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Abstract: Tensile strength is one of the most important characteristics of rock masses that could govern the stability of 

rock structures. Due to difficulties in its direct measurements, indirect methods such as the Brazilian test have been 

developed to assess the tensile strength of laboratory-scale rock material. This study considers the effect of loading 
contact angle on the indirect tensile strength of rock-like disks by adopting experimental and discrete element methods. 

Several experimental specimens made of synthetic materials were examined under diametrical loading, and conse-

quently, a numerical model using PFC3D was calibrated accordingly. Then, the impacts of the loading contact angle 

(θ) on the tensile strength, failure pattern, and contact force chain were investigated in detail. The results indicated that 

as θ increases from 0°, suggested by ASTM, to 90°, the tensile state is dominated at the specimen center, whereas for 

angles greater than 90°, the dominant stress state changed to compression. Also, while σxx (tensile stress) at the center 

of the disk did not change for θ below 40°, the σyy (compressive stress) and σzz (out-of-plan normal stress) increased 
after θ =30°. The analysis of developed cracks suggested that when θ is lower than 30°, the percentage of tensile and 

shear cracks were constant (80% and 20%, respectively). As the loading contact angle increased, tensile cracks de-

creased, whereas the other increased. By analyzing the failed specimens, three categories of crack patterns and two 

categories of contact force chains were identified. 
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1. Introduction 

Tensile strength is an important rock property with a major 

significance in the design of structures constructed within rocks, such as 

slopes, pillars, and tunnels, because it can control these structures' 

mechanical behavior and failure mechanisms. Due to the inherent 

difficulties of in conducting direct tensile tests on rocks such as clamping, 

centering, and eliminating bending moment and torque, the tensile strength 

of rocks is commonly obtained indirectly [1]. Moreover, rock engineers 

usually deal with various complicated compressive and tensile stress fields. 

Therefore, obtaining tensile strength while conducting compression 

loading can yield better results [2]. 

Brazilian test has been widely adopted to determine the tensile 

strength of rocks, as their required samples are prepared quickly, and the 

test procedure is simple [1]. In addition to the effect of loading contact 

angle, many researchers have made efforts to account for factors affecting 

tensile strength in Brazilian tests. For instance, the effect of the 

intermediate principal stress [3,4], rock heterogeneity [5-7], rock 

anisotropy [8-15], and the impact of frictional force between the loading 

platens and disk-shaped specimens on their stress distribution [16-18] have 

been studied along with the cracking process [19-21]. 

This test could be carried out in accordance with either of the standard 

methods proposed by the American Society of Testing and Materials [2] 

or the International Society for Rock Mechanics [22]. However, the 

loading platens used in these suggested standards are different and this 

discrepancy may result in different loading contact angles while tensile 

strength is calculated using the same formula, if the failure crack initiates 

at the sample center. It has been observed that the crack does not typically 

propagate at the disk center, which is because the stress state leading to 

rupture may not be created there [23-27]. 

The impact of loading contact angle on the tensile behavior of rocks 

has been investigated analytically [28-31] and experimentally. Erarslan 

and Williams [32] conducted fracture toughness and Brazilian tests on tuff, 

sandstone, and granite with loading platens of θ = 0⁰, 15⁰, 20⁰, and 30⁰, and 

concluded that loading platens with θ = 20° yield closer estimations of the 

indirect tensile strength (ITS). Komurlu and Kesimal [33] carried out 

Brazilian tests on eight different rock types using four loading platens with 

θ = 0⁰, 15⁰, 20⁰, and 30⁰ and concluded that the appropriate loading contact 

angle for determining ITS depends on the rock material. 

In addition to analytical and experimental studies, a few researchers 

have adopted numerical simulations to gain better insights into the effect 

of loading contact angle on the tensile behavior of rock in Brazilian tests. 

Erarslan et al. [34] studied tuff specimens numerically using RFPA2D with 

loading platens of θ = 0⁰, 15⁰, 20⁰, and 30⁰. They established that when θ 

ranges from 20° to 30°, failure develops at the disk center and that the 

platen with θ = 30° provides more accurate tensile strength. Komurlu et al. 

[27] evaluated numerically 19 different types of rocks and rock-like-

materials, considering fracture toughness, four loading platens with θ = 0⁰, 

15⁰, 20⁰, and 30⁰, and Finite Element Method (FEM). They concluded that 

the loading contact angle yielding the most accurate results depends on the 

rock type. Bahaaddini et al. [35] conducted a numerical investigation using 

FLAC2D, in which disks with θ  ranging between 1⁰ to 30⁰ were simulated. 

This study showed that at lower values of θ, regions of high compressive 

stresses form at the contacts with the loading platens, and this stress 

declines as θ rises. Abdullah et al. [36] examined the effect of the contact 

area of 0% and 8% on stress distribution using FEM and concluded that a 

higher contact area leads to higher tensile strength. The tensile stresses are 

distributed over a narrower region along the disk centerline. 

However, the numerical investigations into the effect of loading 

contact angle were mainly carried out using numerical methods other than 

the Distinct Element Method (DEM) and in two dimensions. Additionally, 

these studies did not examine the type and orientation of cracks created 

and the distribution of force chains [37-39]. Moreover, they were limited 

to loading contact angles of up to 30⁰, while evaluating the strength 

behavior of rock disks under different confinement may assist rock 
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engineers in assessing the tensile strength of rock structures in various 

confinement conditions, provide them with an in-depth understanding of 

failure mechanisms, and crack development in rock masses.  

The study presented in this paper thoroughly investigated the effect of 

loading contact angle on the failure pattern, crack development, and force 

chain in a Brazilian disk subjected to diametral loading through DEM 

simulations using Particle Flow Code (PFC3D). Particle Flow Code (PFC) 

has been successfully used to examine crack initiation and propagation, 

stress distribution, and failure pattern of rocks in Brazilian test [40-43], 

and the effect of rock heterogeneity on stress distribution [44]. In the 

present study, the calibration of numerical models was performed using 

Brazilian disks made of a rock-like material. Then, the effect of loading 

contact angle on crack development and stress field evolution was studied 

in detail. 

2. Laboratory program 

A total of five Brazilian disks and five cylindrical specimens for the 

uniaxial compressive test were made in the laboratory using rock-like 

material to calibrate the numerical model. The mix design of this material 

was the same as the one proposed by Asadizadeh et al. [45]. It contained 

40% plaster, 20% cement (type II), and 40% water. The mixture of cement 

and plaster is beneficial in terms of casting, flexibility, setting time, cost, 

and accessibility [46-48]. The prepared mixture was poured into 

cylindrical molds glued to a steel plate, after which the molds were 

vibrated using a vibrating table for two minutes. This caused the release of 

air bubbles trapped in the specimens, resulting in sufficient compaction of 

the specimens. Next, the samples were cured for 14 days at 25°C. Finally, 

both ends of the specimens were cut to produce level surfaces. The 

Brazilian disks had a thickness of 27 mm, and the cylindrical samples had 

a height of 120 mm, while both groups measured 54 mm in diameter. 

Brazilian and uniaxial compression tests were conducted in compliance 

with the methods proposed by the International Society for Rock 

Mechanics [22] (Fig. 1). The mechanical properties of the rock-like 

material prepared for this study are presented in Table 1. 

 

Fig.1. Experimental tests: Brazilian test, UCS test. 

Table 1. Geotechnical characteristic of the tested material 

Parameter Experimental results SD 

𝜎𝑐 (MPa) 23.70 0.50 

E (GPa) 10.53 0.20 

ν 0.17 0.05 

𝜎𝑡 (MPa) 3.43 0.10 

3. Numerical simulation Program 

In this study, the Discrete Element Method (DEM) was adopted to 

investigate the effect of loading contact angle on the tensile behavior of 

rock disks [49]. To do so, a three-dimensional Particle Flow Code (PFC3D) 

was employed to evaluate the stress state, failure pattern, and contact force 

chain in the specimens. 

3.1 Flat-jointed bonded-particle model 

This research adopted the flat-joint bonded-particle model (FJ-BPM) 

to model the intact rock. In this model, to simulate the intact material, a 

group of particles bonded together is created. In addition, the micro-

properties of both particles and bonds determine how the particle assembly 

behaves under different loading conditions. Each contact created between 

two balls simulates the behavior of a finite-sized interface between two 

notional surfaces, each of which is rigidly connected to a particle. The 

interface is divided into either bonded or unbounded elements [50,51] (see 

Fig. 2). A bonded element can sustain the applied load unless it exceeds 

the tensile or shear strength of the bond, meaning that a bonded contact 

between two particles can sustain partial damage (see Fig. 2). As the bonds 

break, micro-cracks form and the stress state is redistributed, resulting in 

further breakage of the bond. When these cracks initiate, propagate, and 

coalesce, macroscopic fractures emerge. 

 

Fig. 2. Flat-joint contact model  

3.2 Calibration of Flat-joint BPM  

The determination of micro-properties of particles and bonds of a PFC 

model is carried out through a trial-and-error process, in which the macro-

properties recorded in laboratory experiments are obtained [52,53]. This is 

because there is no direct experimental approach to determine these micro-

properties. This process usually involves calibrating the micro-properties 

against some mechanical parameters of rock obtained from the unconfined 

compression test and Brazilian test, including uniaxial compressive 

strength (UCS), modulus of elasticity (E), Poisson’s ratio (ν), and tensile 

strength (σt) [52,53]. In the first calibration stage, the first three parameters 

were backcalculated. A PFC model was created to replicate the uniaxial 

compressive test, which contains a cylindrical specimen with the same 

dimension as the experimental specimens, and two approaching walls 

compressing the assembly. The first property that was calibrated was E 

which depends on the elastic modulus of the particle (𝐸𝑐 ), the elastic 

modulus of the flat-joint bond (𝐸̄𝑐), the particle normal to shear stiffness 

ratio (𝑘𝑛/𝑘𝑠), and the ratio of normal stiffness to shear stiffness of flat-

joint bond ( 𝑘̄𝑛/𝑘̄𝑠 ). Then, ν, a function of 𝑘𝑛/𝑘𝑠 , and 𝑘̄𝑛/𝑘̄𝑠 , was 

estimated in an iterative process. In the last step, UCS, controlled by the 

tensile and shear strength of bonds, was calibrated [50-53]. The failure 

pattern of the numerical model is shown in Fig. 3.  

 

Fig. 3. Failure pattern for a) laboratory and b) numerical samples at rupture 

for uniaxial compressive tests 

The axial stress-axial/lateral strain curves calculated from the results 

of laboratory tests and numerical simulations are shown in Fig. 4. As can 

be seen, there is a good agreement between the numerical and experimental 

results.  

The results of the Brazilian test were used to calibrate the tensile 

strength. The numerical model included two curved walls with the same 

curvature as the laboratory test moving towards each other and applying 

diametral load. The dimensions of the Brazilian numerical disks were 

equal to those of the experimental ones mentioned in section 2. A 
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measurement sphere was created at the disk center with a diameter of 12.5 

mm, and during the simulation process, stress components were recorded 

over the entire volume of the sphere. The peak value of the stress 

component in the x-direction, i.e., σxx or tensile stress, was used to evaluate 

the tensile strength of specimens. The developed fractures at failure are 

shown in Fig. 5, which shows that the results of numerical simulations 

agree well with those of laboratory tests. 

 

Fig. 4. Stress-strain curve of unconfined compression experiments and cal-

ibrated numerical models 

Table 2. Calibrated micro-parameters of the flat-joint BPM. 

Balls parameters             Value 

Density (kg/m3) 1610 

Rmin(mm) 1.50 

Rmax/Rmin 1.50 
Friction coefficient 0.50 

kn/ks 3.538 

Falt -join BPM parameters Value 

𝜆̄ 1.00 

𝐸̄𝑐 (GPa) 10.612 

σt-Fj (MPa) 5.211 
cFj (MPa) 7.075 

φFj 1.224 

𝑘̄𝑛/𝑘̄𝑠      3.538 

 

 

Fig. 5. Comparison between developed cracks in a) experimental and b) 

numerical models. 

The results obtained from the calibration phase are listed in Table 2. 

In this table, Rmax and Rmin are the maximum and minimum ball radii, 

respectively. kn/ks is the normal to-shear stiffness ratio of ball contacts. 𝜆̄ 

is the radius multiplier, 𝐸̄𝑐 is the elastic modulus of flat joint bonds, σt-Fj, 

cFj, and φFj are the tensile strength, cohesion, and friction coefficient of flat 

joint bonds, respectively. 𝑘̄𝑛/𝑘̄𝑠 is the normal to-shear stiffness ratio of a 

flat joint bond. Results of uniaxial compression and Brazilian tests are 

presented in Table 3. There are marginal differences between numerical 

and experimental results. 

3.3 Loading platens design 

In the numerical models, θ ranged from 0° to 150°. When θ ≤ 10°, it 

changed with an interval of 2°, whereas for higher values of θ, the platens 

were designed with an interval of 10°. A selected representation of the 

numerical models is shown in Fig. 6.  

 

Fig. 6. The variation of contact angle in the Brazilian test  

Table 3. Uniaxial tests, physical and calibrated numerical models 

Parameter Experimental Numerical Error (%) 

E  (GPa) 10.53 10.60 0.63 

ν 0.17 0.17 0.40 

c  (MPa) 23.70 24.77 4.51 

t  (MPa) 3.48 3.36 2.09 

4 . Results and discussion 

4.1 Stress state 

4.1.1 Normal stresses 

Loading contact angle could significantly affect the tensile behavior 

of a Brazilian disk. In this paper, the negative sign represents compressive 

stresses, and positive sign represents tensile stresses. The variation of the 

stress component in the x-direction (σxx) versus θ is shown in Fig. 7. As 

can be seen, when θ ranged from 0° to 90°, the stress state at the disk center 

was tensile, whereas, for θ higher than 90°, the stress state turned into 

compression. In the tensile mode, the maximum tensile stress was obtained 

when θ = 0°, i.e., the platen was flat, representing the platen proposed by 

ASTM standard. Moreover, when θ increased from 0° to 40°, there was no 

significant difference in the maximum of σxx, which is virtually similar to 

the results of the numerical investigation reported by Erarslan et al. [32,34] 

(see Fig. 7). ISRM suggests that θ should be below 15°. Hence, the results 

for θ between 0° and 15° represent the tensile strength of the specimen 

tested based on the ISRM suggested method. However, as θ varied from 

40° to 90°, σxx declined considerably, and at θ = 90°, the tensile stress 

virtually reached zero. This angle is a transition point for the stress state at 

which tensile stress at the disk center changes to compressive one. For θ > 

90°, σxx rises, and at θ =100°, it experiences a sudden increase. From θ =100° 

to θ =130°, σxx rises considerably, but for θ > 130°, it increases at a lower 

rate. 

As evident from Fig. 8, the maximum values of the compressive stress, 

i.e., the stress component in the y-direction (σyy), generally experienced an 

increasing trend over the entire range of θ. However, when the platen was 

flat, this stress had its minimum value (well under 25 MPa) and remained 

nearly unchanged for θ ≤ 10°. After that, the stress increased slightly to just 

over 25 MPa at θ = 30°, followed by a dramatic rise to nearly 65 MPa at θ 

=100°. Then, as θ increased, σyy increased at a lower rate, reaching 70 MPa 

at θ =150°. 

On the other hand, the magnitude of the out-of-plane stress, i.e., the 

stress component in the z-direction (σzz), was remarkably lower than that 

of σyy. This stress remained approximately constant when θ < 20° (see Fig. 

9). Its magnitude increased markedly and hit a peak of about -2 MPa at θ 

= 80° before reaching to roughly -0.25 MPa at θ =150°.  
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Fig.7. The variation of σxx at the center of the numerical model versus the 

loading contact angle 

 

Fig.8. The variation of σyy at the center of the numerical model versus the 

loading contact angle 

 

Fig.9. The variation of σzz at the center of the numerical model versus the 

loading contact angle 

4.1.2 Shear stresses 

In regard to shear stresses (see Fig. 10), the main observation was that 

the magnitude of all the shear stress components was lower than 1 MPa, 

with the lowest value at θ = 0°. The magnitude of σxy was generally higher 

than those of σxz and σyz except for θ =130° where it was the lowest.  

4.2 Fracture pattern  

The fracture pattern of the critical disks is shown in Fig. 13. As evident, 

when θ = 0°, the disk had the narrowest and straightest failure surface 

compared to all the other specimens (see Fig. 11, θ = 0°). Additionally, the 

resulting cracks evolved along the disk centerline, and more shear cracks 

formed at its contact with the loading platens. The disk was split into two 

halves, which could be observed in laboratory experiments [33]. The 

fracture pattern for θ = 2° differed slightly from that for θ = 0°. In 

comparison, more cracks were generated at the contact of the disk and near 

the loading platens, and the fractured area was wider than that for θ = 0° 

(see Fig. 11, θ = 2°). The fractures propagated along an oblique line passing 

through the disk center. 

 

Fig.10. Shear stresses at the center of the numerical model 

A different pattern was observed as θ was varied from 4° to 80° (see 

Fig. 11, θ from 4° to 80°). In these disks, fractures propagate over a larger 

area of the disk surface, which is limited to two approximately vertical 

straight lines. In other words, the disks may shatter into a few pieces when 

they fail, which is consistent with experimental observations [33]. 

Additionally, this area symmetrically developed around the disk centerline. 

Furthermore, with an increase in θ, more shear cracks than tensile ones 

emerged on the disk surface. 

Finally, the third pattern appeared for the disks with θ ≥ 90° (see Fig. 

11, θ from 90° to 150°). As evident, the whole surface of the disks was 

cracked, and shear cracks dominated the specimens with θ ≥ 120°. 

 

Fig.11. Failure pattern for some of the Brazilian disks 

4.3 Crack development analysis 

4.3.1 Number of cracks 

-25

-20

-15

-10

-5

0

5

0 30 60 90 120 150

M
ax

im
u

m
 T

en
si

le
 s

tr
es

s 
(M

P
a)

Loading platen contact angle (degree)

C
o
m

p
ressio

n
T

en
sio

n

-80

-70

-60

-50

-40

-30

-20

0 30 60 90 120 150

M
ax

im
u

m
 σ

yy

Loading contact 

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0 30 60 90 120 150

M
ax

im
u

m
 σ

zz
(M

P
a)

Loading contact angle (θ, degree)

-1.0

0.0

1.0

2.0

0 30 60 90 120 150

σxy σxz σyz

M
ax

im
u

m
 s

h
ea

r 
st

re
ss

es
(M

P
a)

Loading contact angle (θ, degree)

0

20

40

60

80

100

120

140

160

0 30 60 90 120 150

N
u

m
b

er
 o

f 
 m

ic
ro

 c
ra

ck
s

Loading contact angle (θ, degree)

All cracks



Rock Mech. Lett. 2025, 2(3): 23 180 
 

 
https://doi.org/10.70425/rml.202503.23 www.journal-rml.com 

In this section, the impact of θ on the crack development of Brazilian 

disks is evaluated. When a Brazilian disk fails, both tensile and shear 

cracks form. The number of tensile cracks increased steadily from θ = 0° 

and reached a peak value at θ = 60°, after which it experienced a continuous 

decline (see Fig. 12). In addition, the number of shear cracks increased 

gradually when θ increased from 0° to 40°, after which this number 

increased markedly, hitting its maximum value at θ = 130°. It then 

decreased slowly at θ = 150° (see Fig. 12). The total Number of cracks 

increased steadily to θ = 30°, before reaching a peak at θ = 100° (see Fig. 

12). Afterward, this number decreased continuously until reaching θ = 150°. 

The trend for tensile cracks differs from that for shear cracks (see Fig. 12).  

To better elucidate the variations of the two crack types versus θ, the 

data on the number of cracks is presented in the form of percentage of the 

total cracks (see Fig. 13). As it can be seen, when θ ≤ 30°, the failure of the 

disk is predominantly caused by tensile cracks, making up to 80 percent of 

the total cracks. As θ increased, the proportion of tensile cracks declined, 

and that of shear cracks increased. This means that the contribution of 

tensile cracks to rupture declined while the contribution of shear cracks to 

failure increased. Moreover, when θ ≥ 120°, the proportion of shear cracks 

exceeded that of tensile ones. 

 

Fig. 12. Cracks number in Brazilian disk versus different curvature angle 

 
  

θ=0° θ=2°  θ=4° 

   

 θ=8°  θ=20°  θ=30° 

   

θ=40°  θ=50°  θ=80° 

   

θ=90° θ=120° θ=150° 

 Fig. 13. Variation of the proportion of tensile and shear cracks versus loading contact angle 

4.3.2 Crack orientation 

As for the orientation of the formed cracks, three distinct categories 

were identified (see Fig.15). The first one was characterized by one crack 

set, observable for θ = 0° and 2° (see Fig. 15). When these disks reached 

the failure, one crack set formed with a dip of 90° and a strike of 0° (see 

Fig. 14). The second group was observed for 4° ≤ θ ≤ 40°, in which a 

conjugate crack system formed. This was reflected in the associated 

Rosette diagrams, which showed that although cracks with a strike of 0° 

were still dominant, those with a strike close to 0° and 180° gained 

dominance too (see Fig. 14, θ from 4° to 40°). A closer look at the 

corresponding Stereonet diagrams (see Fig. 15, θ from 4° to 40°) reveals 

that five crack sets were generated in the specimens, one of which was 

horizontal. Moreover, these diagrams showed that two groups of conjugate 

cracks, each consisting of two intersecting crack sets, were created in the 

disks. One of these groups consisted of two vertical conjugate cracks as 

their pole was located on the perimeter of the Stereonet diagrams. Their 

strikes were equal to nearly 60° and 105° representing crack sets with 

strikes of about 150° and 15°, respectively (see Fig. 14 and 15, θ from 4° to 
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40°). The other two intersecting crack sets had a dip of virtually 45° and a 

strike of 0° (see Fig. 14 and 15, θ from 4° to 40°). 

The third pattern occurred for θ ranging from 50° to 150°. Over this 

range, cracks tended to grow in all directions. Although for 50° ≤ θ < 110°, 

the frequency of cracks in a few directions was slightly higher than the 

others. For θ ≥ 110°, cracks propagated equally in every direction (see Fig. 

14, θ from 50° to 110°). Moreover, conjugate cracks disappeared, and the 

dip of the resulting cracks was either horizontal or nearly horizontal. This 

can be inferred from the associated Stereonet diagrams demonstrating that 

the concentration of the crack poles increased around the center of the 

diagrams (see Fig. 15). The Rosette and Stereonet diagrams revealed that 

as θ increased, the number of cracks with strikes of other than 0° also 

increased. In addition, the cracks were primarily vertical at lower values 

of θ, and as θ increased, cracks with lower dips propagated too. In contrast, 

only horizontal or nearly horizontal cracks evolved at higher values of θ. 

The evolution of crack strikes can be seen in Fig. 14, in which at the low 

level of θ, cracks propagated in the direction of diametral load while as θ 

increased (from θ =110° upward), the joints developed in all directions.  

4.3 Contact Force chain pattern 

Evaluating the pattern of the contact force chain can help comprehend 

the failure mechanisms occurring in the Brazilian disks. Both compressive 

and tensile force chains right before any crack initiation for samples that 

represent a change in the failure pattern trend are presented in Fig. 16. 

When the platens were flat, tensile forces were dominant and concentrated 

vertically along the disk centerline (see Fig. 16, θ = 0°). By contrast, 

compressive forces were distributed over a larger space and were only 

significant at the contact of the disk and platen. As the platen became 

curved and its contact angle increased, tensile forces spread horizontally 

over a larger space, and compressive ones became more and more 

dominant throughout the disk (see Fig. 16 from θ = 2° to θ = 90°). For 

angles above 90°, tensile forces tended to concentrate along the horizontal 

centerline of the specimen, and as the angle increased, this concentration 

reduced in a way that for the angle of 150° only small and insignificant 

concentration of the forces was observable in parts where the platen and 

disk had no contact. This resulted in the force losing its domination while 

the compressive forces became dominant. 

   
θ=0° θ=2° θ=4° 

   
 θ=8° θ=20°  θ=30° 

   
θ=40° θ=50°  θ=90° 

   
θ=110° θ=130° θ=150° 

Fig.14. Rosset diagram of all cracks formed in each sample. 
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θ=0° θ=2° θ=4° 

   
θ=8° θ=20°  θ=30° 

   
 θ=40° θ=50° θ=90° 

   
θ=110° θ=130° θ=150° 

Fig. 15. Stereonet diagram of evolved cracks in samples. 

To sum up, the force chain pattern revealed the role of the loading 

contact angle in whether tensile or compressive forces primarily 

contributed to fracture initiation in the rock disks. As discussed, tensile 

force caused the failure of the disk for a lower contact angle, while 

compressive force played the key role in rupture when the angle was high. 

When θ = 0° (i.e., ASTM method) tensile force chain concentrated at the 

center of the disk, while at θ =10° (i.e., ISRM suggested method), the 

tensile force chain was wider than the previous one. 

5. Conclusion  

In this paper, the effects of loading contact angle under a diametral 

loading condition on the tensile strength, failure pattern, and contact force 

chain of the Brazilian disk were investigated using PFC3D. The numerical 

model was calibrated using a uniaxial compressive test and a Brazilian test 

on rock-like material, and the following key points were made: 

At any loading contact angle below 40°, the tensile stress (σxx) may not 

change at the center of the disk. The maximum stress was achieved at θ = 

0°; however, increasing this angle decreased the tensile stress, and after 90°, 

it turned into compressive stress. Compressive stress (σyy) at angles below 

10° did not change. However, with the increase of θ to 100°, this stress 

increased, while after this angle, the increasing rate decreased. This means 

that to reduce the effect of compressive stress on the tensile strength of a 

Brazilian disk, it is better to reduce the contact angle to lower than θ =10°. 

At θ < 30°, tensile cracks chiefly contributed to the failure process, and 

their percentage did not change. However, as θ increased, the percentage 

of tensile cracks declined, and that of shear cracks increased, in addition, 

when the θ was higher than 120°, the proportion of shear cracks exceeded 

that of tensile ones. 

In general, three fracture patterns were introduced. The first one 

included disk that had the narrowest and straightest failure surface 

compared to the other specimens. This happened when θ = 0° and 2°; 

however, the fractures propagated along an oblique line passing through 

the disk center for the latter. The second pattern was observed as θ ranged 

from 4° to 80°. In this group, fractures propagated over a larger disk surface 

area, limited to two nearly vertical straight lines. The third pattern was 

identifiable for the disks with θ ≥ 90°. As evident, the entire surface of the 

disks was cracked, and shear cracks dominated the specimens with θ ≥ 

120°.In terms of crack formation in the Brazilian disks, three different 

categories were identified. The first one was characterized by one vertical 

crack set, which was observable for θ = 0° and 2°. The second group was 

observed as θ increased from 4° to 40°, forming a conjugate joint system. 

The last group formed when θ ranged between 50° and 150°, where cracks 

tended to grow in all directions. The evolution of crack strike showed that 

at the low level of θ, cracks propagated in the direction of diametral load, 

while as θ increased (from θ=110° upward), cracks developed in all 

directions.  

As far as the contact force chain is concerned, at θ = 0°, tensile forces 

were dominant and concentrated vertically along the disk centerline. 

However, compressive forces were distributed over a larger space and 

were only significant at the contact of the disk and platens. As θ increased, 

the tensile forces spread horizontally over a larger space, and compressive 

ones became more dominant throughout the disk. Tensile strength is an 

important rock property with a major significance in the design of 

structures constructed within rocks, such as slopes, pillars, and tunnels, 

because it can control these structures' mechanical behavior and failure 

mechanisms. Due to the inherent difficulties of in conducting direct tensile 
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tests on rocks such as clamping, centering, and eliminating bending 

moment and torque, the tensile strength of rocks is commonly obtained 

indirectly (Pros et al. 2011). Moreover, rock engineers usually deal with 

various complicated compressive and tensile stress fields. Therefore, 

obtaining tensile strength while conducting compression loading can yield 

better results (ASTM-D3697-16 2016). 

    

θ=0° θ=2° 

    

θ=8° θ=20° 

    

θ=30° θ=40° 

    

θ=90° θ=120° 

  
θ=150° 

Fig. 16. Contact force chain; Red: tension, Blue: compression 
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