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Abstract
Tensile strength is one of the most significant parameters for rock. Rock-like materials were used to prefabricate Brazilian
disc specimens containing a single flaw. Meanwhile, based on particle flow theory and the particle flow code 2 dimension
(PFC2D) program, the effects of flaw length and dip angle on the specimens’ mechanical properties under Brazilian test were
investigated, and a formula for tensile strength of specimens containing a single flaw under the Brazilian test was constructed.
The results are shown as follows. When the flaw length is consistent, the tensile strength of specimens decreases initially and
then increases with an increase in the flaw dip angle. When the flaw dip angle is consistent, the tensile strength of specimens
decreases gradually with an increase in the flaw length. With an increase in the flaw length, the effect of flaw on the failure
mode of specimens becomes more pronounced, and the amount of acoustic emission decreases and the distribution range of

fracture magnitude shrinks.
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1. Introduction

Tensile strength is one of the most significant parameters for
rock. At present, the Brazilian test is a general method to
measure rock tensile strength, and it plays a major role in
research fields such as rock mechanics theory, experiment
and engineering application. The advantage of the Brazilian
test is its ease of use, in that only an ordinary press machine
is required to conduct the test.

The Brazilian test for rock strength measurement is over
40 years old. In 1971, Mellor & Hawkes (1971) investigated
in depth the validity of the Brazilian test for rock strength
measurement. Based on their research conclusions, the
International Society for Rock Mechanics ISRM (1978)
recommended the Brazilian test method as an indirect
method to measure rock tensile strength in 1978. In recent
years, scholars have carried out experimental and theoretical
research of various rocks using the Brazilian test. Markides
et al. (2010) used the complex function method to derive
the analytical solution stress and displacement field of
specimen under the Brazilian test. Through experimentation
and simulation, Yu & Zhang (2009), Erarslan et al. (2012a)
and Erarslan & Williams (2012b) investigated the stress
state and failure process of specimens with different arc
loading angles under the Brazilian test. Based on the analytic
method established by Lekhnitskii (1968), Amadei et al.
(1983) derived a generalized analytic formula of anisotropic
disc material under the Brazilian test. Istvan et al. (1997),
McLamore & Gray (1967), Chen et al. (1998) and Debecker
& Vervoort (2009) investigated the relationship between
beddings and tensile strength based on transverse isotropical
rocks such as sandstone, slate and coal, respectively.

As one kind of widely developed geologic structure,
flaws are significant factors that influence the strength,
rock. The
mechanical characteristics of rock containing flaws under

deformation and fracture mechanism in

uniaxial or triaxial compressive conditions have been widely
researched (Wong & Einstein, 2009a; Wong & Einstein,
2009b; Yang et al., 2008; Huang et al., 2016). However,
few reports have examined the mechanical characteristics
of specimens containing a flaw from a meso mechanical
viewpoint. Therefore, in this paper, rock-like materials were
used to prefabricate Brazilian disc specimens containing
a single flaw. Further, based on particle flow theory and
PFC2D program, the effects of flaw length and dip angle
on the specimens’ mechanical properties under Brazilian
test were investigated, and a tensile strength formula for
specimens containing a single flaw under the Brazilian test
was constructed.

2. Experimental study
2.1 Specimen preparation and test procedures

In the Brazilian test, cement, fine sand and water are mixed
at a ratio of 4:2:1 to construct the specimens. The shape of
specimens in the Brazilian test is cylinder, with a diameter
of 50mm and height of 30mm. A single flaw with a width of
1.5mm, is precasted in the center of the specimen. The length
L of the flaw is set to 0 mm, 8mm and 24mm, and the dip
angle (the angle between the flaw and the loading direction)
a of the flaw is set to 0°, 15°, 30°, 45°, 60°, 75° and 90°.
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A WEP-600 universal testing machine is used as the loading
machine. The test loading rate is set to 0.3MPa~0.5MPa per
second. When an obvious fracture sound is generated or the
data value of loading sensor decreases suddenly, the test is
stopped.

2.2 Test results
2.2.1 Tensile strength

The average value of tensile strength for an intact specimen
is 3.80MPa. As shown in Table 1, when a flaw exists and
its length is constant, the tensile strength ot of specimens

decreases initially and then increases, with an increase in
the flaw dip angle. When the flaw dip angle a equals 0°or
90°, the specimens possess relatively high tensile strength.
When the flaw dip angle o equals 45°, the tensile strength of
specimens reaches its minimum value. For example, when
flaw length L equals 8mm and 24mm, the tensile strength
of specimens is 2.17MPa and 0.94MPa, respectively.
Moreover, under the condition of the same flaw dip angle,
the tensile strength of specimens decreases gradually with
an increase in the flaw length.

Table 1. Tensile strength of specimens with different flaw conditions.

Flaw dip angle a (°)

Tensile strength o,/ MPa

Flaw length L=8mm

Flaw length L=24mm

0 2.93 1.59
15 1.36
30 2.52 1.13
45 2.17 0.94
60 2.33 1.33
75 1.35
90 2.74 1.28

2.2.2 Fracture distribution

Figure 1 and Figure 2 show the fracture distribution of
specimens after the Brazilian test when the flaw length is
8mm and 24mm, respectively.

When the specimen is intact, the fracture mainly propagates
along the loading direction in specimen. Because of the end
effect, some fractures present an angle towards the loading
direction and originate at the loading part of specimen.

As shown in Figure 1 and Figure 2, when the specimen
contains a single flaw, the fracture distribution state is
influenced by the flaw condition in different degrees under
the Brazilian test.

When the flaw dip angle 0=0°, the two types of specimen
containing different flaw lengths have similar distributions
of fractures, which primarily generate along the loading
direction between the loading ends and the flaw tips of the

specimen.

(e) 6=90°

(f) intact specimen

Fig. 1. Fracture distribution of a specimen with a flaw length of 8§ mm.
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(g) a=90° (h) intact specimen

Fig. 2. Fracture distribution of a specimen with a flaw length of 24 mm.

With a flaw length of 8mm, the fracture characteristic
of the specimen is as follows. When the flaw dip angle is
30°,45° and 60°, two fractures generate between the loading
ends and flaw tips of the specimen and intersect at the flaw
tips. The width between these fractures is narrow. When the
flaw dip angle is 90°, fractures mainly generate between the
loading ends and the flaw tips.

With a flaw length of 24mm, the fracture characteristic
of the specimen is as follows. When the flaw dip angle is
15°, 30°, 45° and 60°, two fractures generate between the
loading ends and the flaw tips. With an increase in the flaw
dip angle, the angle between the fractures at the flaw tips also
increases. One fracture generates between the loading ends
and the flaw tips, and the other generates mainly along the
flaw trend direction. When the flaw dip angle is 75° and 90°,
fractures generate mainly between the centre part of the flaw
and the loading end.

3. Numerical simulation
3.1 Meso mechanical parameter determination

Based upon the discrete element method, Cundall & Strack
(1979) established particle flow theory by introducing
the idea of molecular dynamics. This theory emphasizes
the explanation of the damage and fracture mechanism of
material from a meso mechanical viewpoint, analyzing the
process of large deformation from the linear elastic stage
to rupture failure and considering the process of crack
formation, propagation and coalescence intuitively. Hence,

it is very suitable for investigating the mechanical and
engineering characteristics of rock. Based on the particle
flow theory, the particle flow code uses particle elements to
construct a calculative model, and does not need to define the
macroscopic constitutive relation of material in advance. It
only needs to set the meso mechanical parameters between
particles, and the intricate nonlinear stress-strain relationship
can be determined automatically with the stress condition.
Simultaneously, bonds between particles that can be broken
are affected by external action, which results in the mutual
separation of particles, for implementing a numerical
simulation of crack generation and propagation in the
material.

In this paper, based on particle flow theory and the PFC2D
program, the numerical models are constructed with the same
size as the specimens. Based on the experimental data of the
intact specimen, the meso mechanical parameters shown in
Table 2 are obtained by repeated debugging. To ensure the
quasi-static loading state, the loading strain rate (1.0) is set
to be sufficiently small in the simulation, and the calculative
termination condition is established when the residual
strength reaches 40% of the peak strength. The calculative
tensile strength of the intact specimen is 3.83MPa, based on
the meso mechanical parameters of table 2. This calculative
tensile strength is consistent with the test result. Therefore,
the meso mechanical parameters are reasonable and can be
used for the remaining simulations.
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Table 2. Calculated meso mechanical parameters.

.. Stiffness
Minimum . Contact .
. Particle . . . ratio of
particle . Bulk density, Friction elastic
. radius 3 . normal and
radius, . p/(kgm ~)  coefficient, u modulus,
ratio, Rrat shear
Rmin/ mm EC/ GPa
contact, kn/ks
0.25 1.75 2500 0.5 15.0 3.1
Stiffness
Radius Elastic ratio of Normal strength of Shear strength of
coefficient  modulus normal parallel bond parallel bond
of parallel of and shear
bond, parallel parallel Average Standard Average Standard
A bond, E. bond, value, deviation, value, deviation,
% /s Onmean/MPa  ongev/MPa Ty mean/MPa  75.goo/MPa
1.0 15.0 3.1 15.8 1.58 15.8 1.58

3.2 Effect of flaw on tensile strength

Figure 3 shows the numerical and experimental results of
specimens with different flaw conditions under the Brazilian
test. It is clear that when the flaw length L equals 8mm and
24mm, the calculation is approximately the same as the
experimental value, and the variation law is similar. This again
indicates that the calculative meso mechanical parameters
shown in Table 2 can represent the mechanical properties of
test sample very well. A similar result was obtained when the
flaw dip angle was constant: the calculative tensile strength
decreased gradually with an increase in the flaw length. When
the flaw length is constant, the calculative tensile strength
decreases initially and then increases with an increase in the flaw
dip angle. With this flaw condition, the tensile strength reaches
a minimum value when the flaw dip angle is approximately 45°,
and it reaches a relatively high value with the dip angle of 0° or
90°. This calculative results show that when the flaw length L
equals 4mm, 8mm, 16mm and 24mm, the specimens reach the
minimum value of 3.00MPa, 2.32MPa, 1.70MPa and 1.10MPa,
with a flaw dip angle of 45°, 60°,45° and 30°, respectively.

—8— Calculative strength(L=4mm)
—®— Calculative strength(L=8mm)
—— Calculative strength(L=16mm)
—r— Calculative strength(L=24mm)

5 O Test strength(L=8mm)

- Test strength(L=24mm)

.
1

Tensile strength/MPa
1 1

Flaw angle/®

Fig. 3. Tensile strength with different flaw lengths.

The effect of the flaw length L and dip angle o on the
strength of Brazilian test specimens containing a single
flaw was investigated. Based on the simulation results, the
relational expression among the flaw length, dip angle and
strength is shown as Equation (1). As shown in Figure 4,
the strength analytical solution of Brazilian test specimens
with different flaw condition is calculated by Equation (1),
and its variation law is consistent with the experimental and
simulation results. In Equation (1), L, o and D are the flaw
length, flaw dip angle and specimen diameter, respectively.
A and a are the curve shape parameter, respectively. In this
paper, A is 60, and o is 45.
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Fig. 4. Analytical solution of tensile strength.
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3.3 Effect of flaw on micro-crack distribution

tensile and shear micro-crack, respectively. It appears that
Figure 5 and Figure 6 show the micro-crack distribution when

the tensile micro-crack dominates in specimen failure under
this two-flaw condition.

the flaw length of specimens is equal to 8mm and 24mm,
respectively. The short red and blue short lines represent a
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Fig. 5. Micro-crack distribution (Flaw length L=8 mm).
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Fig. 6. Micro-crack distribution (Flaw length L=24 mm).
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When the flaw length L is equal to Omm or 8mm, the
micro-cracks located in the loading part of specimen are
intensive and consist of some shear micro-cracks. When the
flaw length L is equal to 24mm, micro-cracks that are located
in the loading part of specimen decrease with an increase
in the flaw dip angle. The shape of the fracture formed by
micro-cracks becomes narrower.

When the flaw length L equals 8mm, micro-cracks mainly
form between the loading ends and flaw tips with a flaw dip
angle of 0°, 15°, 30°, 45° and 60°. With a flaw dip angle of
75°, the micro-cracks mainly form between the central part
of the flaw and the loading end. With a flaw dip angle of 90°,
micro-cracks mainly form between the central part of flaw,
the flaw and the loading end.

When the flaw length L equals 24mm, micro-cracks
mainly form between the loading ends and flaw tips with a
flaw dip angle of 0° and 15°. With a flaw dip angle of 30°,45°
and 60°, a portion of the micro-cracks form between loading
ends and flaw tips: the others form along the direction of flaw
trend. With a flaw dip angle of 75° and 90°, micro-cracks
mainly generate between the central part of the flaw and the
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particles occuring twice during the loading process (see in
Figure 7). The first BTSC occured at the flaw tips initially, and
gradually developed towards the closest loading boundary.
The second BTSC initiated at the specimen boundary and
trended towards the flaw tips. When the BTSC exceeds the
bond tensile strength between particles, the tensile cracks
form, resulting in two fractures at the flaw tips.

3.4 Effect of flaw on acoustic emission characteristics

Influenced by the action of external force, internal force or
temperature,some of the cracks generated and extended during
the rock failure process, accompanied by the phenomenon of
strain energy release and transient elastic wave generation.
This phenomenon is called acoustic emission (AE). Based on
particle flow theory and PFC2D program, Hazzard & Young
(2000; 2002; 2004) established the AE simulation method for
rock material on the meso scale. In this paper, four typical
specimens (intact sample; sample with L=8mm and 0=0°;
sample with L=24mm and 0=45°; sample with L=24mm and
a=90°), were selected to investigate the evolution rule of
micro-cracks of Brazilian test specimens containing different
flaws by using the AE simulation method. In the simulation
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(a) Initiation of 1% BTSC (b) End of 1* BTSC (c) Initiation of 2" BTSC (d) End of 2" BTSC

Fig. 7. The mechanism of the generation of two fractures at the flaw tips.

loading end. Moreover, portions of the micro-cracks
form along the direction of the flaw trend with a flaw dip
angle of 90°.

In summary, with an increase in the flaw length, the effect
of flaw on the failure mode of specimen is more pronounced.
When the flaw dip angle is constant, with an increase in the
flaw length, the number of micro-cracks decreases gradually,
and the fracture width formed by micro-cracks increases.
Under different flaw conditions, the above calculative
fracture distribution is consistent with the experimental
results, which indicates that the simulation is reliable.

As an example, two fractures at the flaw tip formed in the

specimen with a length of 24mm and dip angle of 45° due to
the bond tensile stress concentration (BTSC) between

process, every circle represents a single AE event, and its
size represents the AE magnitude.

Figures 8, 9, 10 and 11 show the AE event distribution
under different flaw conditions. Based on these results,
the micro-crack evolution rule of Brazilian test specimens
containing different flaws was analysed as follows. When
the specimen is intact, AE events initiated at the loading
boundary, and then extended towards the centre of the
specimen. When the flaw length L equalled 8mm and the
dip angle a equalled 0°, AE events initiated at the flaw tips,
and then extended towards the loading boundary. When
the flaw length L equalled 24mm and dip angle o equalled
45°, AE event generation could be divided into two stages.
In the first stage, AE events generated from the flaw tips to
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the loading end. In the second stage, AE events generated the first stage, AE events generated from flaw centre to the
from the specimen boundary to the flaw tips. When the flaw  loading end. In the second stage, AE events generated from
length L equalled 24mm and the dip angle a equalled 90°, the specimen boundary to the flaw tips.

AE event generation couldalso be divided into two stages. In
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Fig. 8. AE event distribution of intact specimen.
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Fig. 9. AE event distribution of specimen with flaw length of 8 mm and dip angle of 0°

)

(a) step=36800 (b) step=4000 (c) step=45000  (d) step= 48920

Fig. 10. AE event distribution of specimen with flaw length of 24 mm and dip angle of 45°.
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Fig. 11. AE event distribution of specimens with flaw length of 24 mm and dip angle of 90°.
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Figure 12 shows the relationship between the AE count
and the fracture magnitude. With respect to the relationship
between AE count and fracture magnitude, in intact
specimens, the number of AE event was 230, the maximum
and minimum values of AE fracture magnitude were -4.6799
and -6.1246, and the mean value and standard deviation of AE
fracture magnitude were -5.4023 and 1.0216, respectively.

When the flaw length L equals 8mm and the dip angle
o equals 0°, there are 147 AE events. The maximum and
minimum values of AE fracture magnitude are -5.1092 and
-6.2182, and the mean value and standard deviation of AE
fracture magnitude are -5.6637 and 0.7842, respectively.

When the flaw length L equals 24mm and the dip angle
o equals 45°, there are 81 AE events. The maximum and
minimum values of AE fracture magnitude are -5.2474 and

TS, [ AE count

Count

65 - 55 - 45
Fracture magnitude

(a) Intact specimen

~ | AE count

20+

Count

6.5 £80 55 5.0 45
Fracture magnitude

(c) L=24mm, a=45°
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-5.9976, and the mean value and standard deviation of AE
fracture magnitude are -5.6625 and 0.8305, respectively.

When the flaw length L equals 24mm and the dip angle
a equals 90°, there are 80 AE events. The maximum and
minimum value of AE fracture magnitude are -5.2124 and
-5.8131, and the mean value and standard deviation of AE
fracture magnitude are -5.5127 and 0.4248, respectively.

As shown in Figure 12, some AE characteristics of
Brazilian test specimens containing a single flaw are identified
as follows. When the specimen is intact, the AE count is
larger than that containing a single flaw and the AE facture
magnitude is larger. With an increase in the flaw length, the
AE count decreases, and the range of AE fracture magnitude
shrinks. However, the relationship between the AE count and
fracture magnitude is essentially normally distributed.

| AE count

Count

65 - 55 - 45
Fracture magnitude

(b) L=8mm, 0=0°

30

S5 AE count

20 |

Count

Fracture magnitude

(d) L=24mm, 0=90°

Fig. 12. Relationship between AE counts and fracture magnitude.

4. Conclusion

The effect of flaw length and dip angle on specimen’s
mechanical properties in the Brazilian test was investigated
in this paper. The experimental and numerical analyses show
the following: (1) When the flaw length is consistent, the
tensile strength of the specimens decreases initially and then
increases with an increase in the flaw dip angle. (2) When
the flaw dip angle is consistent, the tensile strength of the
specimens decreases gradually with an increase in the flaw

length. (3) With an increase in the flaw length, the effect of
the flaw on the failure mode of specimens becomes more
remarkable. (4) With an increase in the flaw length, the
amount of acoustic emission decreases.
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