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Simulation of the tensile failure behaviour of transversally
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Abstract. In this paper, the tensile failure behaviour of transversally bedding layers was numerically simulated by using
particle flow code in two dimensions. Firstly, numerical model was calibrated by uniaxial, Brazilian and triaxial experimental
results to ensure the conformity of the simulated numerical model’s response. Secondly, 21 circular models with diameter of 54
mm were built. Each model contains two transversely bedding layers. The first bedding layer has low mechanical properties, less
than mechanical properties of intact material, and second bedding layer has high mechanical properties, more than mechanical
properties of intact material. The angle of first bedding layer, with weak mechanical properties, related to loading direction was
0°, 15°, 30°, 45°, 60°, 75° and 90° while the angle of second layer, with high mechanical properties, related to loading direction
was 90°, 105°, 120°, 135°, 150°,160° and 180°. Is to be note that the angle between bedding layer was 90° in all bedding
configurations. Also, three different pairs of the thickness was chosen in models; i.e., 5 mm/10 mm, 10 mm/10 mm and 20
mm/10 mm. The result shows that In all configurations, shear cracks develop between the weaker bedding layers. Shear cracks
angel related to normal load change from 0° to 90° with increment of 15°. Numbers of shear cracks are constant by increasing
the bedding thickness. It’s to be note that in some configuration, tensile cracks develop through the intact area of material model.
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There is not any failure in direction of bedding plane interface with higher strength.
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1. Introduction

A nearly homogeneous concrete structure can be
changed into a highly heterogeneous one due to the
existence of some intrinsic discontinuities such as fractures,
joints, and cracks. The mechanical behavior of the
heterogeneous material is highly changed and controlled by
these discontinuities which render the material as
anisotropic too (Amadei 1996, Jiang et al. 2006, Fortsakis
et al. 2012, Xu et al. 2013, Yu et al. 2014, Wasantha et al.
2015, Li et al. 2016, Johansson 2016).

In general, the tensile strengths of concretes are much
lower than their shear and compressive strengths due to
some planes of weaknesses which can be induced within the
concrete during the relatively lower level of applied tensile
loading. These weak planes can significantly contribute to
the anisotropic behaviours of concrete. Therefore,
anisotropy of jointed concrete under tensile loading
condition is a very important task and can be explored in
the field of geomechanical engineering. Therefore, the
standard indirect tensile tests (Brazilian tensile tests) of
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concrete discs have gained a wide application and widely
conducted in the concrete and rock mechanics laboratories
to study the tensile behaviours of concrete materials
(Vervoort et al. 2014, Dan and Konietzky 2014, Duan and
Kwok 2015, Wang et al. 2016a, b, ¢, Khosravi et al. 2017,
Xia et al. 2017, Yuan and Shen 2017, Zhang et al. 2018). It
has been observed that anisotropy can highly change the
indirect tensile strength of the laminated (stratified)
concretes specimens. The tensile strength of anisotropic
laminated concrete samples can be determined by using the
standard Brazilian tensile tests (Wu et al. 2010, Cho et al.
2012, Liu et al. 2013, Dan et al. 2013, Tavallali and
Vervoort 2010, Khanlari ef al. 2015).

However, it has been concluded that as a whole, the
tensile strength of concrete is apparently affected by its
anisotropy. It has been observed that the concrete specimens
have failed along the loaded diameter of the discs
irrespective of the orientation of joint planes. The failed
anisotropic concrete specimens contain cracks that their
total lengths vary and have certain relationships with the
joints inclination angles. Two major modes of failure were
found for fractured concrete specimens by Khanlari et al.
(2015). They observed that in the laminated concrete (rock)
specimens, the fractures usually occur parallel to the
loading direction with or without branching at inclination
angles lower than 60°. For the inclination angles greater
than 60° the fractures occur in the direction of lamination so
that a failure mode along the laminations dominates. The
effect of anisotropy on the tensile strength of concrete
(rock) has been studied by Ma et al. (2017a, b). They
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considered that the anisotropy ratio and tensile strength
have a great influence on the fracture (failure) stress. The
influence of anisotropy on the fracture stress of rocks
(layered shale samples) has been emphasized. By Zhang et
al. (2018) who studied the fracture patterns of the layered
shale Brazilian discs under indirect tensile testing condition
using the acoustic emission (AE) technique. The spatial
distribution of AE related to the bedding angles was
investigated which resulted in a better understanding of the
mechanism of anisotropic failure process in the layered
rocks. The fracture network system may also play a
significant role in the compressive and shear strengths of
many rock masses as investigated by many researches and
reported in the concrete and rock mechanics literature (Min
and Jing 2003, Jia and Tang 2008, Wang et al. 2012, Zhou
and Yang 2012, Lancaster ef al. 2013, Mobasher et al. 2014,
Noel and Soudki 2014, Oliveira and Leonel 2014, Kim and
Taha 2014, Tiang et al. 2015, Wan Ibrahim et al. 2015,
Silva et al. 2015, Gerges et al. 2015, Liu et al. 2015, Haeri
2015, Haeri et al. 2015a, b, Haeri et al. 2016, Zhou and
Wang 2016, Shemirani et al. 2016, Fan et al. 2016, Li et al.
2016, Sardemir 2016, Sarfarazi et al. 2016, Shuraim 2016,
Wang et al. 2016a, b, ¢, Yang et al. 2017, Wang et al. 2017,
Sarfarazi et al. 2017a, b, ¢, Wang et al. 2017, Zhou et al.
2018, Bahaaddini et al. 2014, Bahaaddini et al. 2016a, b,
Shemirani et al. 2018, Zhou and Bi 2018, Haeri et al. 2013,
Haeri et al. 2014, Haeri 2015, Haeri and Sarfarazi, 2016a,
b, Haeri et al. 2016a, b).

However, rare results have been reported regarding the
effect of anisotropy induced by the presence of complex
discontinuities on the tensile strength of brittle rocks and
concretes. Typical fracture pattern and failure process have
been found for an underground excavation resulting from
the presence of natural joints by Li (2013) and some tensile
fractures were observed in the in-situ surveyed area. A
strong anisotropic condition was observed by Lisjak et al.
(2015) for a tunnel cross-section while measuring its
average convergence.

The displacements in a perpendicular direction to the
bedding planes orientation are approximately four times
higher than those measured parallel to the bedding. It has
been observed that the deformation in the stratified Lias
limestone (Seingre 2005) in Lotschberg tunnel are high
enough to deform the steel sets and surrounding concrete
used as support system. These deformations were greatly
influenced by the orientation of the rock mass
discontinuities. Many numerical analyses have shown that
the deformed shape of the tunnel cross- section considering
the rock anisotropy is always perpendicular to the direction
of discontinuities in the transversely isotropic laminated
rocks and concretes (Jia and Tang 2008, Fortsakis et al.
2012, Wang et al. 2012). It has been shown that when
considering the anisotropy in rocks and concretes the
displacement is always perpendicular to the discontinuities
direction for the transversely isotropic structures. This result
is in very good agreement with the deformations observed
in the real case studies related to tunnel and underground
excavation (Seingre 2005, Li 2013, Lisjak et al. 2015, Yang
et al. 2015). It means that studying the anisotropy of the
jointed concrete can be used as a key element to consider its
influence of the development of deflections and
deformations in the in situ stratified rocks. Therefore, many
researchers have tried to accomplish some experimental

tests on the transversely isotropic concretes samples (Lazear
2009, Cho et al. 2012, Gholami and Rasouli 2014, Dan and
Konietzky 2014, Vervoort et al. 2014, Duan and Kwok
2015).

In this research, it has been tried to investigate
numerically the effects of bedding layers and their imposed
anisotropy on the tensile strength of concrete using a
sophisticated discrete element approach implemented in a
two dimensional particle flow code (PFC2D). PFC 2D can
simulate the failure behavior of transversally bedding layer
where other software are disable.

2. Numerical modeling with particle flow code (PFC)

Any PFC2D software supports two basic bonding
models i.e., a contact-bonded model and a parallel-bonded
model. The concrete materials are simulated using the
bonded particle modelling approach adopted in PFC2D. In
this modelling approach, each concrete specimen is
considered as a circular discs assembly bonded together at
some specified contact points and confined by the planar
walls. The competence of concrete is simulated by the
bonded particles which are bonded together at their contacts
points. The physical behavior of a vanishingly small
cement-like substance lying in between the particles and
joining the two bonded particles is approximated by a
contact bond modelling approach. On the other hand, in a
parallel bond modelling approach each contact bond model
behaves as a parallel bond of radius zero. Therefore, a
contact bond does not have a radius and the shear and
normal stiffnesses are also zero, like a parallel bond. Any
contact bond model cannot resist a bending moment but it
can only resist forces acting at the contact points. However,
the contacts bonds are usually assigned with specified
tensile and shear strengths which allows the material
resistance to tension and shear which may exist at the
contacts points until the contact force at these points
exceeds the strength of the bonds (Itasca 1999, Potyondy
2004).

A contact-bonded particle model can be generated for
PFC2D by providing the routines given rence (25). The
following micro parameters should be defined for applying
a contact bond model i.e., i) a proper modulus for each ball-
to-ball contact, ii) a proper stiffness ratio kn over ks, for the
frictional coefficient of the balls, iii) the normal bond
strength of the contact points, vi) the shear bond strength of
the contacts, v) the ratio of standard deviation to mean of
bond strength both in normal and shear directions, and vi)
the minimum ball (circle) radius. Where as to define a
parallel-bonded particle model requires three additional
micro parameters i.e., i) the parallel-bond radius multiplier,
ii) the parallel-bond modulus, and iii) the stiffness ratio of
the parallel-bond.

In the present research, the parallel bonding of the
particles can also be used as the bonded particle models
assuming that the assembly of particles are joined and
bonded together.

For the establishment of the parallel bonded modelling
approach the appropriate micro parameters should be
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14 Table 1 Micro properties used to represent intact concrete
Loading Rate=0.016 m/s prop P
12 - Loading Fate=0.4 mfs Parameters Values Parameters Values
Type of particles Disc Parallel-bond radius multiplier 1
= 10
a . 3 Young’s modulus of parallel bond
% Density (kg/m’) 1000 (GPa) 4
. 8 ini i
% Mlnm(mm)radlus 0.27 Parallel bond stiffness ratio 1.7
= mm
f 6 Size ratio 1.56 Particle friction coefficient 0.4
o
= . Parallel bond normal strength, mean
- 4 porosity 0.08 (MPa) 5.6
. . Parallel bond normal strength, std.
5 Damping ratio 0.7 dev. (MPa) 1.4
Contact Young’s 4 Parallel bond shear strength, mean 56
0 modulus (GPa) (MPa) )
04 05 0 0o 04 Stiffness ratio 17 Parallel bond shear strength, std. dev. 14

Lateral Strain(%o) Axdial Strain (%)

Fig. 1 The effect of the loading rate on the: (a) curve of
axial stress versus axial strain

selected for the particle assembly by conducting a
calibration procedure.

However, it is not reasonable to directly use the
experimental testing laboratory results for the numerically
used parameters which govern the particles contact
properties and their bonding characteristics. Laboratory
testing results give the macro-mechanical properties of the
materials which are reflected due to their continuum
behaviour. Therefore, the appropriate micro-mechanical
properties of the bonded particles can be determined using
an inverse modelling procedure and laboratory testing
results. The trial and error approach is a proper method for
the calibration of these micromechanical parameters since
no direct theory exists relating these two sets of material
property (Potyondy 2004). This procedure assumes the
reasonable micro-mechanical parameter values for the
particles and then a comparison of the strength and
deformation characteristics of the numerical models to
those of the laboratory samples are being made to adjust
these parameters. This procedure is repeated so that
adjusted micro-mechanical property values which give
better simulated macroscopic responses that are very close
to those of the laboratory testing results can be gained for
the jointed blocks of a rock mass.

2.1 Preparing and calibrating the numerical model

The standard procedure of particle assembly generation
is used by PFC2D software. (Itasca 1999). This particles
generating process involves the following fiver basic steps:
1) the geometrical particle generation, ii) the packing of the
particles, 1iii) the isotropic stress installation (stress
initialization), iv) the elimination of floating particle
(floater) and v) the installation of bonds. However, the
gravity effect is not taking into account as the modelled
specimen is small and the gravity-induced stress gradient
has negligible effect on the macroscopic behavior of the
specimen.

The three standard tests which are: i) the unconfined
compressive strength test, ii) the Brazilian tensile test and
iii) the biaxial compressive test are being carried out in a

(MPa)

rock mechanics laboratory to calibrate the properties of
particles and parallel bonds in bonded particle model. A
sufficiently small applied loading rate is used in each test to
ensure that the force, displacement, velocity and
acceleration of any particle within the assembly cannot
propagate farther than its immediate neighbours during a
single time step. This low loading rate also cause that the
loaded sample remains in quasi-static equilibrium
throughout the test

Effect of loading rate on the axial stress strain curve is
shown in Fig. 1. The testing samples are being modelled by
14298 particles and their mechanical responses clearly
depend on the loading rate in the elastic region of the stress
strain curve. If the loading rate increases to that of 0.4 m/s,
an oscillatory behaviour in the stress-strain curve is
produced. However, this oscillatory behaviour of the
mechanical response is greatly reduced at smaller loading
rates (i.e., 0.016 my/s for the curve shown in Fig. 1).

Based on the above explanation, a proper loading rate of
0.016 m/s is adopted for the PFC2D simulated tests in this
study. Then, using the micro-properties listed in Table 1 and
the standard calibration procedures (Potyondy 2004), a
calibrated PFC particle assembly was created. The
specifications of different numerical tests for model
calibration are summarized in following section.

2.1.1 Numerical unconfined compressive test

The unconfined (uniaxial) compression test in PFC2D
can be modelled by considering two moving walls
compressing the particles assembly, as illustrated in Fig.
2(a). The solid lines indicate the bonds break where the
micro-cracks can be induced and cause the samples failure.
The black line represents the tensile failure and the red one
indicated the shear failure. The frictionless rigid plates are
taken as the walls of the modelled specimen. The
specimen’s assembly is 108 mm in height, 54 mm in width
and consists of 14298 particles. The particle size
distribution is taken to be normal with particle radii ranging
from 0.27 mm to 0.4212 mm. The bounds of these small
particles radii are chosen so that these particles dimensions
are kept as small as possible, without increasing the
computational efficiency of PFC2D, and also minimizing its
total running time. A reasonable value for the porosity ratio
is obtained (i.e., 0.08), which produces a dense Packing
specimen. However, the elastic modulus (E), Poisson’s
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Fig. 2(a) Unconfined compressive test (cracks described by
red/black lines), (b) failure pattern in physical uniaxial
sample, (c) failure pattern in PFC2D model, (d) failure
pattern in physical sample, (e) Tensile strength versus axial
displacement curve for numerical Brazilian test simulation,
(f) Calibrated failure locus for PFC synthetic concrete
compared to the Laboratory measured

ratio, crack initiation stress and unconfined compression
strength (UCS) of the particle assembly can be obtained by

Table 2 Macro mechanical properties of model material in
experimental test and PFC2D

Mechanical Properties Exl:);rsilrlrllte;ntal PFC;[S)ull\t/Isodel

Elastic modulus, (GPa) 5 5

Poisson’s ration 0.18 0.19

UCS, (MPa) 6.6 6.7

Crack initiation stress (MPa) 32 32
Brazilian tensile strength; (MPa) 1 1.1
Friction angle 20.4 21
Cohesion (MPa) 22 2.2

Table 3 micro properties of low and high strength of
bedding layer interfaces

Low Low

Parameter Value High value Parameter value High value
n_bond le3 le6 s_bond le3 le6
fric 0.25 0.5

this simulation procedure. A basically vertical failure plane
is achieved which is in agreement with experimental
observation of the Laboratory tested specimens as shown in
Fig. 2. A comparison of the mechanical properties obtained
experimentally and numerically are presented in Table 2.

2.1.2 Brazilian test

Brazilian test was used to calibrate the tensile strength
of the specimen in PFC2D model. The diameter of the
Brazilian disk used in the numerical tests is 54 mm in
diameter, and is made of 5615 particles. The disk was
crushed by the lateral walls moved towards each other with
a low speed of 0.016 m/s. Figs. 2(c) and (d) show failure
patterns in both of the PFC2D numerical model and
experimental sample; respectively. The splitting plane is
basically horizontal and it agrees well with the experimental
observation. Fig. 2(e) shows the tensile strength versus the
axial displacement curve for PFC2D numerical brazilian
simulation. From Fig. 8(e), it’s clear that the bonded
particles have a brittle behavior under indirect tensile
loading so that they have reached their peak tensile strength
and got broken before they get into non-linear deformation
stage. The Numerical tensile strength with the comparison
of the experimental measurements is presented in Table 2.

2.1.3 Biaxial test

The specifications of tested specimen in biaxial test are
the same as that in uniaxial test. For biaxial testing, the
rectangle model is loaded by surrounding four walls so that
the top and bottom walls serve as loading platens, while the
side walls serve to maintain a specified confining stress.
The lateral wall normal stiffnesses are set equal to a fraction
(0.001-0.2) of the average particle normal stiffness to
simulate a soft confinement. The confined and vertical
stresses are applied to the specimen by activating the servo-
mechanism that controls the velocities of the four confining
walls. Fig. 2(f) gives the strength envelope for the synthetic
material and the PFC strength. It shows that the PFC2D
predicts the biaxial behaviour of the numerical model
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®

Fig. 3 The models with bedding layers thicknesses of 5 mm and 10 mm; bedding layers angle are (a) 0°-90°, (b) 15°-105°, (c)

30°-120°, (d) 45°-135°, (e) 60°-150°, (f) 75°-165°, (g) 90°-180°

according to the experimental one. The Numerical shear
properties with the comparison of the experimental
measurements are presented in Table 3. As the numerical
results agreed with experimental measurements, it was
concluded that the assembly constructed in PFC2D could
realistically represent for the mechanical behaviour of a
concrete like material. Therefore, the parameters used for
the above numerical tests, which was listed in Table 2,
could be introduced in the subsequent modelling of shear
behaviour of non-persistent joint.

2.2 Numerical uniaxial test on the non-persistent
open joint

2.2.1 Preparing the model

After calibration of PFC2D, brazilian tests on transverse
bedding layers were numerically simulated by creating a
circular model in PFC2D (by using the calibrated micro
parameters) (Figs. 3, 4 and 5). The PFC specimen has the

cross sectional diameter of 54 mm. A total of 81179 disks
with a minimum radius of 0.27 mm were used to make up
the specimen. The particles are surrounded by two loading
walls. Transversely bedding layers consisted of two
unparallel bedding layers. The angle of first bedding layer,
with weak mechanical properties, related to loading
direction was 0° (Fig. 3(a)), 15° (Fig. 3(b)), 30° (Fig. 3(c)),
45° (Fig. 3(d)), 60° (Fig. 3(e)), 75° (Fig. 3(f)) and 90° (Fig.
3(g)) while the angle of second layer, with high mechanical
properties, related to loading direction was 90° (Fig. 3(a)),
105° (Fig. 3(b)), 120° (Fig. 3(c)), 135° (Fig. 3(d)), 150°
(Fig. 3(e)), 165° (Fig. 3(f)) and 180° (Fig. 3(g)). Is to be
note that the angle between bedding layer was 90° in all
bedding configurations. Also, three different pairs of the
thickness was chosen in models; i.e., 5 mm/10 mm (Fig. 3),
10 mm/10 mm (Fig. 4), and 20 mm/10 mm (Fig. 5). The
disk was crushed by lateral walls, moving towards each
other with a low speed of 0.016 m/s. Micro-properties of
two different bedding layer interfaces were chosen too low
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Fig. 4 The models with bedding layers thicknesses of 10 mm and 10 mm; bedding layers angle are (a) 0°-90°, (b) 15°-105°,
(c) 30°-120°, (d) 45°-135°, (e) 60°-150°, (f) 75°-165°, (g) 90°-180°

and too high (Table 3).

3. Results

3.1 The effect of transversely bedding layer on the
failure pattern

Figs. 6, 7 and 8 show the effect of transversely bedding
layer on the failure pattern of models for bedding thickness
of 5 mm/10 mm, 10 mm/10 mm and 20 mm/10 mm,;
respectively. In each figure the results of interfaces
angularities have been shown. Yellow line and black line
represent the shear crack and tensile crack, respectively. In
all configurations, shear cracks develop between the weaker
bedding layers. Shear cracks angel related to normal load
change from 0° to 90° with increment of 15°. Numbers of
shear cracks are constant by increasing the bedding
thickness. It’s to be note that in some configuration, tensile
cracks develop through the intact area of material model.

There is not any failure in direction of bedding plane
interface with higher strength.

3.2 The effect of transversely bedding layer on the
Brazilian tensile strength

Fig. 9 shows the effect of transversely bedding layer on
the Brazilian tensile strength for bedding thickness of 5
mm/10 mm, 10 mm/10 mm and 20 mm/10 mm;
respectively. In this figure the results of interfaces
angularities have been shown. The minimum Brazilian
strength was occurred when weaker interface angle is
between the 30° and 60°. The maximum value occurred in
90°. Also, the Brazilian tensile strength was increased by
increasing the layer thickness.

4. Conclusions

In this work, the failure mechanism of transversally
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Fig. 5 The models with bedding layers thicknesses of 20 mm and 10 mm; bedding layers angle are (a) 0°-90°, (b) 15°-105°,
(c) 30°-120°, (d) 45°-135°, (e) 60°-150°, (f) 75°-165°, (g) 90°-180°

Tensile crack == shear crack

(©)

(b)

(a)
Fig. 6 Failure pattern of the models with bedding layers thicknesses of 10 mm and 10 mm; bedding layers angle are (a) 0°-

90°, (b) 15°-105°, (c) 30°-120°, (d) 45°-135°, (e) 60°-150°, (f) 75°-165°, (g) 90°-180°
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(d) ®
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Fig. 6 Continued

Tensile crack — shear crack

(b)

(d)

(@

Fig. 7 Failure pattern of the models with bedding layers thicknesses of 5 mm and 10 mm; bedding layers angle are (a) 0°-90°,
(b) 15°-105°, (c) 30°-120°, (d) 45°-135°, (e) 60°-150°, (f) 75°-165°, (g) 90°-180°
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Tensile crack = shear crack

(d)

Fig. 8 Failure pattern of the models with bedding layers thicknesses of 20 mm and 10 mm; bedding layers angle are (a) 0°-
90°, (b) 15°-105°, (c) 30°-120°, (d) 45°-135°, (e) 60°-150°, (f) 75°-165°, (g) 90°-180°
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Fig 9 the effect of transversely bedding layer on the
Brazilian tensile strength

bedding layers were numerically simulated by using
PFC2D. Firstly, numerical model was calibrated by
uniaxial, Brazilian and triaxial experimental results to

ensure the conformity of the simulated numerical model’s
response. Secondly, 21 circular models with diameter of 54
mm were built. Each model contains two transversely
bedding layers. The first bedding layer has low mechanical
properties, less than mechanical properties of intact
material, and second bedding layer has high mechanical
properties, more than mechanical properties of intact
material. The angle of first bedding layer, with weak
mechanical properties, related to loading direction was 0°,
15°, 30°, 45°, 60°, 75° and 90° while the angle of second
layer, with high mechanical properties, related to loading
direction was 90°, 105°, 120°, 135°, 150°,160° and 180°. It
is to be note that the angle between bedding layer was 90°
in all bedding configurations. Also, three different pairs of
the thickness was chosen in models; i.e., 5 mm/10 mm, 10
mm/10 mm and 20 mm/10mm. The result shows that in all
configurations, shear cracks develop between the weaker
bedding layers. Shear cracks angel related to normal load
change from 0° to 90° with increment of 15°. Numbers of
shear cracks are constant by increasing the bedding
thickness. It’s to be note that in some configuration, tensile
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cracks develop through the intact area of material model.
There is not any failure in direction of bedding plane
interface with higher strength. The minimum Brazilian
strength was occurred when weaker interface angle is
between the 30° and 60°. The maximum value occurred in
90°. Also, the Brazilian tensile strength was increased by
increasing the layer thickness.
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