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1. Introduction 

 
In the modern rock mechanics literature, the direct 

measurement of rocks’ tensile strengths is of paramount 
importance in most of the surface and underground rock 
structures. The indirect tensile strength tests especially the 
Brazilian tensile tests are widely used in most rock 
engineering projects because of their simplicity and easy 
preparation of laboratory rock specimens (Bieniawski and 
Hawkes 1978, Zhang 2002, Martin 2014, Sardemir 2016, 
Sarfarazi et al. 2017, Liu et al. 2018, Shang et al. 2018, 
Liao et al. 2019, Aliabadian et al. 2019, Albegmprli et al. 
2019). However, the values of the indirect tensile strengths 
obtained from the Brazilian tests are overestimated (about 
26 percent) which may be doubtful in many modern rock 
applications (Gorski et al. 2007). A plenty of theoretical and 
experimental works were performed to accurately measure 
or calculate the tensile strength of rocks and concretes 
(Zhou 1988, Wang et al. 2004, Ghaffar et al. 2005, Erarslan 
and Williams 2012, Wei and Chau 2013, Ramadoss and 
Nagamani 2013, Kim and Taha 2014, Pan et al. 2014, Silva 
et al. 2015, Sarfarazi et al. 2015, Abrishambaf et al. 2015, 
Sardemir 2016, Shuraim et al. 2016, Hu et al. 2016, 
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Li et al. 2016, Zhang et al. 2016, Alhussainy et al. 2016, 
Mosaberpanah and Eren 2016, Akbas 2016, Yaylac 2016, 
Sarfarazi et al. 2017, Omar et al. 2018, Tran et al. 2019, 
Forti et al. 2019, Maruvanchery and Kim 2019, Sun et al. 
2019). In the case of concretes, the tensile strength can be 
measured by preparing some special specimens of different 
dimensions and shapes and carry out the experimental tests 
such as the direct pull tests carried out on rock like 
specimens having dumb-bell shapes (Xie and Liu 1989, 
ASTM D2936-08 2008, Zheng et al. 2001). Other tensile 
strength measuring tests such as (indirect) tests on discs 
(cylinders), rings or cubes, the flexural tests on beams 
(three points and four points bending tests) and double 
punch tests were also extensively used to measure the 
tensile strength of rocks and concretes (Hannant 1972, Chen 
and Trumbauer 1972). 

Some direct tension tests were carried out by 
Swaddiwudhipong et al. (2003) to determine the concretes’ 
tensile strength based on the strain capacity of concrete 
specimens provided from different cements. Compared with 
the indirect testing approach, the direct measuring methods 
require a significant amount of sample preparations and 
careful measuring apparatus. Some other drawbacks of the 
direct tension measuring tests are: the load eccentricity and 
failure surface rotation, non-symmetric specimens and 
asymmetric deformations in the damaged and failed zones 
(Zhou 1988). All these factors may result on the moment in 
the specimens and around the failed zones which definitely 
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Abstract.  The direct tensile strength of a typical hard rock like granite is measured by a novel apparatus known as 
compression-to-tensile load transfer (CTLT) device. The rock specimen is prepared in form of a slab containing a central hole 
and placed in the universal testing machine where the direct tensile stress can be applied to this specimen by implementing a 
special type of load transferring device which converts the applied compressive load to that of the tensile during the test. In the 
present work, some typical hard rock specimens of granite are specially prepared and tested in the laboratory to measure their 
direct tensile strengths. Then, a new load converting device implemented in the universal tensile testing machine is used to cause 
the rock specimen to be subjected to a direct tensile loading during the test. The compressive load was applied to the transferring 
device at the rate of 0.02 MPa/s. Numerical modeling of the tested specimens were accomplished using the discrete element 
method (DEM) and the higher order displacement discontinuity method (HODDM). The tensile failure of granite rock mainly 
occurs along the horizontal axis. The experimental results were in a good accordance with DEM results and HODDM outputs. 
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Fig. 1 The schematic view of a Brazilian indirect tensile 

strength measuring test 
 
 

affect the tensile strength of the brittle materials such as 
concretes and rocks. Kim and Taha (2014) conducted some 
direct tensile tests on the concrete cylindrical specimens. 
They tried to establish a uniform stress distribution along 
the failure plane of the concrete specimens while 
performing the direct tensile testing. They assessed and 
confirmed that the failure (cracking) zone in direct tensile 
testing can depend on the distribution of specimens’ unit 
weight. The Brazilian tensile strength test on cylindrical 
specimens (ASTM D33967-16 31) as shown schematically 
in Fig. 1. may be considered as the most reliable indirect 
testing method which reasonably gives a lower variation 
coefficient. Considering a cylindrical specimen with 
diameter D, thickness t which fails under a loading 𝑃௠௔௫ 
during a Brazilian test. The tensile strength of this specimen 
can be measured by the following formula 

 𝜎௧ = 2𝑃௠௔௫𝜋𝐷𝑡  (1)

 
The relation of indirect tensile strength of a high 

strength concrete to that of its uniaxial compressive strength 
has been studied by Zain et al. (2002). Most of the existing 
tensile strength tests may have limitations due to for 
example the linear elastic behavior assumptions for the 
rocks and rock-like materials. On the other hand, during the 
test a uniform tensile stress may not be achieved on the 
splitting failure. This may cause that this surface deviate 
from being uni-axial and the induced tensile stress gradually 
increases toward the specimen’s center (Khan 2012). A 
rough and approximated value of the concrete and rock 
tensile strength may be achieved due to the above 
mentioned drawbacks of the indirect tensile testing 
methods. The rupture modulus of rocks and concretes may 
also be measured by evaluating its resistance to indirect 
tensile cracking using 3- and/or 4-point bending tests. These 
tests also over-estimate the real value of the rock and 
concrete tensile strengths (Gorski et al. 2007). 

Therefore, it seems reasonable to develop a more 
reliable tensile testing apparatus to get a more precise value 
of rocks’ tensile strength in the laboratory. In the present 
study, it is tried to develop a new direct tensile testing 
apparatus to overcome the limitations and draw backs of the 
indirect tests. This specially designed device is a 
compression-to-tensile load transfer (CTLT) which uses 

some specific types of rocks or concretes specimens. The 
present paper also explains the preparation of specimens for 
this specially designed apparatus. The specimens may be 
prepared in various dimensions but in this paper the 
specimen’s dimension are taken as 19 cm ×15 cm × 6 cm. 
To transfer the compressive load to that of the tensile one, a 
central hole having a diameter of 7.5 cm and a thickness of 
6 cm, is provided at the center of each rock samples by dry 
drilling. For all specimens, the ratio of central holes’ 
diameter to the width of the specimen is taken as 0.5. 

The experimental works needed for performing the tests 
by this apparatus in a rock mechanics laboratory are 
explained and the design steps and assembly of the CTLT 
device are presented. Then some numerical simulation of 
the experimental work is carried out to further demonstrate 
the accuracy and effectiveness of the proposed failure stress 
measuring device. 

 
 

2. Compressive-to-tensile load transferring (CTLT) 
apparatus 
 
It is usually difficult to measure the direct tensile 

strength of rocks and concretes in the ordinary laboratory 
testing apparatuses. Therefore, a new compressive-to-
tensile load transferring (CTLT) apparatus is specially 
designed for directly measuring the tensile strength of rocks 
while loaded under normal compression. The specimens are 
specially prepared to have a central hole in the middle so 
that provide the means to transfer the compressive loading 
to that of the tensile as required in CTLT while is placing in 
the universal testing machine. Figs. 2(a) to (d) illustrate the 
various parts and their dimensions for a CTLT device, 
respectively. Fig. 2(a) show the “U” shape segment of the 
device (Part No. I) which built from stainless steel and 
consists of two parts i.e., “L” and “1” shape sub-segments. 
The second part (Part No. II) is shown in Fig. 2(b) which is 
undividable and have “П” shape. The third part (Part No. 
III) is shown in Fig. 3(b) which consists of two semi-
cylindrical stainless steels sub-segments with dimensions of 
75 mm × 10 mm × 60 mm. the last part (Part No. IV) of the 
device is shown in Fig. 2(d) and consists of two blades with 
dimensions of 20 mm × 10 mm × 190 mm. 

Figs. 3(a) to (f), show the set up procedure of CTLT 
device, respectively, to perform a useful direct tensile 
strength measuring process for brittle geo-materials such as 
concretes and rocks. This set up procedure is divided into 
six different stages as: (i) the Part No. III (as shown in Fig. 
3(a)) are inserted into the specimens’ central hole; (ii) The 
“L” shape segment of Part No. I is situated on the 
specimens’ left side (see Fig. 3(b)); (iii) the first blade of 
Part No. 4 inserted on the upper part of the hole to be in 
contact with the Part No. III (cylindrical steel form above 
and also its lower surface is contact with the “L” shape 
segment of Part No. I (as illustrated in Fig. 3(c)); (iv) the 
Part No. II is placed on the specimens’ right side as shown 
in Fig. 3(c); (v) the second blade of Part No. IV is situated 
in the lower surface of the central hole to be in contact with 
the cylindrical steel. As shown in Fig. 3(d), the upper part of 
the second blade is in contact with the “I” shape segment of 
Part No. II; and finally, (vi) the “I” shape segment of Part 
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Fig. 2 Different parts of CTLT device

 

  
(a) (b) 

 

 
(c) (d) 

 

 
(e) (f) 

Fig. 3 The set up procedure of CTLT device
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Fig. 4 A central hole of diameter of 7.5 cm and thikness 
of 6 cm is drilled at the specimens’ center

 
 
No. II is screwed to the “L” shape segment of Part No. I. 

As shown in Fig. 3(e), the upper section of the specimen is 
in contact with the lower cylindrical steel and the lower 
section is in contact with the upper cylindrical steel. In this 
procedure, the completed set up is placed in the uniaxial 
compression loading frame. Then when the specimens’ 
upper part is compressed its lower part moves down and 
when the specimens’ lower part is compressed its upper part 
moves up and as a whole a direct tensile loading is bear by 
the specimen (Fig. 3(f)). 

 
2.1 Rock Specimen’s preparation for CTLT device 
 
Some granitic rock samples with a mass density of 2.57 

gr/cm3 were provided to prepare the required experimental 
specimens for the CTLT device in the laboratory. The 
prepared specimen’s dimensions were 19 cm × 15 cm × 6 cm, 
with a central hole of 7.5 cm in diameter and 6 cm in 

 
 

 

Fig. 5 The Universal Tensile Testing Machine (UTTM)
 
 

height. The dry drilling technique is used to remove a 
central rock core from the rock specimens’ center (Fig. 4). 
In this case, the ratio of central hole diameter to that of the 
sample’s width is 0.5. This type of rock specimen can be 
easily prepared in any standard rock mechanics laboratory. 

A complete direct tensile testing arrangement of CTLT 
is illustrated in Fig. 5 (The Universal Tensile Testing 
Machine or UTTM). The UTTM can use a CTLT containing 
a rock specimen which is installed in a uniaxial compression 

 
 

(a) (b) (c) 
 

 
(d) (e) (f) 

Fig. 6 The direct tensile failure pattern in CTLT specimens
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loading frame. This loading frame is specially designed to 
apply a uniaxial compressive load to the CTLT end plates 
via a 5-tons gearbox load cell. The applied load increments 
can be measured by an electronic load cell. The effect of 
loading rate on the final results is minimized by applying a 
constant loading rate (i.e., 0.02 MPa/s) during the testing 
operation. Denneman (Denneman et al. 2011) suggested 
this loading rate for tensile strength measurement by rock 
splitting procedures. 

 
2.2 Direct tensile strength test by CTLT 
 
The main features of a UTTM can be summarized as: (i) 

Powered by a single-phase electricity and have a rigid 
frame with a loading capacity of 5 tons; (ii) recording the 
test data in Excel, plotting displacement-force and stress-
strain curves and simultaneously registering the values of 
stress and corresponding strain; (iii) portable with touch 
screen display and  includes engine and gearbox for 
applying force (by using aluminum loading bars) at a 
constant rate of 1 kg/s without a slippery motion; (iv) 
measuring the uniaxial compressive and tensile strengths 
and fracture toughnesses of concretes, asphalts, rocks, 
mortars and ceramics. It may be noted that although the 
uniaxial compressive strength of hard rocks cannot be 
measured by this apparatus but the compressive strength of 
soft to medium rocks and rock like materials can be 
successfully measured. 

In this work, a total number of 12 granitic rock 
specimens are prepared in a rock mechanics laboratory.  
The direct rock’s tensile strength is measured by preparing 
six special pre-holed rectangular specimens to be tested 
using the CTLT device in UTTM (Figs. 6(a) to (f)). The 
other six specimens are subjected to splitting tests i.e., the 

 
 

 
Fig. 7 The parameters used for the calculation of rock’s 

direct tensile strength 
 
 

Table 1 The failure stress of typical granitic rock specimens

Experimental failure stress (MPa) 
6.5 
6.4 
6.6 
6.5 
6.3 

Average 6.46 
 

conventional indirect (Brazilian) tensile strength tests as 
shown in Figs. 7(a) to (f). 

As shown in Figs. 6(a) to (f), it is easily observed that 
all these specimens are failed (cracked) through a horizontal 
line starting from the center hole when the specimen is 
subjected to a vertically applied compression by the loading 
frame. This is a tensile failure or a splitting tensile failure 
which is produced by the two hollow semi-cylindrical steels 
(forming a steel ring around the central hole of the 
specimen). 

 
2.3 Measuring the failure stress of rocks by UTTM 
 
The failure stress of rock (σ௧) can then be calculated 

through the following simple formula 
 𝝈𝒕 = 𝑭(𝒅𝟏 + 𝒅𝟐) × 𝒕 (2)
 

where σ௧ is the failure stress (in kg/cm2), F is the force at 
failure (in kg), d1 and d2 are the width of intact sample on 
the both sides of the central hole (in cm) and t is thickness 
of the specimen (in cm) (Fig. 7). 

The failure stress were presented in Table 1. The 
average failure stress value measured by using CTLT device 
is about 6.5 MPa. 

Further verification of the failure stress obtained by 
using the CTLT device in UTTM can be made by 
simulating the rock testing specimens through some 
numerical techniques such as the discrete element method 
(DEM) and indirect boundary element method (BEM). In 
the present work, the particle flow code in two-dimensions 
(PFC2D) based on DEM is used to check the experimental 
failure stress values for a typical granite. A semi-analytical 
two-dimensional indirect boundary element method (the 
higher order displacement discontinuity method) is also 
used in this study to further verify the experimental and 
numerical results. 

 
 

3. Discrete element analyses of the rock 
specimens used in tensile strength tests 
 
In the discrete element analyses of the rock samples by 

the two dimensional particle flow code (PFC2D) the 
material sample is simulated as an assembly of the circular 
discs bonded at the contact points which are confined by the 
planar side walls. In this modelling technique, a competent 
laboratory rock sample can be modelled as an assembly of 
bonded particles which are kept in contacts with each other 
by the internal contact forces. There are basically two types 
of bonding models known as the contact and the parallel 
bonded models which are usually used in the discrete 
analyses of geo-materials such as rocks and concretes.  In 
a contact bonded model, the physical behavior of the 
material is approximated by a vanishingly thin layer of 
cement-like substance (matrix) lying in between the two-
bonded particles and joining them. On the other hand, in a 
parallel bonded model each bond has a radius at its contacts 
with the neighboring particles. Thus, a contact bonded 
model is the same as a parallel bonded model of zero radius. 

563



 
Hadi Haeri, Vahab Sarfarazi, Mohammad Fdatehi Marji, Mohammad Davood Yavari and Amin Zahedi-Khameneh 

 
 
For a contact model, there is no shear and/or normal 

stiffness with no resistance to the bending moment and only 
forces are acting at the contact points in between the 
particles. As stated by Cundall and Strack (1979) and Itasca 
(2003), the tensile and shear strengths are assigned to exist 
at the contact bonded model which allow the material 
resistance against tension and shear until these forces 
exceed the tensile and shear strengths of the modelled geo-
materials. Some special types of subroutines are provided 
by Cundall and Strack (1979) to generate the contact and 
parallel bonded particle models. They defined the following 
micro-mechanical and geometrical parameters for 
simulating the macro-mechanical parameters determined in 
the laboratory: (i) contact modulus for the ball-to-ball 
contacts of particles; (ii) the balls’ coefficient of  friction; 
(iii) the contact normal and shear bond strengths; (iv) the 
ratio of standard deviation to that of the mean normal and 
shear bonding strengths; (v) the stiffness ratio Kn/Ks (Kn is 
normal stiffness of spring between two discs and Ks is shear 
stiffness of spring between two discs); (vi) the radius 
multiplier (Radius multiplier is a coefficient that multiple in 
disc radii to reach a desired isotropic stress: the standard 
value for isotropic stress in bonded particle model was 1 
MPa. This value should be defined for numerical model to 
reach the best contacts between the discs.), bond modulus 
and stiffness ratio of the parallel bonds. 

In this research, the parallel bonded model, plane strain 
condition of linear elasticity and a unit thickness are 
assumed for the numerical simulation of the rock samples. 

 
3.1 Numerical simulation of Brazilian tensile 

strength test 
 
A standard calibration of the numerical modelling 

technique is accomplished by simulating the Brazilian 
tensile strength testing of rock samples in PFC2D. The 
standard calibrating procedure proposed by Potyondy and 
Cundall (2004) is adopted using the micro-properties of the 
model as listed in Table 2. The micro-parameters were 
proposed by authors. The simulated specimen was made of 
5615 particles assuming a Brazilian disc of 54 mm. in 
diameter. Then, the loading walls of the specimens were 
moved toward each other at a low constant speed of 0.016 
mm/s to establish a Quasi-static equilibrium condition for 
the rock specimen. It should be noted that the model 
porosity was fixed at 0.08 which was suitable for the 
calibrated model (although this porosity ratio may be 
different from that of the actual rock sample. This value 

 
 

(a) (b)
Fig. 8 (a) Experimental Brazilian tensile strength test; and 

(b) numerically simulated Brazilian tensile strength 
test

 
 

affect the disc numbers and disc numbers affect the failure 
mechanism of model). 

The experimental Brazilian testing specimen is shown in 
Figs. 8(a) while Fig. 8(b) shows the corresponding 
numerically simulated specimen. The formula for 
calculation of tensile strength of numerical models is in 
ASTM D3967-16 (2016). Comparing the numerical and 
experimental tensile strength values show that these results 
match each other (i.e., the experimental and numerical 
values of the tensile strength for the typical granitic rock 
sample are 8.5 and 8.7 MPa, respectively). Figs. 8(a) and 
(b) shows the experimental Brazilian test and numerical 
Brazilian test, respectively. The results show well matching 
between experimental test and numerical simulation. 
Therefore, the numerical method using these micro-
parameters is calibrated and can be effectively used further 
for the solution of the proposed problem cited in this 
research work. 

 
3.2 Numerical simulation of CTLT testing 

specimens using particle flow code (PFC) 
 
As shown in Fig. 9, a box model representing the rock 

sample of 75 mm × 100 mm is created in PFC2D using a 
total number of 11,179 circular discs with a minimum 
radius of 0.27 mm. Then, a hole of various diameters, B (B 
= 10, 15, 20, 25 and 30 mm) is placed in the central part of 
the box model to simulate the CTLT specimens used for 
determining the direct tensile strength of rock using the 
UTTM. After preparing the numerical model, two semi-
circular load-bearing walls (wall No. 1 and wall No. 2 in 
Fig. 9) are modeled to be in contact with the central hole 
(Fig. 9). The upper and lower parts of the specimen’s walls 
are pulled up (in the positive Y-direction) to apply tensile 

Table 2 Micro properties used to numerically simulate the intact rock specimens 
Parameter Value Parameter Value 

Type of particle disc Stiffness ratio 2 
Density (kg/m3) 3600 Particle friction coefficient 0.5 

Minimum radius (mm) 0.27 Contact bond normal strength, mean (MPa) 45 
Size ratio 1.56 Contact bond normal strength, SD (MPa) 2 

Porosity ratio 0.08 Contact bond shear strength, mean (MPa) 45 
Damping coefficient 0.7 Contact bond shear strength, SD (MPa) 2 

Contact young modulus (GPa) 55 Radius multiplier 1.2 
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Fig. 9 Specification for the numerical modelling of CTLT 

testing specimens with a hole diameter 
 
 

loading to the modelled specimen. During the testing 
process, the tensile is registered considering the reaction 
forces on one of the walls (wall No. 1 in this study). 

 
3.3 Tensile failure mechanism 
 
The direct tensile failure mechanism of rock specimens 

is studied experimentally and numerically in this research. 
Then a comparison is performed between these two sets of 
results to visualize the similarity of them and verifying the 
effectiveness and accuracy of the proposed direct method. 

 
3.3.1 Numerical models vs experimental testing 

results 
Figs. 10(a) to (e) illustrate the process of crack 

propagation in CTLT specimens during the test performance. 
 
 

  
(a) (b) 

 

  
(c) (d) 

 

(e)

Fig. 10 Failure pattern of the numerically modeled CTLT specimens each containing a central hole of diameter: 
(a) 10 mm; (b) 15 mm; (c) 20 mm; (d) 25 mm; and (e) 30 mm
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Table 3 The values of failure stress obtained by numerical 
simulation 

The internal hole diameter 
(mm) 

Numerical direct failure stress
(MPa) 

10 7.1 
15 7 
20 7 
25 7.04 
30 6.8 

 

 
 

In these figures, the black and red lines demonstrate the 
tensile (primary) and shear (secondary) cracks, respectively. 
The cracked models illustrate that during the failure process 
a horizontal line crack is propagating through the center of 
the hole. Therefore, the crack starts to propagate from the 
ends of the horizontal diameter and lead to final rupture. 
The same scenario can be visualized from the experimental 
tests already shown in Fig. 6. 

 
3.3.2 Failure stress gained from the numerically 

simulated CTLT specimens 
In this section the numerically approximated results of 

direct failure stress and indirect tensile strengths are 
tabulated in Table 4. The failure stresses were decreased by 
increasing the hole diameter. In fact, by increasing the hole 
diameter, two rock segments at both sides of hole will be 
narrow and the plane strain condition changes to plane 
stress condition. This leads to decreasing the failure stress 
value by increasing the hole diameter. 

It is visualized that the direct failure stress values 
presented in Table 3 are very close to those already given in 
Table 1 (the laboratory measured values). 

 
 

4. Displacement discontinuity analyses of the pre-
holed rock specimens used by CTLT device 
 
The quadratic or cubic (higher order) variations of the 

displacement discontinuity (DD) along line cracks in a 
linear elastic material (Marji 1997, Hosseini_Nasab and 
Fatehi Marji 2007, Marji 2013). This kind of the indirect 
boundary element method as proposed by Crouch and 
Starfield, 1982 can be used to obtain the displacements, 
stresses and stress intensity factors in the cracked rock 
samples (Marji et al. 2007, Haeri et al. 2015). In the present 
research, a higher order two-dimensional displacement 
discontinuity code (HODDM-2D) is used to numerically 
model the pre-holed rectangular specimen of CTLT device. 
This higher order DD method is based on the cubic DD 
variations with four sub-elements of equal lengths along 
each batch element as proposed by Marji et al. (2007). 

The displacement and stress fields and stress intensity 
factors near a crack tip can be evaluated based on the 
formulations given in the literature e.g., in reference (Marji 
et al. 2007). The accuracy of the displacement 
discontinuities can be further increased by using some 
special crack tip elements to model the singularities of the 
crack tips. The detailed formulations are not given here and 

the reader is referred to the reference (Marji et al. 2007). 
However, in the early 1950’s, Irwin, introduced the 

Mode I (opening Mode) and Mode II (sliding Mode) stress 
intensity factors (SIFs) based on the linear elastic fracture 
mechanics (LEFM) principles to study the crack problems 
in solid mechanics (Whittaker et al. 1992, Sanford 2003). 
These SIFs are denoted by KI and KII, and usually expressed 
in MPa m1/2. The normal and shear displacement 
discontinuities obtained near the crack tips can be used to 
estimate the values of by KI and KII (Shu and Crouch 1995, 
Hosseini_Nasab and Fatehi Marji 2007, Marji et al. 2007). 
In this study, based on the linear elastic fracture mechanics 
(LEFM) principles, the mixed mode in-plane fracture 
criterion such as σ-criterion is used to estimate the 
maximum tensile stress at the failure (Whittaker et al. 1992, 
Hosseini_Nasab and Fatehi Marji 2007). 

 
4.1 Displacement Discontinuity analysis of 

a rectangular specimen containing a central 
circular hole 

 
In this research, the problem of a rectangular specimen 

with a hole at its centre is numerically modelled by a higher 
order displacement discontinuity method in two dimensions 
(HODDM-2D). A small initial crack was modelled at the 
points with maximum stress concentration. As explained 
briefly in the previous section, the third order displacement 
discontinuity elements with four sub-elements of equal 
lengths used to predict the fracture propagating process of 
the CTLT specimens due to direct tensile loading and 
estimating the direct tensile strength numerically. 

As shown in Fig. 11, this method uses two sub-elements 
on each side of a batch element’s centre (i.e., four 
collocation displacement discontinuity points is considered 
for each boundary element). This indirect boundary element 
method is modified to model the crack problems in finite, 
infinite, and semi-infinite plane elasticity. The accuracy of 
the original constant element displacement discontinuity 
method (DDM) developed by Crouch (1976) is highly 
increased by using this proposed approach (Marji et al. 
2007). 

In this study, the pre-holed rectangular rock specimens 
are numerically modelled by the HODDM considering 20 
third order (cubic) DD elements along the outer boundary 
of the specimen and also the central hole’s boundary is 
simulated by taking 10 cubic DD elements as shown in 

 
 

Fig. 11 Boundary discretization for a pre-holed rectangular 
specimen
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Fig. 12 Displacement discontinuity modelling of the tensile 

crack propagation paths for a pre-holed rectangular 
specimen 

 
 

Fig. 13 (the dimensions are the same as those used 
experimentally in the direct tensile test instrument). 

Based on the LEFM concepts, the tensile cracks 
propagation paths and directions are predicted by using the 
iterative method and calculating the crack propagation 
angle θ at each crack tip in different steps. 

The numerical crack propagation process is illustrated in 
Fig. 12 The crack growth paths in numerical models show 
that two tensile cracks begin from both sides of the hole and 
propagate horizontally till meeting the boundaries of the 
rectangular model in the middle part. An appropriate mixed 
mode in-plane fracture criterion such as σ-criterion (used in 
this study) has been chosen to investigate the cracks 
propagation path and their directions within a modelled pre-
holed rectangular rock specimen under compression or 
tensile loading conditions. For this purpose, two cracks of 
small length are considered on the either side of the hole. 
These small cracks are expected to be initiated and 
propagated in a direction perpendicular to that of the 
applied tensile load. Therefore, as shown in Fig. 12, two 
small edge cracks are taken on either side of the hole. 
Considering small tensile cracks of length b, a standard 
iterative approach is adopted in this numerical modelling 
technique to estimate the crack propagation paths and 
directions by incrementally extending the crack tip with an 
increment of length Δb = 0.1b, in the predicted direction 
given by the σ-criterion (Marji et al. 2007). 

The failure stress results estimated by the higher order 
DD method are compared with the corresponding values 
experimentally measured in the laboratory by UTTM in 
Table 4. This table illustrate that the differences between 
two tests is nearly close to 9%. 

As a whole, the PFC2D simulation and HODDM 
simulation both show that there is a good accordance 

 
 

Table 4 Values of failure stress of rectangular specimens 
predicted by the higher order DD method and 
experimentally measured by laboratory test 

DDM failure stress 
(MPa) 

Experimentally measured failure stress
(MPa) 

7.1 6.5 
 

between the numerical modelling and experimental results 
for obtaining the failure pattern of rocks. 

 
 

5. Conclusions 
 
In many engineering structures, the strength criteria for 

intact rock and rock like materials are of essential for a safe 
and reliable deign, durability and performance. These 
strength criteria have been mainly derived from tests in the 
compressive stress region due to the higher strength of 
rocks under compression and some technical difficulties 
that may exist in performing and designing the direct tensile 
strength tests. Therefore, a very few works have been 
published for the direct tensile tests on rock ad rock like 
material so that no suitable criteria are available for 
addressing this issue at the current stage. Thus, the direct 
tensile strength determination of rocks and rock like 
materials is one of the major tasks in geo-mechanics. In the 
present research, a portable universal tensile testing 
machine (UTTM) is introduced and used to accurately 
measure the tensile strength of rocks and rock like 
materials. However, it should be noted that the proposed 
UTTM is economical and simple which its assemblage is 
relatively easy. It is designed and fabricated to accurately 
measure the tensile strengths of rocks subjecting to direct 
tensile loading. In the study, UTTM was used for direct 
tensile testing of a typical granite specimen with dimension 
of 19 × 15 × 6 cm and having a central hole with the ratio of 
central hole diameter to that of the specimen’s width, 0.5. A 
compression-to-tensile load transferring (CTLT) device 
containing the pre-holed rectangular specimen is 
implemented in the UTTM for performing the direct tensile 
strength test. Under the CTLT test, the rock specimen 
cracked along a horizontal line starting from the central 
hole boundaries. Two horizontal tensile fracture propagating 
from the central hole to the boundary of the specimen cause 
the final rapturing of the rock sample. The measured value 
of direct tensile strength of the granitic rock was about 6.5 
MPa using UTTM. 

The two relatively versatile numerical methods in geo-
mechanics i.e., the indirect boundary element method 
(BEM) and the discrete element method (DEM) have also 
been used to numerically simulate the pre-holed rectangular 
rock specimens for measuring the direct tensile strength of 
rocks. Both the DEM and BEM estimated the direct tensile 
strength of this granitic rock specimen as about 7 MPa 
which is very close to its experimental values obtained by 
using UTTM in the laboratory. However, as it was 
expected, the direct tensile strength values experimentally 
obtained from the CTLT device of UTTM were about 32% 
lower than those measured from the Brazilian (indirect) 
testing method. Each CTLT testing specimen can be 
prepared within 30 min. Finally, it is concluded that both 
PFC2D and higher order DDM simulations of the direct 
tensile strength measuring specimen show that there is good 
accordance between the numerical models and experimental 
results of rock’s direct tensile strength. 
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