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Abstract. The biaxial failure mechanism of transversally bedding concrete layers was numerically simulated using a
sophisticated two-dimensional discrete element method (DEM) implemented in the particle flow code (PFC2D). This numerical
modelling code was first calibrated by uniaxial compression and Brazilian testing results to ensure the conformity of the
simulated numerical model’s response. Secondly, 21 rectangular models with dimension of 54 mmx108 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 were 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 noted that in some configuration, tensile cracks develop through the intact area of material model. There is not any failure
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in direction of bedding plane interface with higher strength.
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1. Introduction

Anisotropy is one of the principal mechanical properties
of various types of concretes. Weak planes may reduce the
shear strength of concretes because they may cause large
deformation due to anisotropic behavior of concretes (Park
and Min, 2015). Therefore, the effect of discontinuities on
the anisotropic behaviour of a jointed rock, such as the
compressive and shear strength and, failure pattern, needs to
be evaluated as part of safety assessments for any concrete
engineering project.

Transverse anisotropy studies can be easily applied to
engineering problems (Yu et al 2013, Li 2013) when the
concretes are bedded or layered. In terms of the mechanical
properties of these types of concretes, anisotropic
characteristics are usually studied by conducting some
experimental works (Lei et al. 2013, Labiouse and Vietor
2014, Khanlari et al. 2014) and numerically simulated tests
(Sun et al, 2011, Saeidi et al. 2013, Yu et al. 2013, Labiouse
and Vietor 2014). The displacements (Sagong et al. 2011)
and breaking procedures (Vietor et al. 2010, Seeska et al.
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2011) are typically analyzed to discuss the anisotropic
characteristics. Among such studies, Liang et al. (2005)
investigated the mechanical properties and the failure
process of stratified concretes using numerical code RFPA.
They concluded that the orientation of layers may largely
affect the breaking process of the concrete (i.e., the peak
strength, fracturing modes and deformation characteristics
of concretes are affected). Tavallali and Vervoort (2010)
found that the layer orientation determined both the strength
and failure modes of the concrete samples. Some
experimental work has been conducted by Moradian et al.
(2010) on the natural joints cored from an in situ rock mass
to study the shear behaviour of concrete joints. The
dominating influence of joints on the shear behaviour of a
concrete mass was emphasized. Effects of anisotropy on the
mechanical behavior of concretes were investigated by
Dinh et al. (2013) and they numerically simulated the
degree of anisotropy and concluded that it has a strong
influence on the tensile strength of concrete or rock. The
effects of inherently anisotropic concretes on their shear
strengths were studied by Ghazvinian et al. (2013).
According to their research, the anisotropic effect of the
weak plane orientation is a significant occurrence that must
be noted in analyse and failure mechanism studies. A large
number of studies have been carried out to investigate the
anisotropic behaviour of a cracked concrete under
compressive, tension tests (Zhou et al. 2008, Zhou et al.
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2014, Zhou et al. 2012, Zhou 2010, Kulatilake ef al. 2001,
Zhang et al. 2011a, b, Lancaster et al. 2013, Mobasher et al.
2014, Haeri et al. 2014, Lisjak et al. 2014a, Noel and
Soudki 2014, Oliveira and Leonel 2014, Kim and Taha
2014, Tiang et al. 2015, Wan Ibrahim et al. 2015, Liu et al.
2015, Potyondy 2015, Haeri 2015, Haeri ef al. 2015a, b, c,
Yang et al. 2015, Silva et al. 2015, Gerges et al, 2015, Fan
et al. 2016, Li et al. 2016, Sardemir 2016, Sarfarazi et al.
2016, Haeri et al. 2016a, b, ¢, Haeri and Sarfarazi 2016,
Shuraim 2016, Shaowei et al. 2016, Wang et al. 2016, 2017,
Zhou and Bi 2018), whereas studies of anisotropic shear
behaviour remain limited. Many researchers have studied
the shear behaviours of concrete samples with pre-existing
cracks (Yun et al. 2013, Wasantha et al. 2014, Sardemir
2016, Sarfarazi et al. 2016, Shuraim 2016, Wang et al.
2016). However, the anisotropy of the shear behaviour of a
jointed concrete mass with discrete fractures is controlled
by the complex interactions of joints and intact-rock
bridges. In addition, the geometry of discontinuities can
exert a controlling influence on the distribution of fractured
zones (Li 2013, Labiouse and Vietor 2014). Theories or
modelling methods related to the evaluation of a natural
rock mass with randomly distributed discontinuities are still
limited. Yang et al. (2015) proposed an efficient technique
to evaluate the mechanical characteristics of concrete. The
constitutive relationship and failure mechanisms were
introduced, and the proposed model was verified using a
case study. This approach is suitable for the stability
analysis of concrete engineering based on numerical
simulations. The key of their research is to evaluate the
scale effects (Min and Jing 2003), anisotropy and
directionality of the representative elementary volume
(REV) of a fractured concrete. The mechanical properties in
their model were investigated by numerically conducting a
uniaxial compressive test using the RFPA code. Shear
behaviour is also one of the most important properties of a
jointed rock mass. Thus, the anisotropy and scale effect of
shear behaviours should also be discussed. Some efficient
numerical methods have been developed to study the
concrete failure process, such as RFPA (Tang 1997, Tang et
al. 2000), to study the crack propagation and fracture
patterns of concrete materials under stress, such as the
particle flow code (PFC) by Cundall and Strack (1979), and
to analyses the crack growth of complex crack patterns,
such as the cracking-particle method (Rabczuk and
Belytschko 2004, Rabczuk and Belytschko 2007, Rabczuk
et al. 2010), dual-horizon peridynamics (Ren et al. 2016)
and dual-support smoothed particle method (Dai et al
2016). These numerical methods have many advantages in
the modelling of rock masses that possess the ability to
fracture and break apart under stress. For the purpose of a
quantitative description, numerical analyses are carried out
using PFC2D version 3.0, which has been shown to have
advantages in the simulation of mechanical behaviours of
concretes (Lambert ef al. 2010, Zhang et al. 2011a, b) and
discontinuities in fractured rock masses (Potyondy and
Cundall 2004, Park and Min 2015, Potyondy 2015, Wang et
al. 2016). PFC2D models the movement and interaction of
circular particles by the discrete element method. In this
approach, each concrete sample is represented as an

assemblage of circular disks which are confined by planar
walls. Then the interface forces and particles motions
within this assembly are modeled. In this modelling
technique each particle can move independently and may
interact at its contacts with the others. Generally, two basic
bonding models are adopted in PFC2D i.e., a contact-
bonding model and a parallel-bonding model (Itasca
Consulting Group, Inc. 2004). These models may be
considered as a kind of glue joining the particles to each
other. The moments transmission in between the particles
can be effectively modeled by the parallel bonding model
therefore the constitutive equations for the cementitious
materials such as rocks and concretes can be well described.
However, the model calibration may need some more
parameters. On the other hand, in the contact bonding
model, the contact bonds might be envisaged as elastic
springs with constant normal and shear stiffness acting at
each contact point. The feasibility of the contact bonding
model is verified by Hazzard and Young (2000).

These two models may be used to reproduce the
mechanical behaviors on different concrete types, therefore,
it may be logical to use PFC2D as a modelling device to
investigate the effects of anisotropy on the shearing
behaviors of concretes and rocks.

Objective of this paper is to evaluate the effect of
transversely bedding layers angle and its thickness on the
strength and failure behavior of transversely isotropic
concretes. This performed by particle flow code in two
dimension, PFC2D.

2. Numerical simulation

2.1 Bonded patrticle model and Particle Flow Code
2D (PFC2D)

Particle flow code in two dimensions (PFC2D) is a
distinct element code that represents the material as an
assembly of rigid particles which can move independently
of one another and interact only at contacts (Itasca 1999
version 3.1, Potyondy and Cundall 2004). The movements
and interaction forces of particles are calculated by use of a
central finite difference method as applied in the DEM. For
models of the contacts, both linear and non-linear contact
models with frictional sliding can be used. The linear
contact model, which was used in this study, provides an
elastic relationship between the relative displacements and
contact forces of particles. The basic contact model in the
PFC code (contact force-displacement relationship) is the
linear point contact between two particles, relating contact
normal force component, F", contact overlap, U", increment
of shear force, AF®, and shear displacements, AU, and given

by
{ AF® = —FALF } 1)

where K" and k® are the contact normal and shear stiffness,
respectively. The frictional strength of the contact is given
by
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FP < pF* 2

where u is the friction coefficient between particles. Point
contact models represented by Eq. (1) can only consider
relative motion between individual particles. However,
when a group of bounded particles must be considered as a
whole, cemented contact including both contact forces and
torques are needed. In such a case, the relationships
between the above incremental quantities become

{ AF™ = k"AAL™ }

AF* = —FAAL® @

And

AM® = — " JAL" 4

AN = " TAF @
where F", F5, M" and M°® are the force components and
torques (moments) about the center of the cemented-contact
zone, k" and k* are normal and shear bond stiffness per unit
area, 6" and & are the components of rotation angle, and A,
I, and J are the area, moment of inertia, and polar moment

of inertia of the bond cross-section, respectively. The
strength of the cemented contact is then written as

_F AR
Fhar — L
1 + 7 Tz .
ﬁnai__Fs_l_j’?ﬂE{: ()
T = ) 7 =

where R is the radius of the cemented zone, o. and t. are the
tensile and shear strength of the cemented contact,
respectively. Young’s modulus for particle contacts E. and
particle bondage E. are defined to relate the contact and
bond stiffness as follows

kn o
E. =2—“ (r=1in2D)

- (6)
E. = k(R + R'®))

where R® and R® are radii of circular particles in contact.
In the PFC code, cemented contacts as expressed in Egs.
(3)-(8) are called parallel bonds. By using the parallel bond
model it is possible to reproduce the mechanical properties
of a rock-like material.

To generate a parallel-bonded particle model for
PFC2D, using the routines provided (Itasca 1999, version
3.1), the following micro properties should be defined: ball-
to-ball contact modulus, stiffness ratio kn over ks, ball
friction coefficient, parallel normal bond strength, parallel
shear bond strength, ratio of standard deviation to mean of
bond strength both in normal and shear direction, minimum
Ball radius, parallel-bond radius multiplier, parallel-bond
modulus, and parallel-bond stiffness ratio. To establish the
appropriate micro properties to be used for the particle
assembly, it is necessary to conduct a calibration procedure.
The particle contact properties and bonding characteristics
cannot be determined directly from tests performed on
laboratory model samples. The material properties

Table 1 Micro properties used to represent the intact
concrete

Parameter Value Parameter Value

Type of particle  disc  Parallel bond radius multiplier 1

Young modulus of parallel bond
(GPa)

Parallel bond stiffness ratio 1.7

density 3000 40

Minimum radius  0.27
Size ratio 1.56

Particle friction coefficient 0.4
Parallel bond normal strength,

Porosity ratio  0.08 mean (MPa) 70
Damping 07 Parallel bond normal strength, 2
coefficient ' SD (MPa)

Contact young 40 Parallel bond shear strength, 70

modulus (GPa) mean (MPa)

Stiffness ratio 17 Parallel bond(;;:gz; strength, SD 5

(b)

Fig. 1 Failure pattern in (a) physical sample, (b) PFC2D
model

Table 2 Brazilian tensile strength of physical and numerical
samples

45and 4.7
Numerical tensile strength (MPa) 45

Physical tensile strength (MPa)

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

Parameter Low High Parameter Low High
Value  value value value
s_bond
n_bond (MPa) le3 1e8 (MPa) le3 le8
fric 0.25 0.5

determined by laboratory experimentation are macro-
mechanical in nature because they reflect continuum
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Fig. 3 anisotropic concrete with layers thicknesses of 5 mm and layer angle of (a) 0°, (b) 15°, (c) 30°, (d) 45°, (e) 60°, (f) 75° and

() 90°

behavior. An inverse modeling procedure was used to
determine the appropriate micro-mechanical properties of
the numerical models from the macro-mechanical properties
determined in the laboratory tests. The trial-and-error
approach is one of the methods used to relate these two sets
of material property (Itasca 1999). It involves assumption of
micro-mechanical property values and comparison of the
strength and deformation characteristics of the numerical
models with those of the laboratory samples. The micro-
mechanical property values that give a simulated
macroscopic response close to that of the laboratory tests
are then adopted for the discontinuous jointed blocks.

2.2 Preparing and calibrating the numerical model

The uniaxial compression and Brazilian tensile tests
were used to calibrate the tensile strength of the specimens
modelled in the PFC2D. The particle assembly is modelled
in a general discrete element method like PFC2D by
considering these four important steps: (a) generation and
packing of the particles, (b) installation of an isotropic
stress field, (c) elimination of floating particles, and (d)

installation of the particles bonds. An inverse modeling
technique based on the trial and error approach is adopted in
PFC2D (Itasca 1999) to determine the appropriate micro
mechanical properties of the particle assembly from the
macro mechanical properties given by the experimental
tests for the numerical simulation of any geo-mechanical
problem.

The particle assembly in a PFC bonding model can be
appropriately calibrated by adopting the micro-properties
listed in Table 1 and using the standard calibration
procedures proposed by Potyondy and Cundall (2003). The
diameter of the numerically simulated Brazilian disc was 54
mm and about 5,615 particles were considered in a single
disc specimen. Then, the lateral walls of the specimen were
moved toward each other with a speed of 0.016 m/s so that
the disc was crushed. The failure process and fracturing
patterns of the numerically and experimentally tested
samples are given in Figs. 1(a) and 1(b), respectively. These
figures illustrate that the failure planes obtained from the
numerically modelled samples and the corresponding
laboratory testing specimens are well matching with each
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10mm

(e) ®

(@

Fig. 4 Anisotropic concrete with Layers thicknesses of 10 mm and layer angle of (a) 0°, (b) 15°, (c) 30°, (d) 45°, (e) 60°, (f) 75°

and (g) 90°

other. The numerically estimated tensile strengths of the
modelled samples are compared with those gained from the
corresponding experimental measurements and presented in
Table 2 with a good agreement between the numerical and
experimental results.

2.3 model preparation using Particle Flow Code

After calibration of PFC2D, tensile tests on transverse
bedding layers were numerically simulated by creating a
hollow disc model in PFC2D (by using the calibrated micro
parameters) (Figs. 3, 4 and 5). The internal and external
radius of hollow disc was 15 mm and 5 mm, respectively. A
total of 11179 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 unparalleled 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 180°. Is to be note that the angle
between bedding layer was 90° in all bedding
configurations. Also, three different pairs of the thickness
were chosen in models, i.e., 5 mm/10 mm (Fig. 3(a)), 10
mm/10 mm (Fig. 4(a)), and 20 mm/10 mm (Fig. 5(a)). The
models are under confining pressure of 1 MPa. 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 and
too high (Table 3).

3. Results

3.1 The effect of bedding layers angle on the failure
mechanism of models

Figs. 6, 7 and 8 shows 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,
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20mm

10mm

(b) (© (d)

(e) (® (8)
Fig. 5 Anisotropic concrete with Layers thicknesses of 5 mm and layer angle of (a) 0°, (b) 15°, (c) 30°, (d) 45°, (e) 60°, (f) 75°

and (g) 90°

(2
Fig. 6 Failure pattern in anisotropic concrete with layers thicknesses of 5 mm and layer angle of (a) 0°, (b) 15°, (c) 30°, (d) 45°, (e)
60°, (f) 75° and (g) 90°
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(2

Fig. 7 Failure pattern in anisotropic concrete with layers thicknesses of 10 mm and layer angle of (a) 0°, (b) 15°, (c) 30°, (d) 45°,

(e) 60°, (f) 75° and (g) 90°

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 noted 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.

4.2 The effect of bedding layer on the biaxial
compressive strength

Fig. 9 shows the effect of transversely bedding layer on
the biaxial compression 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 biaxial
compression strength was occurred when weaker interface
angle is between the 30° and 60°. The maximum value
occurred in 90°. Also, the biaxial compression strength was
increased by increasing the layer thickness.

4. Conclusions

In this work, the failure mechanisms of transversally
bedding layers were numerically simulated by using
PFC2D. Firstly, numerical model was calibrated by
uniaxial, Brazilian experimental results to ensure the
conformity of the simulated numerical model’s response.
Secondly, 21 circular models with dimension of 54
mmx 108 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 have high
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Fig. 9 the effect of bedding layer on the biaxial compression
strength

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°,

(2

Fig. 8 Failure pattern in anisotropic concrete with layers thicknesses of 20 mm and layer angle of (a) 0°, (b) 15°, (c) 30°, (d) 45°,
(e) 60°, (f) 75° and (g) 90°

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 were 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 noted 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.

e The minimum biaxial strength was occurred when
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weaker interface angle is between the 30° and 60°. The
maximum value occurred in 90°.

* Also, the biaxial strength was increased by increasing
the layer thickness.
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