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The interaction between an internal hole and two surrounded joints under a uniaxial
compression are examined using the experimental and discrete element procedures.
Inside the concrete sample, two notches and an internal hole are created. The joint
angle change from 0° to 90° with an increment of 30°. The distances between the joint
and the internal hole are 2 cm and 3 cm. Also the numerical models are provided. The
joint angle change from 0° to 90° with an increment of 15°. The distances between
the joint and the internal hole are 2 cm, 3 cm, and 4 cm. The compressive strength is
7.2 MPa. The rate of loading is 0.005 mm/s. The experiment indicates that the failure
process is significantly dependent on the notch angle and the joint distance from the
hole. The pattern of fracture and mechanism of failure of joints affect the shear
strengths of the samples. The models with joint angles of 30° and 60° have a less
compressive strength since the pure tensile failure occurs in these configurations. The
model strength decreases with decrease in the join spacing. In fact, in the case that the
joint spacing is 2 cm, the interaction between the hole and the neighboring joint is so
strong. Consequently, the compressive strength is declined. In both approaches of the
numerical simulation and experimental methods, the pattern and strength of failure are
identical.

1. Introduction

The experimental and in situ experiments

compression [9, 10]. Yet, the experimental

indicate that the concrete strength can be declined
by a porous structure, which can lead to an
incompetency of the concrete [1]. Micro-cracks
may initiate from the concrete porous structure and
integrate together; then they can compose of a
fracture plane leading a rock collapse [2-5]. Many
researchers have examined the fragile materials
with pre-existing defects [6-16]. Diverse kinds of
cracks based on their spread mechanism and shape
have been identified by Wong and Einstein [14] on
plaster and Carrara marble samples with a notch
under a uniaxial compression. In addition, they
experimentally examined the behavior of specimen
cracking with two parallelly open flaws in terms of
macroscopic and microscopic under uniaxial
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research works on brittle materials with both
circular void and crack are rare. The interactions
between a notch and a void in the case that the
process of cracking was not assessed and the pore
shape was not circular was studied by Kranz [17].
The micromechanics by Lee and Ju [18] represent
the interactions between a notch and a pore; yet, the
cracking behavior was neglected. Though, some
researchers investigated the cracking process of the
sample with a hole by uniaxial compression tests
[9-12], the impact of pre-existing cracks was
ignored. In addition, diverse approaches such as
FEM [22-50], BEM [51, 52], DEM [53-56], the
numerical ~ manifold method [57], the
continuous/discontinuous  deformation analysis
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method [58], and the meshless approach [59, 60]
have been applied for examining the cracking
behavior of brittle materials. From these numerical
procedures, DEM is determined as one of the most
common approaches for examining the cracking
behavior of fragile substances at micro-scale. In
addition to that, another popular DEM software is
PFC. The principal goal of DEM is to build a
material as an assembly of bonded discs based on
the law of motion. In this case, the formation of
cracks is stimulated between adjacent particles
based on the breakage of bonds [61, 62]. The
cracking process of fragile materials containing a
single [63] and two pre-existing defect(s) [64]
under uniaxial loading has been investigate by the
particle flow code. Besides, the effect of rate of
loading and scale on the cracking process of
defected samples under uniaxial compressive
loading have been examined [65-75]. In the case
that the number and diameter of holes, their center-
to-center distances, and the angle between the line
connecting the holes and the direction of loading
was being changed, Lin et al. [76, 77] examined
hard rock granite specimens with two holes under
a uniaxial compression. Once again, they indicated
that tensile, shear, and mixed-mode (shear-tensile)
cracks initiated at the hole boundaries during the
loading process. Though many researchers
examined the impacts of the presence of hole rock
and rock-like materials, there is is no study in
favour of examining the simultaneous impacts of
holes and a notch. In this research work, an
experimental test and a PFC2D numerical
simulation are used to investigate the interaction
between an internal hole and two neighbouring
joints under a uniaxial compression.

2. Laboratory Experiments Stages
2.1 Mechanical characteristics of specimens

A mixture of cement and water with a ratio of 2/1
was used to create the specimens. The Brazilian
and uniaxial experiments were performed on the
cylindrical and disc specimens. The diameter and
height of the cylindrical specimens were 54 mm
and 108 mm, respectively. In addition, the diameter
and thickness of the disc specimens were 54 mm
and 27 mm, respectively. Figures 1a and 1b depict
the pattern of failure in the uniaxial test and the
Brazilian test. Table 1 indicates the compressive
and tensile strengths of the rock-like samples.
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Figure 1. a) Pattern of failure in experimental the
compressive test, b) pattern of failure in the
Brazilian test.

Table 1. Mechanical characteristics of the samples.

7.2
1.3

Uniaxial compressive strength (MPa)
Tensile strength (MPa)

2.2. How to build samples that contain non-
persistent joints

For the fabrication of samples containing non-
persistent joints and an internal hole, a mixture of
cement and water was applied with a ratio of 2/1.
The mixtures were inserted in the molds. The
dimensions of the framework were 150 mm x 150
mm x 200 mm (Figure 2a). The fiberglass was used
for building the model, which did not adsorb water,
and consequently, the volume of mold remained
constant. A specific plastic fiber with dimensions
of 150 mm x 150 mm x 100 mm was placed into
the frame (Figures 2a and 2c). Then the aluminum
sheets and cylindrical instrument were placed into
oil. From one side, it was placed within the plastic
fiber, and on the other side, it was attached to the
free surface (Figures 2a and 2¢). The dimensions of
the sheet were 200 mm*20 mm*1 mm, and the
diameter of the cylindrical instrument was 20 mm.
The bonding between the blade and the chunk was
held by oil (Figure 2b). After removing the plaster
slurry and spending 15 minutes, the aluminum
sheets and the cylindrical instrument were pulled
out from the box (Figure 2d). Then the cast bolts
were opened (Figure 2c), and the specimens were
pulled out from the box (Figure 2d). After 15 days,
the specimens were loaded uniaxially, and
examined the sample breakage. Generally, the
samples with two joints and one internal hole were
constructed. The joint angularities changed in four
different values, i.e. 0, 30, 60" and 90°. The
distance between the joint and the internal hole
changed in two different values, i.e. 2 cmand 3 cm.
Totally, 8 specimens with diverse joint angles and
joint spacings were provided.
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Figure 2. a) Dimensions of frame were 150 mm x 150 mm X 150 mm. A specific plastic fiber with dimensions of
150 mm % 150 mm % 100 mm was placed in the frame, the shim within the plastic fiber, b) the shim adjustment
within the frame and plaster slurry inside the mold, c) a sideview of plastic fiber and specimen, D) sample
consisting of non-persistent joint and hole.

2.3. Loading sample

In order to perform loading on thev samples, they
were situated within the uniaxial machine. The rate
of loading was 0.005 mm/s.

3 Experimental results

3.1 Failure mechanism of specimens

a) Distance between joint and internal hole was
2 cm

Figure 3 depicts the pattern of failure of the
samples with internal hole and joints with spacing
of 2 cm. In the case that the angles of joint were 0’
and 30" (Figures 3a and 3b), two outer tensile
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cracks were initiated from the notch boundaries
and spread parallel to the wvertical load till
coalescence with the specimen. In addition, two
inner tensile cracks were initiated from the notch
boundaries and spread parallel to the vertical load
till coalescence with the hole. In the case that the
numbers of joints were 60° and 90" (Figures 3¢ and
3d), two outer tensile cracks were originated from
the notch tips and spread parallel to the vertical
load till integrate with boundary of the specimen.
In addition, two inner tensile cracks were
originated from the notch tips and spread parallel
to the loading axis till integrate with the hole.
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Figure 3. The pattern of failure in sample with joint spacing of 2 cm and diverse joint angle of a) 0°, b) 30, ¢) 60’,
and d) 90°.

b) Distance between joint and internal hole was
3cm

Figure 4 depicts the pattern of failure of samples
with internal hole and notches with spacing of 3
cm. In the case that the angles of joint were 0° and
30" (Figures 4a and 4b), two tensile cracks were
originated from the notch and spread parallel to the
vertical load until coalescence with the specimen.
In addition, two inner tensile cracks were
originated from the notch and spread parallel to the

vertical load till integrate with the hole. In the case
that the numbers of joints were 60” and 90° (Figures
4c and 4d), two outer tensile cracks were initiated
from the notch tips and spread parallel to the
vertical load till integrate with the sample
boundary. In addition, two inner tensile cracks
were initiated from the notch and spread parallel to
the vertical load till integrate with the hole. Table
2 shows the places where the new born cracks were
initiated.

O O O O
(as rl(b) (c) (d)

Figure 4. The pattern of failure in sample with joint spacing of 2 cm and various joint angles of a) 0", b) 30", ¢)
60°, and d) 90"

Table 2. Crack was initiated from defects.

Distance between joint Notch angle
and internal hole (mm) 0 30 60 90
Places where the new born cracks were initiated
20 Notch wall Notch wall Notch tip Notch tip
30 Notch wall Notch wall Notch tip Notch tip

3.2 Influence of joint angle on specimen strength

Figure 5 indicates the influence of joint angle on
the specimen’s shear strength for both of the join
spacings, i.e. 2 cm and 3 cm. The models with joint
angles of 30" and 60" have a less compressive
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strength. Also the model strength decreases with
decreasing the join spacing. In fact, in the case that
the joint spacing was 2 cm, the interaction between
the hole and the neighboring joint was so strong.
This leads to decreasing the compressive strength.
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Figure 5. Influence of joint angle on the specimen’s
compressive strength.

4. Particle Flow Code

PFC2D is a discreet element code that introduces
the substance as a solid particles’ assembly moving
discreetly, and its interaction is just at the contacts
(Potyondy and Cundall [64]). This model
established an elastic relationship between the
relative movements and the particle contact forces.
Some provided routines were used for producing a
parallel-bonded particle model for PFC2D. In order
to produce this model, some micro-characteristics
must be introduced such as parallelly-bond
stiffness ratio, minimum radius of ball, stiffness
ratio kn over ks, ball-to-ball contact modulus,
parallelly normal bond strength, coefficient of ball
friction, ratio of standard deviation to mean of bond
strength both in the normal and shear directions,

(b)
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parallel-bond modulus, parallel shear bond

strength, and parallel-bond radius multiplier.

4.1. Preparing and calibrating numerical model

According to the micro-characteristics listed in
[57] and calibrating by standard approaches
(Potyondy and Cundall, [64]), a calibrated
assembly of PFC particle was provided. The
dimensions of the uniaxial model were 54 mm and
108 mm. The sample was created by 12,615
particles. The upper and lower walls got closed to
each other with a slow rate of 0.016 m/s. The
diameter of the Brazilian model was 54 mm. The
sample was created by 6421 particles. The
surrounding walls got closed to each other with a
slow rate of 0.016 m/s. The local damping factor
was 0.7 based on the PFC manual. Figures 6a and
6¢ depict the experimental uniaxial compression
test and experimental Brazilian test, respectively.
Also Figures 6b and 6d indicate the numerical
uniaxial compression test and the numerical
Brazilian test, respectively. The results obtained
indicate a good matching between the numerical
simulation and the experimental test. The uniaxial
compression strength, Young modulus, and
Brazilian tensile strength are shown in Table 3.
These mechanical characteristics are in a good
matching with those of the experimental tests
(Table 1). This indicates that the calibration of
model is correct.

Tensile
crack

(©) (d)

Figure 6. a) Experimental compression test, b) numerical compression test, ¢) experimental Brazilian test, and d)
numerical Brazilian test.

Table 3. Mechanical properties in numerical models.

UCS (MPa)

Young modulus (GPa)

Tensile strength (MPa)

7.4
9.3
1.4
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4.2 Numerical compressive tests
persistent open joint

on non-

The numerical simulation of the compression
tests for jointed rocks were performed by making a
box model in PFC2D (by applying the calibrated
micro-parameters) after calibration of PFC2D
(Figures 7-9). The dimensions of the PFC samples
were 150 mm % 150 mm. A number of 14321 disks
with a minimum radius of 0.27 mm were provided
in order to build up the box sample. Two walls
were placed at the top and bottom of the model. By
elimination of particle bands from the model, the
non-persistent joints were made. The notche
opening was 1 mm. Also one hole was created in
the center of the model. Generally, the models with
two joints and one hole were -constructed.

(e
Figure 7. Numerical model with joint angles of a) 0°, b) 15", ¢) 30°, d) 45°, ) 60°, f) 75", and g) 90°.

®
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Generally, the samples containing two joints and
one hole were constructed. The joint angularities
changed in seven different values, i.e. 0" (Figure
7a), 15" (Figure 7b), 30" (Figure 7c), 45 (Figure
7d), 60° (Figure 7e), 75" (Figure 71), and 90" (Figure
7g). The distance between the joint and the internal
hole changes in two different values, i.e. 2 cm
(Figure 7), 3 cm (Figure 8), and 4 cm (Figure 9).
Totally, 21 specimen with different joint angles
and joint spacings were prepared. It is worthy
noting that the joint configuration is similar to the
experimental one in § various joint configurations,
i.e. joint angles of 0", 30", 60°, and 90" for the joint
spacings of 2 cm and 3 cm. The top and bottom
walls induced a uniaxial force on the model. The
recorded reaction forces on the top wall were used
for registeration of the compression force.

(€]
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Figure 8. Numerical model with joint angles of a) 0°, b) 15", ¢) 30°, d) 45°, €) 60°, f) 75", and g) 90".

4.3. Numerical results

4.3.1. Failure mechanism of models

a) Distance between joint and internal hole was
2 cm

Figure 9 indicates the pattern of failure of the
samples with an internal hole and a non-persistent
joint with a joint spacing of 2 cm. The shear crack
is denoted by a red line, while the tensile crack is
marked as a black line. In the case that the joint
angle was 0° (Figure 10a), two outer tensile cracks
were originated from the joint boundaries. The
upper tensile fracture grew for a short distance and
then stopped but the lower tensile fracture spread
parallel to the loading axis till integrate with
boundary of the specimen. In addition, two inner
tensile cracks were initiated from the joint
boundaries and spread parallel to the loading axis
till integrate with the hole boundaries. Another
tensile fracture was originated from the right tip of
the lower joint and spread diagonally till
coalescence with boundary of the model. In the
case that the angles of joints were 157, 30, and 45
(Figures 9b, 9¢c, and d), two outer tensile cracks
were initiated from the joint boundaries. The upper
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tensile fracture grew for a short distance and then
stopped but the lower tensile fracture spread
parallel to the loading axis till integrate with the
specimen boundary. Further, two inner tensile
cracks were initiated from the joint boundaries and
spread parallel to the loading axis until integrate
with the hole boundaries. Another tensile fracture
originated from the right tip of the lower joint and
spread diagonally till integrate with the model
boundary. This fracture joins the right side of the
hole too. In the case that the angles of joints were
60", 75", and 90" (Figures 9e, 9f, and 9g), two outer
tensile cracks were initiated from the joint
boundaries. The upper tensile fracture grew for a
short distance and then stopped but the lower
tensile fracture spread parallel to the loading axis
till integrate with boundary of the specimen.
Additionally, two inner tensile cracks were
initiated from the joint boundaries and spread
parallel to the loading axis till integrate with the
hole boundaries. Another tensile fracture was
originated from the right side of the hole and
propagated diagonally till integrate with the model
boundary.
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Figure 9. Pattern of failure in numerical model with joint angles of a) 0°, b) 15, ¢) 30°, d) 45°,¢) 60°, f) 75", and g)

b) Distance between joint and internal hole was
3cm

Figure 10 indicates the pattern of failure of the
samples with an internal hole and a non-persistent
joint a with joint spacing of 2 cm. The shear crack
is denoted by a red line, while the tensile crack is
marked as a black line. In the case that the joint
angles were 0, 15", 30", and 45 (Figures 10a, 10b,
10c, and 10d), two tensile fractures were originated
from the tips of the lower joint. These fractures
propagated diagonally till coalescence with
boundary of the model.

In the case that the angles of joints werw 60°, 75°,
and 90" (Figures 10e, 10f, and 10g), two inner
tensile cracks were initiated from the joint tips and
spread parallelly to the loading axis till integrate
with the boundary of the hole. Also a tensile
fracture originated from the right side of the hole
and propagated diagonally till integrate with the
model boundary.

90°.
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In the case that the angles of joints were 60°, 75",
and 90" (Figures 12e, 12f, and 12g) the tensile
fracture originated from the right side of the hole
and propagated diagonally till coalescence with
boundary of the model.

By comparing Figures 3 and 4 and Figures 10 and
11, it is deductible that the pattern of failure is
approximately identical in both the numerical
simulation and the experimental test.

4.4. Influence of joint angles on model’s strength

Figure 11 indicates the impact of joint angle on
the compressive strength of the models with joint
spacings of 2 cm, 3 cm, and 4 cm. The models with
joint angles of 30" and 60" have a less compressive
strength. Furthermore, the model strength decrease
with decreasing the join spacing. In fact, in the case
that the joint spacing was 2 cm, the interaction
between the hole and the neighboring joint was so
strong. This leads to decreasing the compressive
strength.
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Compressive strength (MPa)

(O]
Figure 10. Pattern of failure in numerical model with joint angles of a) 0°, b) 15°, ¢) 30", d) 45°, ¢) 60°, f) 75", and
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Figure 11. Influence of joint angle on compressive

strength of specimens.

By caomparing Figure 5 and Figure 11, it can be
indicated that the failure strength is approximately
identical in both the numerical simulation and the
experimental test.

5. Conclusions

For a joint spacing of 2 cm, in the case that the
joint angle was 0°, two outer tensile cracks were
originated from the joint boundaries. The upper
tensile fracture grew for a short distance and
then stopped but the lower tensile fracture
spread parallel to the loading axis till integrate
with the specimen boundaries. In addition, two
inner tensile cracks were originated from the
boundaries of joint and spread parallel to the

®

g) 90°.
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loading axis till integrate with boundaries of
hole. Another tensile fracture originated from
the right tip of the lower joint and spread
diagonally till integrate with the model
boundary. In the case that the angles of joints
were 15°, 30°, and 45°, two outer tensile cracks
were initiated from the joint boundaries. The
upper tensile fracture grew for a short distance
and then stopped but the lower tensile fracture
spread parallel to the loading axis till integrate
with boundary of the specimen. In addition, two
inner tensile cracks were initiated from the joint
boundaries and spread parallel to the loading
axis till integrate with hole boundaries. Another
tensile fracture originated from the right tip of
the lower joint and spread diagonally till
integrate with the model boundary. This fracture
joins the right side of the hole too. In the case
that the angles of joints were 60°, 75°, and 90°,
two outer tensile cracks were originated from
the joint boundaries. The upper tensile fracture
grew for a short distance and then stopped but
the lower tensile fracture spread parallel to the
loading axis till integrate with boundary of the
specimen. Also two inner tensile cracks were
initiated from the joint boundaries and spread
parallel to the loading axis till integrate with the
hole boundaries. Another tensile fracture
originated from the right side of the hole and
propagated diagonally till integrate with the
model boundary.
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e For ajoint spacing of 3 cm, In the case that the
joint angles were 0°, 15°, 30°, and 45°, two
tensile fractures originated from the tips of the
lower joint. These fractures were propagated
diagonally till coalescence with boundary of the
model. In the case that the angles of joints were
60°, 75°, and 90°, two inner tensile cracks were
originated from the joint tips and spread parallel
to the loading axis till integrate with the
boundary of the hole. In addition, the tensile
fracture originated from the right side of the
hole and propagated diagonally till integrate
with the model boundary.

e For ajoint spacing of 4 cm, in the case that the
joint angles were 0°, 15°, 30°, and 45°, two
tensile fractures were originated from the tips of
the lower joint. These fractures propagated
diagonally till integrate with the model
boundary. In the case that the angles of joints
were 60°, 75°, and 90°, the tensile fracture was
originated from the right side of the hole and
propagated diagonally till integrate with the
model boundary.

e  The models with the joint angles of 30 and 60°
had a less compressive strength since pure
tensile failure occurred in these configurations.
The failure surface was smooth without a
plouverized material. It shows that the tensile
failure occurs in these samples. On other hand,
the models with joint angles of 0° and 90° have
a more compressive strength since mixed
shear/tensile  failure  occurs in  these
configurations. Inspection of the failure surface
shows that a poluvesrized material exists in the
failure surface. It shows that the shear failure
occurs in these samples.

e The model strength decreases with decreasing
the join spacing. In fact, in the case that the joint
spacing was 2 cm, the interaction between the
hole and the neighboring joint was so strong.
Consequently, the compressive strength was
declined.

e  The pattern of failure is approximately identical
in both the experimental test and the numerical
simulation.

e The strength of failure is approximately
identical in both the experimental test and the
numerical simulation.
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