potyondy and Cundall (2004) proposed
the parallel bond model for simulating the contact
points and surfaces in the geo-material samples
such as rock specimens. In the failure process of
the geo-material specimens, the contact forces
induce the stresses in the particle assembly so that

Journal of Mining & Environment, Vol. 13, No. 4, 2022

the bonds break and form micro-cracks, where
the induced local stresses exceed the strength of
the parallel bonds in the geo-materials.

4.2 Preparation and calibration of PFC2D
model for rock-like material

In this work, PFC2D models of the specimens
are generated in form of particle assemblies as
described by Potyondy and Cundall [45]. The
standard procedure includes generating particle
assembly, implementing the isotropic stress state,
packing the particles in the assembly, eliminating
the floating particles from the assembly, and
installing the bonds in between the packed
particles. In this modeling technics, the gravity
effects of the particles are neglected because the
stress gradient induced due to gravity may not
affect the macroscopic behavior of the modeled
specimen. However, for calibrating the PFC2D
models, the Brazilian tensile strength and the
uniaxial compressive strength tests were carried
out in the laboratory [2]. The micro-parameters
used for the model tests are calibrated by
adopting the standard trial and error algorithm
suggested by Potyondy and Cundall [45]. These
adjusted micro-parameters are listed in Table 2.

Table 2. Micro properties used to represent intact rock.

Parameter Value Parameter Value

Type of particle Disc Parallel-bond radius multiplier 1

Density (kg/m?) 3000 Young’s modulus of parallel bond (GPa) 4

Minimum radius (mm) 0.27 Parallel bond stiffness ratio 1.7
Size ratio 1.56 Particle friction coefficient 0.4
Porosity ratio 0.08 Parallel bond normal strength, mean (MPa) 15
Damping coefficient 0.7 Parallel bond normal strength, SD (MPa) 1.5
Contact Young’s modulus (GPa) 4 Parallel bond shear strength, mean (MPa) 15
Stiffness ratio 1.7 Parallel bond shear strength, SD (MPa) 1.5

Figures 1la and 11b show the experimental
uniaxial compression test and numerical
simulation, respectively. Figures 1lc and 11d
show the experimental Brazilian test and
numerical simulation, respectively. The results
show a well-match between the experimental test

and numerical simulation. Also the obtained
specimen properties from the numerical models
such as elastic modulus, Poisson’s ratio, and UCS
values agree well with the experimental values,
as indicated in Table 3.

Table 3. Comparison of macro-mechanical properties between experiments and model.

Mechanical properties Experimental results PFC2D model results
Elastic modulus (GPa) 9 9.2
Poisson’s ratio 0.18 0.19
UCS (MPa) 15 15
Brazilian tensile strength (MPa) 1 1.2
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(d)

(e)

Figure 11. a) Experimental compression test, b) numerical compression test, ¢) experimental Brazilian test,
and d) numerical Brazilian test.

4.3 Numerical compressive tests on non-
persistent open joint

The Brazilian disc specimens containing joints
are simulated in PFC2D using the calibrated data
already determined in the previous section.
Figures 12, 13, and 14 show the PFC-modelled
specimens. The diameter of the modeled particle
assembly is 100 mm, and 12878 discs of a
minimum 0.27 mm radius are used to model the
circular disc specimen. Figures 12 to 14 also
show the non-persistent joints in the assembly
and the two walls surrounding the whole model.
In this research work, the non-persistent joints
have T-shapes and two pre-fabricated joints are
considered, one is the small joint, and another one
is the large joint. The small joint is about 10 mm
in length and 1 mm in width, as shown in Figure
12. The 20 mm and 30 mm cracks are shown in
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Figures 13 and 14, respectively. On the other
hand, the length of the large crack is 20 mm in
Figure 12, 40 mm in Figure 13, and 60 mm in
Figure 14. The inclination angle of the larger joint
concerning the horizontal axis is zero in Figures
12a, 13a, and 14a. This angle is 30 degrees in
Figures 12b, 13b, and 14b; 60 degrees in Figures
12¢, 13c¢, and 14c; and 90 degrees in Figures 12d,
13d, and 14d. The two small and large non-
persistent joints are at right angles to each other
in form of a T. In this modeling procedure, 12
types of T-shaped joints are used and arranged.
The modeled specimens are depicted in Figures
12, 13, and 14. The applied uniaxial force is
exerted on the specimens through the upper and
lower walls, and the uniaxial stress is recorded
from the reaction forces of the specimen’s upper
wall.
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(b)

(@) (e)

Figure 12. T-shaped joint with large joint angle of a) 0, b) 30, ¢) 60, d) 90, e) 120, and f) 150.

() (b)

(d) (O]
Figure 13. T-shaped joint with large joint angle of a) 0, b) 30, ¢) 60, d) 90, e) 120, and f) 150.
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()

(b)

(@)

(e)

Figure 14. Two T-shaped joints with large joint angle of a) 0, b) 30, c) 60, d) 90, e) 120, and f) 150.

4.4. Effects of joint configuration on the failure
behavior of modelled samples

a) Large joint length was 2 cm and small joint
length was 1 cm

The failure process in the modeled specimens
with the two non-persistent joints is shown in

()

Figure 15. The tensile cracks are shown in black
color, and the shear ones are depicted in red color.
The stress and strain curves for the four models
of 0, 30, 60, and 90 joint angles are shown in
Figure 16.

(b)

(@)

(e)

Figure 15. Failure pattern of specimens containing three non-persistent joint with large joint angle of a) 0, b) 30, c) 60, d)
90, e) 120, and f) 150.
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In the specimens with a horizontal large joint
angle, the initiated tensile cracks from the upper
and lower tips are shown in Figure 15a. These
tensile cracks are propagated in the direction of
the applied load toward the boundary of the
specimen. Another tensile crack is initiated from
the middle part of the large crack and propagated
toward the lower boundary of the specimen.
Figure 15b shows the failure process in the
modeled specimens with a large joint of 30
degrees. The two tensile cracks were initiated
from the upper and lower tips of the large cracks
and propagated in the applied loading direction
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toward the respected boundaries of the specimen.
Figures 15c and 15d show the failure process in
the modeled specimens with the joints of 60 and
90 degrees joint angles, respectively. In these two
cases, the tensile cracks are initiated from the
upper and lower tips of the large crack. One
tensile crack is also initiated from the middle part
of the large crack and extended in the direction of
loading toward the lower boundary of the
modeled specimen. The stress-strain curves
shown in Figures 16 demonstrates the mechanical
behavior of the models with different inclination
angles for the larger joint.

0.8
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Figure 16. Stress versus strain for four models with different large joint angles of a) 0, b) 30, c¢) 60, and d) 90.

b) Large joint length was 4 cm and small joint
length was 2 cm

The failure and fracture mechanism of the
modeled specimens with two T-shape non-
persistent joints are shown in Figure 17. In this
figure, the induced tensile and shear cracks are
represented with black and red colors,
respectively. Figure 18 shows the stress-strain
curves and the mechanical behavior of the four
simulated models with the 0, 30, 60, and 90

1202

degrees joint inclination angles (for the large
joint). Figure 17a shows the failure mechanism
and the propagation of two induced tensile cracks
originating from the upper and lower tips of the
large horizontal joint in the modeled specimen.
These cracks and another tensile crack
originating from the middle part of the large joint
are extended toward the specimens’ boundaries
preferably in the direction of the applied load.
Figures 17b and 17c¢ show the mechanism of
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failure and fracture patterns for the models with
the large joints of 30 and 60 degrees inclination
angles, respectively. Again, the tensile cracks are
originating from the upper and lower crack tips of
the large crack and the middle parts of the small
joints, and extend toward the specimens
boundaries parallel to the loading direction. The

(@
Figure 17. Failure pattern of specimens containing three non-persistent joint with large joint angle of a) 0, b)
30, ¢) 60, d) 90, e) 120, and f) 150.

¢) Large joint length was 6 cm and small joint
length was 3 cm

Figurel9 shows the fracture and failure
mechanism of the modeled specimens with large
and small joints of 6 and 3 cm in length,
respectively. The red and black colors show the
induced shear and tensile cracks in the modeled
samples. On the other hand, Figure 20 shows the
stress-strain curves representing the mechanical
behavior of the modeled specimens in which the
inclination angle of the large joint changes as 0,
30, 60, and 90 degrees.

Figure 19a shows the fracture patterns in the
modeled sample for the case of a horizontal large
joint (with a 0-degree inclination angle). In this
case, two tensile cracks originated from the large
crack tips, and also one tensile crack initiated
from the middle part of the crack. These cracks
may extend to the boundaries of the specimen
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stress-strain curves representing the mechanical
behavior of the modeled samples are shown in
Figure 18. The minimum value of the strain at the
failure point of the models is for the large joint of
60 degrees inclination (concerning the loading
direction).

(b)

()

parallel to the loading direction. Figure 19b
shows the fracture patterns for a modeled sample
with a large joint of 30 degrees inclination angle
related to the loading direction. In this case, one
tensile crack is initiated from the upper tip, one
originated from the lower tip of the large crack
and another one is started from the middle part of
the small crack. These cracks may extend toward
the specimen’s boundaries in the direction of the
applied load. For the case of specimens with large
cracks of 60 and 90 degrees inclination, the
tensile cracks may induce at the upper and lower
tips and also at the middle part of the large crack
in the models, as shown in Figures 19¢ and 19d,
respectively. These cracks also extend toward the
boundaries of the specimen in the loading
directions. The stress-strain curves of these
modeled specimens are shown in Figure 20. The
minimum value of the strain at failure is for the
case of a large joint with 60 degrees inclination.
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Figure 18. Stress versus strain for four models with different large joint angles of a) 0, b) 30, c) 60, and d) 90.

(a) (b)

() (e)
Figure 19. Failure pattern of specimens containing two non-persistent joint with large joint angle of a) 0, b) 30, c) 60, d)
90, e) 120, and f) 150
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Figure 20. Stress versus strain for four models with different large joint angles of a) 0, b) 30, ¢) 60, and d) 90.

By comparison between Figures 21, 22, and 23,
it could be concluded that the strain at failure
point decrease by increasing the joint length.

By comparison between Figures 7-9 and
Figures 15, 17 and 19, it can be concluded that
failure pattern is similar in both of the
experimental test and numerical simulation.
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4.5. Effect of joint angle on strength of
samples

Figure 21 shows the effect of joint angle and
joint length on the strength of models. This figure
was presented for three joint lengths. When the
large joint angle was 60, the strength of the
samples had a minimum value. When the large
joint angle was 90, the strength of the samples
had a maximum value. Also the strength of
samples decreases by increasing the joint length.
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Figure 21. Effect of joint angle on strength of models.

By comparison between Figure 10 and Figure
21, it can be concluded that failure strength is
nearly similar in both of the experimental test and
numerical simulation.

5. Conclusions

The influence of cracks’ geometrical
parameters such as lengths and inclination angles
of the cracked geo-material samples on the
mechanical characteristics, strength, and fracture
mechanism of the prepared specimens with non-
persistence joints were studied in this research
work. The effects of joints’ bridge areas in the
Brazilian tensile strengths of the concrete discs
with 100 mm in diameter and 40 mm in thickness
were studied using both the experimental tests
and particle flow code in two dimensions
(PFC2D). 12 experimental tests and 18 numerical
models were used to completely consider the
various scenarios and conditions of different
problems in this work. The following main
conclusions could be gained:

e For the flat lengthy joints with 0-degree
inclination angles, two wing cracks are produced
and propagate toward the boundary of the
specimen parallel to the loading direction. For the
lengthy cracks, one crack may start its
propagation from the middle part of the original
Jjoint.
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When the large cracks are inclined at about 30
degrees concerning the loading direction, wing
cracks initiate from the upper tips of the large
cracks and continue their growth toward the
boundary of the specimen. They may also
coalesce with the other adjacent joints or cracks.
For large joints with inclination angles of 60 and
90 degrees, the wing cracks initiate from the
upper tip of the large joint and grow parallel to the
loading axis till coalescence with the small joint.

For lengthy joints, one tensile crack initiates from
the wall of the small joint and propagates parallel
to the loading axis till reaches the specimen’s
boundary. Some tensile cracks may also initiate
from the lower tips of the larger joints and extend
in the direction of loading till meet the boundaries
of the specimens. The failure pattern was
unchangeable by increasing the T shape joint
length.

The stress versus strain shows that this curve has
a linear trend for different models till the failure
occurs. The strain at the failure point has a
minimum value when the large joint angle was 60.
When the large joint angle was 60, the strength of
the samples had a minimum value. When the large
joint angle was 90, the strength of the samples had
a maximum value.

The strength of samples decreases by increasing
the joint length. Strain at the failure point decrease
by increasing the joint length.

Failure strength and failure pattern are similar in
both experimental tests and numerical simulation.
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