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Abstract.  In this study, the experimental tests for the direct tensile strength measurement of Ultra-High Performance Concrete
(UHPC) were numerically modeled by using the discrete element method (circle type element) and Finite Element Method
(FEM). The experimental tests used for the laboratory tensile strength measurement is the Compressive-to-Tensile Load
Conversion (CTLC) device. In this paper, the failure process including the cracks initiation, propagation and coalescence studied
and then the direct tensile strength of the UHPC specimens measured by the novel apparatus i.e., CTLC device. For this
purpose, the UHPC member (each containing a central hole) prepared, and situated in the CTLC device which in turn placed in
the universal testing machine. The direct tensile strength of the member is measured due to the direct tensile stress which is
applied to this specimen by the CTLC device. This novel device transferring the applied compressive load to that of the tensile
during the testing process. The UHPC beam specimen of size 150 x 60 x 190 mm and internal hole of 75 x 60 mm was used in
this study. The rate of the applied compressive load to CTLC device through the universal testing machine was 0.02 MPa/s. The
direct tensile strength of UHPC was found using a new formula based on the present analyses. The numerical simulation given
in this study gives the tensile strength and failure behavior of the UHPC very close to those obtained experimentally by the
CTLC device implemented in the universal testing machine. The percent variation between experimental results and numerical
results was found as nearly 2%. PFC2D simulations of the direct tensile strength measuring specimen and ABAQUS simulation
of the tested CTLC specimens both demonstrate the validity and capability of the proposed testing procedure for the direct
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tensile strength measurement of UHPC specimens.
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1. Introduction

The design and safe operation of many geo-engineering
structures mainly relies on the tensile strength of brittle
materials such as rock and concrete which are weak under
tensile loading conditions. Tensile strength determination is
generally accomplished through some sophisticated
laboratory test setups including direct and indirect
experiments. For many years, due to some difficulties
associated with direct tests, the indirect tensile strength tests
were standardized and used. Because of easy preparation of
rock/concrete specimens and their setup simplicity, the
Brazilian tensile strength tests are widely used for
determining the split tensile strength (Bieniawski and
Hawkes 1978, Zhang 2002, Ramadoss and Nagamani 2013,
Pan et al. 2014, Martin 2014, Shuraim et al. 2016,
Mohammad 2016, Shaowei et al. 2016, Yaylac 2016, Akbas
2016, Liu et al. 2018, Shang et al. 2018, Liao et al. 2019,
Aliabadian et al. 2019). The double punch tests and the
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flexural tests on beams (three points and four points
bending tests) have also used in the laboratory to
experimentally determine the tensile strength of rock and
concrete (Zhou 1988, Swaddiwudhipong et al. 2003, Chen
and Trumbauer 1972, Khan 2012, Kim and Taha 2014, Zain
et al. 2002, Sardemir 2016, Sarfarazi et al. 2017). Howevetr,
the indirect tensile strength results such as those of
Brazilian tests are somewhat overestimated (usually more
than 26 percent in most cases) and may produce some
problems in the modern applications of geo-mechanics
(Gorski et al. 2007). Therefore, the direct tensile strength
measurements found some new places in the modern geo-
mechanic’s application because they are able to accurately
measure the tensile strength of concrete and rock (Zhou
1988, Wang et al. 2004, Ghaffar et al. 2005, Erarslan and
Williams 2012, Wei and Chau 2013, Kim and Taha 2014,
Silva et al. 2015, Abrishambaf et al. 2015, Sardemir 20186,
Wang et al. 2004, Zhang et al. 2016, Alhussainy et al. 2016,
Sarfarazi et al. 2016, Omar et al. 2018, Quang et al. 2019).
The direct tensile strength of concrete can be determined by
performing some special direct pull tests on dumb-bell
shaped rock like specimens which are specifically designed
and prepared in a rock mechanics laboratory (Xie and Liu
1989, Zheng et al. 2001, Sardemir 2016, ASTM D2936-08
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Table 1 The concrete material definition in finite element

analyses
Parameter Value
Dilation angle 56
Eccentricity 0.1
The ratio of initial equibiaxial compressive yields 1.16
stress to initial uniaxial compressive yield stress ’
The ratio of the second stress 0.667
invariant on the tensile meridian ’
Viscosity parameter 0.0001
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Fig. 1 The stress-strain relationship of concrete

2008).

The mechanical properties of the rock and concrete such
as their rapture modulus can be measured by measuring the
indirect tensile strengths with 3- and/or 4-point bending
tests in which overestimating the real values of the modulus
because of the above-mentioned drawbacks in estimating
the indirect tensile strength of rock materials (Gorski et al.
2007, Ramadoss and Nagamani 2006, 2008, 2013,
Ramadoss 2014). Other numerical methods, such as
Peridynamics (PD) (Zhou and Wang 2016), the extended
finite element method (Zhou et al. 2008) and general
particle dynamics (Zhou et al. 2015, Bi et al. 2016) have
been done on the crack propagation.

The present research, tried to suggest a direct tensile
testing method based on the concept of transferring the
applied compressive load to that of the direct tensile during
the testing. The proposed direct tensile testing machine uses
a sophisticated Compression-to-Tensile Loading Convertor
(CTLC) containing the specimen to be tested. This
specimen should be specifically prepared from rock or
concrete samples.

2. Finite element simulation using ABAQUS
software

The standard finite element code knows as ABAQUS is
used in this study to numerically simulate the inelastic
behavior of concrete based on the Concrete Damaged
Plasticity (CDP) model. ABAQUS is a general purpose

computer software used for the analyses of wide range of
linear and non-linear elastic problems related to brittle and
quasi-brittle materials such as rock and concrete. The
tensile and compressive loading conditions in rock and
concrete may be modeled by considering the isotropic
damaged elasticity concept (Hibbitt et al. 2012). Table 1
gives the CDP parameters used in the finite element method
(ABAQUS).

The constitutive models for the behavior of concrete
under uniaxial compressive and tensile conditions can be
used to define the CDP model in ABAQUS. For example,
the constitutive equations such as the following stress-strain
relations can be used considering both the uniaxial
compression and tension, respectively (Hibbitt et al. 2012)

0. = (1= d)Es(s. — €7 1)
o, = (1—d)Ey (e, — ) )

where Eg is the initial elastic modulus of the material. The

plastic strains, &' and efl are defined for compression
and tension, respectively. d. and d; are damage variables in
compression and tensile test, respectively. These parameters
are defined between 0-1 based on the plastic strain. These
variables increase by increasing in plastic strain. The
variables are equal to zero, when there is not any plastic
strain in the model. In this condition, the compressive
strength or tensile strength are obtained according to Hoek’s
Equation (Hibbitt et al. 2012).

The pre and post peak uniaxial compressive stresses of
concrete are considered and the unconfined concrete model
code of CEB-FIB 2010 is used considering the pre-peak
strength of the material. In the finite element method, the
analysis of concrete’s post-peak behavior under tension and
compression can be relatively mesh sensitive (Mier 1986,
Hillerborg 1989, CEB-FIB 2010). Therefore, in the present
analysis, the effect of mesh size is considered by using the
post-peak compression models of Vonk (1993) and Van
Mier (1992). The CPD model of ABAQUS is used to
investigate the compressive behavior of concrete which
relates the stress to inelastic strain (i.e., the fc-eq). Fig. 1
shows the uniaxial compressive behavior of concrete
modeled by FEM in ABAQUS software.

The linear elastic behavior of concrete up to its peak
tensile level is considered to obtain the peak tensile
modulus which is calculated as the ratio of peak tensile
stress to that of its corresponding peak strain of the
material. This peak tensile strength (i.e., fem in MPa) can be
evaluated by using the following equation (CEB-FIB 2010).

fetm = 0-3(fck)2/3 (3)

The undesirable mesh sensitivity (mentioned above) can
be avoided by defining the strain softening behavior in form
of the stress vs crack opening displacement graph (fu-w).
The fracture energy (Gt in MPa) required to keep open a
unit area of a crack surface is defined based on the brittle
fracture concept as shown in Fig. 2(c) (Hibbitt et al. 2012).
In the computer code of CEB-FIB 2010 model the fracture
energy, Gy, can be calculated from the concrete’s normal
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Fig. 2 Post-peak cracking tensile behavior of concrete
(@) linear; (b) bilinear; (c) exponential
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weight (in the absence of experimental data) as follows
Gy = 0.073(f,)°8 (4)

fcm = fck + Af (5)

where fen is the mean compressive strength (MPa). Af is a
constant which and is taken as 8 MPa in this study. Gs is
calculated from Eq. (4) because there was no experimental
data for this parameter in the literature. However, there are
three different types of models explaining the tensile
softening behavior of the cracked specimens known as
linear, bilinear and exponential models. Fig. 2 shows the
corresponding stress-crack opening displacement (COD)
curve for this model.

However, in this research, the tensile softening behavior
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Fig. 4 Damage behaviors of the concrete
(a) compressive damage; (b) tensile damage

of concrete is considered to be measured after the cracking
portion of the post-peak stress. Fig. 3 shows the stress-COD
curve representing the exponential form of post-peak tensile
softening model of Hordijk (1992). In the ABAQUS
software, the lower limit of the post-cracking stress which
equals to one hundredth of the initial cracking stress (i.e., o
> fi /100) is adopted to avoid the potential numerical
problems that may arises during the stability analysis of the
concrete specimens (Hibbitt et al. 2012). Therefore, the
values of post-cracking stress can be well defined in the
FEM by taking into account such numerical limitations.

Accordingly, considering the two independent uniaxial
compressive, the degraded response process of concrete
specimens and the tensile damage variables (i.e., dc and dy)
all are defined in FEM used for CDP model. In this model,
these two variables represent the possible damage that may
occur in the concrete specimen due to degradation of elastic
stiffness during the unloading process. This phenomenon
can be easily visualized in the strain softening portion of the
actual stress-strain curves showing the real behavior of the
modeled specimens. The elastic stiffness degradation can be
considerably different for the cases of compressive and
tensile behaviors of concrete. Therefore, it may be
concluded that the plastic strain, the temperature and the
other field variables all affecting the uniaxial degradation
variables of concrete specimens, their tensile and com-
pressive behaviors. These brittle materials corresponding to
their damage degrees i.e., ranging from the undamaged to
fully damaged materials can be modeled by FEM (Hibbitt et
al. 2012). Fig. 4 demonstrates the tensile and compressive
damage behaviors of the concrete specimens modeled for
FEA.

It is usually more difficult to measure the direct tensile
strength of concrete specimens in the laboratory. Therefore,
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Fig. 5 Different parts of CTLC device

Table 2 The mixture proportions used for batching of the specimens

Gravel (g) Sand (g) Cement (g)

Water (cc)

Steel fiber (g)  Super plasticizer (g)  Micro silica (g)

3000 10500 2800 1500

14 120 90

Table 3 Properties of cement and Silica fume

Properties Cement Silica fume
Physical properties
Specific gravity (g/cm3) 3.15 2.2
Surface area (m?/kg) 320 20000
Size (micron) - 0.1
Bulk density (kg/m?) - 576
Initial setting time (min) 45 -
Final setting time (min) 375 -
Chemical properties (percentage)
SiO2 90-96 20-25
Al20s3 0.5-0.8 4-8

the CTLC device is developed and used in recent years.
Following sections explain the CTLC device and the
numerical simulation of this apparatus and the specially
used concrete specimens or CTLC specimens. The two-
dimensional discrete element method (i.e., PFC2D which is
the 2D particle flow code) and ABAQUS software are used
to numerically simulate the CTLC concrete specimens.

3. Experimental program

In this experiment program, CTLC apparatus has been
developed and introduced. Also, preparation of the Ultra-
High Performance Concrete (UHPC) specimen for CTLC
test described and tensile test has been introduced.
Laboratory measurement has been described in last section.

3.1 Compressive-to-tensile load convertor (CTLC)
apparatus

The CTLC device is specially designed to use some
specifically prepared concrete specimens for measuring the
direct tensile strength of concrete using the conventional
laboratory testing machines. The direct tensile strengths of
rocks can also be measured by preparing the specimens
with a central hole at their centers so that the applied
compressive load to the specimen can be transferred to that
of tensile as required by CTLC device placed in the
universal testing machine.

The main parts of a CTLC device are illustrated in Figs.
5(a)-(d). The “U” shape part (Part I) of the device consists
of the two parts “L” and “1” all built from stainless steel
(Fig. 5(a)). Fig. 5(b) shows the second part (Part 1) of the
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Table 4 Physical properties of sand

Index Value

Specific gravity (g/cm?) 2.63
Passing 4.75 mm sieve (%) 100
Maximum dry density (KN/m®) 155
minimum dry density (KN/m?) 12.3
D10 0.194

Particle size (mm), D50 0.322
D60 0.344

Table 5 Fiber specification

Parameter Value
Length (mm) 50
Diameter (mm) 1
Aspect ratio 50

Density (g/cmd) 7.85

Tensile strength (MPa) 1000

Axial stress (MPa)

-0.01 -0.005 [} 0.005 0.01 0.015 0.02

lateral strain axial strain

Fig. 6 Axial stress versus axial strain and lateral strain

Table 6 Mechanical properties of concrete

Mechanical properties of concrete Value
Average uniaxial compressive strength (MPa) 170
Average Young’s Modulus in compression (GPa) 55
Average Poisson’s ratio 0.19

device with “IT” shape. Part IIT of the device consists of two
stainless sub-segments of semi-cylindrical shape where
each segment has the dimensions of 75 mm x 10 mm x 60
mm (Fig. 5(c)). Finally, Fig. 5(d) shows Part VI of the
device which consists of two steel blades with 20 mm x 10
mm x 190 mm in dimensions.

3.1.1 Materials

Concrete specimen was prepared from a mixture of
sand, cement, water, steel fiber, super-plasticizer and micro
silica. The material proportions used for batching of the
specimens are shown in Table 2. Crushed-limestone sand
with specific gravity of 2.7 g/cm® was used as aggregates.
Tables 3-5 shows the properties of materials. The ASTM

Fig. 7 The set-up procedure of CTLC device

Fig. 8 Universal Tensile Testing Machine (UTTM)

D29-1986, procedure was followed to conduct the Uniaxial
Compressive Strength (UCS) tests. Fig. 6 shows axial stress
versus axial strain and lateral strain. Also, the procedure for
determination of Young modulus (E) has been depicted in
Fig. 6. Table 6 shows the results of the uniaxial compressive
test.
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Fig. 9 The direct tensile failure pattern in UHPC specimens

3.1.2 Specimen test method

The complete setup of a CTLC device is illustrated in
Figs. 7(a)-(c). These figures show the useful procedure for
performing the direct tensile strength measurement process
for the concrete samples in the laboratory. Three views of
direct tensile fracturing in a typical concrete specimen
(fitted in CTLC device can be visualized in Figs. 7(a)-(c).
This setup is managed in such a manner that the upper
section of the specimen is in contact with the lower
cylindrical steel while at the same time, the lower section is
in contact with the upper cylindrical steel and then the setup
is completed. This completed setup is placed in the
conventional uniaxial compression loading frame in the
laboratory. By this procedure, during the loading process,
the upper part of the specimen is compressing its lower part
while moving down and at the same time the lower part of
the specimen is compressing downward (Fig. 7) so that a
direct tensile loading is applied to the specimen.

3.2 UHPC specimen’s preparation for CTLC device

The direct tensile strength of the UHPC with a specific

gravity of 2.75 g/cm?® is measured in the laboratory using
some specially prepared UHPC specimens for CTLC
device. The UHPC beam specimen size is 150 x 60 x 190
mm high with a central hole of 75 mm diameter. In this
study, the ratio of central hole diameter to that of the
sample’s width is taken as 0.5.

3.3 Direct tensile strength test by CTLC

In this study, a Universal Tensile Testing device
(UTTM) is used as shown in Fig. 8. The CTLC device
together with the UHPC specimens already prepared in the
laboratory can be used to complete the required
arrangement for measuring the direct tensile strength of the
concrete in UTTM (Fig. 8). In this experimental approach,
the UTTM have a conventional uniaxial compression frame
which can provide the required uniaxial compression for the
CTLC device already contained a UHPC specimen. The
loading frame of UTTM is specially designed for applying a
uniaxial compressive load to the end plates of the CTLC
device via a 5-tons gearbox load cell which can
electronically record the applied load increments during
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Failure
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Fig. 10 Failure plane in direct tensile test

Table 7 Direct tensile strengths of UHPC specimens

Experimental direct tensile strength (MPa)

10.5 10.3 10.4 10.5
10.4 10.35 10.6 10.6
10.6 10.5 10.6 10.3
10.5 10.6 10.3
Average
10.47

tensile testing process. During the testing operation, a
constant loading rate of 0.02 MPa/s is applied to minimize
its effects on the final testing results of the direct tensile
strength of UHPC. This loading rate is suggested for the
tensile strength measurement using a rock splitting
approach, ASTM D3967-16 (2008). UTTM is powered by a
single-phase electricity applying through a rigid frame of 5
tons loading capacity and can be effectively used for
measuring the direct and indirect tensile strengths, the
uniaxial compressive and the fracture toughness of
concrete, rocks, ceramics, mortars and asphalts. However,
UTTM cannot be used for measuring the uniaxial strength
of relatively hard rocks but it can be used for measuring the
compressive strength of rock like materials, soft and
medium rocks, ceramics and asphalts, successfully.

In the present research, the UTTM with CTLC device is
used to measure the direct tensile strength of UHPC
specimens. Therefore, 15 pre-holed rectangular specimens
of UHPC are prepared and placed in the CTLC device for
testing with UTTM in a rock mechanics laboratory. Figs.
9(a)-(h) show the failure and crack propagation process in 8
failed specimens. These figures show that when the UHPC
specimens are subjected to tensile loading the horizontal
line cracks are getting started from the boundary of the
center holes and extend through the specimens’ width.

3.4 Laboratory measurement of the direct tensile
strengths of UHPC specimens

In the direct tensile strength measuring approach
explained in this study, the distribution of induced tensile
stress at the UHPC specimen is more than that of the far
field tensile stress. Therefore, the far field tensile stress
cannot be directly considered as the real tensile strength of

the concrete specimen. However, the following simple
formula is suggested to be used for the calculation of the
direct tensile strength (o,) of the UHPC specimens

F

7T @itz xt ©

In this equation, o, is the tensile strength of the
material in kg/cm?, F is the applied force in kg, t is
thickness of the specimen (in cm) and, d1 and d2 (expressed
in cm) are the specimen’s width on either side of the central
hole (Fig. 10). It is to be note that Sarfarazi et al. (2016)
rendered a new criteria for measuring a tensile strength of
concrete based on stress concentration around the internal
hole.

However, the average direct tensile strength of UHPC
specimens obtained by using CTLC device implemented in
UTTM is about 10.47 MPa. The details of these
experimental results are given in Table 7.

Further verification of the direct tensile strength
obtained by using the CTLC device in UTTM can be made
by simulating the concrete testing specimens through some
numerical techniques such as the Discrete Element Method
(DEM) and extended finite element method (XFEM). In the
present work, the Particle Flow Code in Two-Dimensions
(PFC2D) based on DEM and the ABAQUS software based
on XFEM are both used to verify the experimental direct
tensile strength values for UHPC.

4. Numerical simulation of the UHPC specimens
used in tensile strength tests (particle flow
code)

In this study, The CTLC device using specially made
rectangular specimens with a central hole is implemented in
UTTM to directly measure the tensile strength of UHPC
specimens in a rock mechanics laboratory. In this section, it
is tried to verify this new approach by the most
sophisticated numerical methods i.e., the DEM and XFEM.

4.1 Simulating the UHPC specimens by DEM

The UHPC specimens used for CTLC device are
numerically simulated using a sophisticated particle flow
code for PFC2D analysis of geo-mechanical problems
based on DEM. In this code, each specimen is considered as
an assembly of circular discs which are bonded to the
neighboring discs at the contact points by the contact forces.
The whole particle assembly is confined by the planar side
walls to complete the specimens simulating process.
Therefore, in this simulating procedure, the UHPC
specimens are modelled in form of material particles
bonded to each other at the contact points with their
neighboring particles. The internal contact forces keeping
all the particles to be in contact with each other in the whole
particle assembly. In the discrete analysis of geo-materials
(such as rock and concrete), two types of bonding models
i.e., the contact and parallel are basically used. In the
contact bonded model, a very thin layer of matrix bonding
each two neighboring particles is used to simulate the
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Table 8 Micro properties used to numerically simulate the intact UHPC 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) 75
Size ratio 1.56 Contact bond normal strength, SD (MPa) 2
Porosity ratio 0.08 Contact bond shear strength, mean (MPa) 75
Damping coefficient 0.7 Contact bond shear strength, SD (MPa)
Contact young modulus (GPa) 55 Thickness of disc (mm)

(b)

Fig. 11 (a) Experimental Brazilian tensile strength test;
(b) numerically simulated Brazilian tensile
strength test

physical behavior of the material. In the parallel bonded
model, there is a radius of bonding (for each bond) at the
contact point between each two neighboring particles.
Therefore, a parallel bonded model with zero bonding
radius at the contact points is a contact bonded model for
which there is no normal and/or shear stiffness and there is
no bending moment at the contact points where only contact
forces are acting. The contact bonded and parallel bonded
models are very close to each other so that a contact bonded
model is the same as a parallel bonded model but with zero
bonding radius. However, in a contact bonded model the
shear and tensile strengths should be assigned to allow for
the geo-material to be able to resist against the applied
tensile and shear forces under various loading conditions in
the surface and underground structures (ltasca Consulting
Group Inc. 2003, Potyondy and Cundall 2004). In PFC2D
some special algorithms are established by Cundall and
Strack (1979) which generate both the contact and parallel
bonded models for any particular particle assembly. They
explained the relations between the macro-mechanical
parameters measured in the laboratory with the micro-
mechanical properties required in the numerically simulated

models. Some of the most important geo-mechanical
properties include: The contact modulus, the coefficient of
friction and the stiffness ratio Kn/Ks of the particles and
their bonding within the particle assembly representing the
geo-material specimen. The limitations of DEM is Donze et
al. (2009): (a) Fracture is closely related to the size of
elements, and that is so-called size effect; (b) Cross effect
exists because of the difference between the size and shape
of elements with real grains; (c) In order to establish the
relationship between the local and macroscopic constitutive
laws, data obtained from classical geomechanical tests
which may be impractical are used.

4.1.1 Numerical simulation of splitting or Brazilian

tensile strength test

For an accurate simulating of UHPC specimens by
PFC2D, a standard calibration technic is used by simulating
the Brazilian tensile testing of rock samples with this
software. Potyondy and Cundall (2004) suggested a
standard calibrating procedure for PFC2D by adopting the
micro-properties of a typical geo-material model given in
Table 8. They used 5615 particles to model a Brazilian disc
specimen of 54 mm in dia. They assumed a constant
loading speed of 0.016 m/s to move the lateral walls of this
specimen toward each other so that a quasi-static
equilibrium state can be established for the geo-material
(rock or concrete) specimens. They fixed a porosity of 0.08
for the calibrating model which may be different for the
actual rock sample.

Fig. 11(a) shows the Brazilian discs used for measuring
the tensile strength of the concrete while Fig. 11(b) shows
the numerically simulated one modeled by PFC2D. The
numerical and experimental values of the indirect tensile
strength values for the concrete specimens are 10.90 and
10.75 MPa, respectively. Therefore, these results are very
close to each other and it is concluded that the calibrated
micro-parameters can be used for modeling the UHPC
specimens for estimating their direct tensile testing using
the CTLC device.

4.1.2 Numerical simulation of CTLC testing

specimens using particle flow code (PFC)

Fig. 12 shows a box model of a UHPC specimens with
the dimensions of 75 mm x 100 mm which is simulated by
PFC2D. A total number of 11,179 circular discs with a
minimum radius of 0.27 mm are used to build the particle
assembly representing the modeled specimen. Figs. 12(a)-
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100 mm

75 mm

(d)

Fig. 12 Specification for the numerical modelling of CTLT testing specimens with a hole diameter of
(@) 10 mm:; (b) 15 mm; (c) 20 mm; (d) 25 mm; (e) 30 mm

(d)
Fig. 13 Failure pattern of the numerically modeled CTLT specimens each containing a central hole of diameter
(@) 10 mm; (b) 15 mm; (c) 20 mm; (d) 25 mm; (e) 30 mm

(e) show the simulated box models each having a hole of
various diameters, B (B = 10, 15, 25 and 30 mm). This hole
is at the central part of the box model which represents the
rectangular CTLC type specimens as used in UTTM to
measure the direct tensile strength of UHPC. After
preparing the numerical model, two semi-circular load- in
contact with the central hole (Fig. 12(a)).

4.3 Tensile strength and crack propagation process in
PFC2D simulated CTLC specimens

The process of CTLC specimens’ failure and their
fracturing pattern are illustrated in Figs. 13(a)-(e). The
crack propagation process of these specimens during the
testing operation is also shown. The tensile (primary) cracks
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Table 9 The numerical values of direct tensile strength
estimated by PFC2D

The internal hole diameter

Numerical direct tensile strength

(mm) (MPa)
10 10.8
15 10.6
20 10.78
25 10.7
30 10.65

Fig. 14 The schematic view of compressive to tensile
load convertor device

are shown by black lines while the red lines demonstrate the
shear or secondary cracks produced during the failure
process of the modelled specimens. As a whole it is
concluded that during the failure process of each CTLC
specimen two horizontal line cracks are produced and
extended through the center of the specimen’s hole on the
either side of the modelled UHPC specimens. Comparing
these numerically gained results with those already shown
in Fig. 9 for the experimental tests the same scenario can be
visualized which validates the experimental testing
procedure suggested in this research for the direct tensile
testing measurement of UHPC.

Table 9 gives the numerical values of the direct tensile
strengths obtained by PFC2D. Comparing these results with
those obtained experimentally in Table 7. One can easily
visualize that these two set of direct tensile strength values
are very close to each other which again the validity of both
experimental and numerical procedures adopted in this
study is approved. Also, by comparison between direct
tensile strength estimated by PFC2D (10.7 MPa) and
numerical Brazilian tensile strength (10.9 MPa), it can be
concluded that the tensile strength predicted by Brazilian
test was more than that by direct tensile test. It was due to
stress gradient on the failure surface in Brazilian test

4.4 Simulating CTLC specimens using ABAQUS
software

In this section the tensile stress distribution in rectangular
model containing a central hole used in CTLC device is

(b)

(©

Fig. 15 ABAQUS software used to simulate
(a) semi cylinder; (b) specimen model and
(c) CTLC device

simulated by ABAQUS software (Fig. 14).

Figs. 15(a)-(c) show the numerical simulation of a
CTLC device containing a rectangular specimen with a
central hole.

It may be assured that the CTLC specimen simulation
by ABAQUS may not have a significant residual
compressive stress at the mid length of the specimen.
However, the proposed method in this study assures that the
total specimen failure is due to pure tensile loading more
beyond that of the shear stresses to get a chance to be
produced at both ends of the specimen. It is also assured
that the tensile failure occurs at the mid-lengths of the
specimen on either side of the central hole due to pure
tensile loading. The tensile stress distribution in the CTLC
specimen as predicted by XFEM (ABAQUS software) is
shown in Fig. 16. As shown in this figure, the tensile stress
concentration zones are at the left and right sides of the
central hole where the tensile cracks can be produced to
cause the specimen’s failure.

It is also quite evident that the compressive stresses are
also concentrated at the top and bottom of the central hole.
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PE, Max. Principal

(Avg: 75%)
+4.115e-02
+3.772e-02
+3.420e-02
+3.086e-02
+2.743e-02
+2.400e-02
+2,057e-02
+1,715e-02
+1.372e-02
+1.029e-02
+6.858e-03
+3.429e-03
+0.000e+00

S, Max. Principal
(Avg: 759%)

+1,006e+07
+9.,203e+06
+8,345e+06
+7.488e+06
+6.630e+06 H
+5,773e+06 I
+4,915e+06
+4,058e+06
+3,200e+06 W
+2,343e+06 T
+1,485e+06 n
+6.278e+05
-2.297e+05

7
T

Fig. 16 Tensile stress distribution in the model

As the tensile strengths of geo-materials are less than
their compressive strengths one may expect that in all these
models the failure zone is situated in the left and right sides
of the central hole much more before that the failure can be
started under the compression at the vertical-section of the
CTLC specimen. Therefore, it can be concluded that the
proposed technique is suitable for determination of direct
tensile strength of concrete, rocks, rock like materials and
composite.

5. Conclusions

In this study, the experimental tests for the direct tensile
strength measurement of UHPC were numerically modeled
by using the discrete element method and FEM. The results
show that:

» A specially developed CTLC device containing a
rectangular specimen with a central hole was designed to be
able to measure the direct tensile strength of ultra-high
performance concrete

» The measured direct tensile strength of UHPC
specimens can be calculated by a new simple equation
proposed in this study and was about 10.47 MPa.

« It has been concluded that the specimen failure occurs
due to pure tensile stresses at both left and right sides of the
CTLC specimen’s central hole.

* PFC2D simulations of the direct tensile strength
measuring specimen and ABAQUS simulation of the tested
CTLC specimens both demonstrate the validity and
capability of the proposed testing procedure for the direct
tensile strength measurement of UHPC specimens.
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