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Investigation of the model scale and particle size effects on the point load
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Abstract. In this paper the effects of particle size and model scale of concrete have been investigated on point load index,
tensile strength, and the failure processes using a PFC2D numerical modeling study. Circular and semi-circular specimens of
concrete were numerically modeled using the same particle size, 0.27 mm, but with different model diameters of 75 mm, 54
mm, 25 mm, and 12.5 mm. In addition, circular and semi-circular models with the diameter of 27 mm and particle sizes of 0.27
mm, 0.47 mm, 0.67 mm, 0.87 mm, 1.07 mm, and 1.27 mm were simulated to determine whether they can match the
experimental observations from point load and Brazilian tests. The numerical modeling results show that the failure patterns are
influenced by the model scale and particle size, as expected. Both Is(50) and Brazilian tensile strength values increased as the
model diameter and particle sizes increased. The ratio of Brazilian tensile strength to Is(50) showed a reduction as the particle
size increased but did not change with the increase in the model scale.
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1. Introduction

Concrete is a versatile construction material used in
many engineering structures. The design of concrete
structures requires a thorough understanding of their
material properties under various loading conditions.
Several experimental investigations have been carried out to
examine the behavior of concrete (Silling 2000, Zhou et al.
2012, Yang 2015, Zhou et al. 2015, Haeri et al. 2015a,
2015b, Zhou et al. 2015, Li et al. 2015, Li et al. 2016, Li et
al. 2016, Haeri and Sarfarazi 2016, Haeri et al. 2016,
Sarfarazi et al. 2016a, Sarfarazi et al. 2016b, Bi et al. 2016,
Sardemir 2016, Shuraim 2016, Haeri et al. 2016, Shaowei
et al. 2016, Wang et al. 2017, Bi et al. 2017, Haeri et al.
2013, 2015, Haeri 2016). The correlation between the
strength of concrete and their geometrical dimensions is
known as the size effect. The size effects introduce a
challenge for scaling up and using the small-scale measured
strength data for large-scale applications. To investigate the
size effect on strength and fracture energy of concrete, Van
Vliet (2000) conducted a series of uniaxial tension
experiments to investigate the size effect on the strength
and fracture energy of concrete and sandstone. The
observed size effect was found to be related to the
combination of statistical size effect and strain gradients in
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the cross section of the specimens (Van Vliet 2000,
Vorechovsky 2007). Zi et al. (2014) studied the size effect
on equi-biaxial flexure strength of concrete by the ASTM
C1550 flexure test and the ring-on-ring flexure of circular
plates. The four-point flexure test of prismatic beams was
also carried out to obtain uniaxial flexural strength for
comparison. They observed strong scale dependency in
terms of tensile strength, due to the differences in micro-
defects and macroscopic cracks. The same factors can also
affect the results of numerical simulation efforts using
distinct element methods (DEM). DEM allows for
fracturing and differential displacements between individual
elements. PFC2D, a special DEM code, is based on circular
elements and the fundamental laws of contact physics
(Cundall 1971, Cundall and Strack 1979, Itasca 1999).
Thus, it is an ideal numerical modeling suite for simulating
the behaviour of granular materials such as rocks.

To study the behavior of consolidated and well
cemented rocks, the PFC2D elements can be modeled as
bonded and the bond breakage can be used for evaluation of
rock fracturing. The PFC codes have been applied for
solving many rock mechanics problems at laboratory scales.
Examples include but are not limited to biaxial compression
tests of rocks with stress-strain response (Potyondy and
Cundall 2004), triaxial testing of rocks with complete
stress-strain curves (Aoki 2004, Zhao 2013), evaluation of
stresses around an opening (Fakhimi 2002), direct and
simple shear testing of rock joints and fault gouges (Cundall
2001, Xu and Ren 2014), acoustic emissions (AE) (Hazzard
2000, 2004) and hydro-fracturing tests of granite (Al-
Busaidi 2005) for laboratory scale simulations.
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In addition, PFC has been used to simulate large field
scale rock engineering problems such as tunnel excavation
and evaluation of EDZ (Aoki 2004), tunnel face stability
(Okabe 2004, Yi et al. 2014), design of tunnel lining
(Tannant 2004), rock cutting and slope stability analysis
(Wang 2003), crown pillar’s stability (Sainsbury et al.
2003), nonlinear dynamical processes (friction and fracture)
associated with earthquake (Mora and Place 1998, Morgan
and Boettcher 1999), seismic events and the short-time
response of adjacent rocks (Mora and Place 1993, Scott
1996, Dalguer et al. 2003), large-scale kinematics of
geodynamic processes (Erickson ef al. 2001, Burbidge and
Braun 2002, Strayer and Suppe 2002, Vietor 2003), and
rock mass with non-persistent joints (Park et al. 2004,
Ghazvinian et al. 2012, Scholtés and Donzé 2012,
Bahaaddini et al. 2013b, Fan et al., 2015). The development
of the smooth joint contact model (SJM) (e.g., Bahaaddini
et al. 2014, 2013a, 2013b, Chiu et al. 2013, Esmaieli et al.
2010, Hadjigeorgiou et al. 2009, Lambert and Coll 2014,
Mas Ivars et al. 2011) provided a breakthrough in modeling
of discontinuities. The SIM model allows for particles to
slide past one another without the need for over-riding each
other.

The investigation of the effects of model scale and
particle size on tensile strength, point load index and failure
processes of numerical models are important to justify the
suitability of DEM in modeling of these experiments and
the applicability of the numerical modelling results. In this
paper, various models with different scales and sizes are
studied using PFC2D for both point load test and Brazilian
test geometries. The effects of model scale and particle size
are obvious on the failure pattern of models, point load
index and Brazilian tensile strength.

2. Introduction to PFC2D and its features

PFC2D is a distinct element method program to model
mechanical problems that are related to the movement of
disc particles. It is also possible to create particles with
different shapes such that each group of particles acts as an
autonomous object. The particle assembly is created at a
uniform size-distribution with radii in the range of the
minimum radius to maximum radius. Interactions of discs
in an assembly and their response to applied forces, are
computed by a finite-difference approach (Itasca 1999)
using a large number of individual calculation cycles.
During each of cycles, the current contacts between discs
are first detected and then a force-displacement law is
applied to each of them. Inter-penetration between
neighboring discs is controlled by their mechanical micro
properties and the applied forces. Micro-properties refer to
individual disc contacts and include the parallel or contact
bond, normal and shear stiffness components kn and ks,
Young’s modulus, porosity value, local damping
coefficient, size ratio, friction coefficient, and density. The
materials used in this study are further characterized by
breakable bonds between discs in contact, which bear
normal and shear strength as additional micro properties.
The Newton’s law of motion is used to calculate the
resultant disc acceleration (Seyferth and Henk 2006). The

(b)

Fig. 1 The schematic view of (a) the point load test and (b)
the Brazilian test

and the simple mechanical behavior of PFC2D discs allows
for fast and efficient computations and therefore allows for
including a large number of elements for a high model
resolution (Seyferth and Henk 2006). The kinetic energy in
PFC2d is dissipated through two mechanisms: (a) plastic or
frictional yielding; and (b) damping. Damping in PFC2D
works on the acceleration motion rather than velocity and is
considered as local and non-viscous with the advantage of
not inhibiting steady motion (Itasca 1999, Seyferth and
Henk 2006).

3. Methods
3.1 Point load test method

The testing procedure and standard suggested by ASTM
(2002) is used for determining Is(50) with the following
equation for the index

160 = 7 (1) n

Where P is the peak load, De is the equivalent core
diameter, and F is the size correction factor, (De/50)%% (see

Fig. 1(a)).
3.2 Brazilian test method

The Brazilian test is suggested by the International
Society for Rock Mechanics (ISRM 1978) and is conducted
for determining the tensile strength of material, o, with the
following equation

2P
O = niDt

2)
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Where P is the peak load, D is the core diameter, and t is
Table 1 Micro properties used to represent the model with
tensile strength of 4.6 MPa

Property Value Property Value
Type of particle disc Parallel bond radius muliplier 1.4
Densiy (kg/m®) 3000 Youngs modulus of parallel bond (GPa) 1.7
Minimum radius (mm) 0.27 Pamni:’:f;::/:tbiﬁ::)s ratio 3
Size ratio 1.56 Particle friction coefficien 0.5
Porosity ratio 0.08 Parallel normal strength, mean (MPa) 50
Local damping coefficient 0.7 Parallel normal strength, std. dev (MPa) 5
Contact young modulus (GPa) 12 Parallel shear strength, mean (MPa) 50
Stiffness ratio (kn/ks) 1.7 Parallel shear strength, std. dev (MPa) 5

(b)

Fig. 2 Failure pattern in (a) tested specimen and (b) PFC2D
model

the specimen thickness. (See Fig. 1(b)).

4. Preparations and calibration of the PFC2D model

The standard process of generation of a PFC2D
assembly to represent a test model involves four steps: (a)
particle generation and packing the particles, (b) isotropic
stress application, (c) floating particle elimination, and (d)
bond installation. The following section describes how the
Brazilian tests in the laboratory were used for the
calibration of the PFC2D models.

4.1 PFC2D calibration using Brazilian tests

Brazilian tests were used to calibrate the tensile strength
of three different models in PFC2D. Adopting the micro-

properties listed in Table 1 with the standard calibration

Fig. 3 Semi-circular models with same diameter (54 mm)
and mean particle diameter of (a) 0.27 mm, (b) 0.47 mm,
(¢) 0.67 mm, (d) 0.87 mm, (¢) 1.07 mm and (f) 1.27 mm

procedures (Potyondy and Cundall 2004), three calibrated
PFC particle assembly were created. These parameters
obtained by try and error approach which explain in detail
by Itasca 1999. The diameter of the Brazilian disk
considered in the numerical tests was 54 mm. The
specimens were made of 5,615 particles with different
clump particle distributed in it to gain the best results. The
disk was crushed by the lateral walls moved toward each
other with a low speed of 0.016 m/s. Fig. 2(a), (b) illustrates
the failure pattern of the numerical and experimental tested
specimens, respectively. A great agreement between the
results of numerical models and the experiments can be
seen in Fig. 2. Interestingly, the values of normal stress
resulting in the fracturing of specimens were 1 MPa and 1.1
MPa for laboratory experiment and PFC2D, respectively.

4.2 Numerical simulations of point load and Brazilian
tests

4.2.1 Preparing the model

After calibration of PFC2D, point load test was
simulated by creating the semi-circular models (Figs. 3-4).
Six models with the diameter of 54 mm and with different
mean particle sizes of 0.27 mm, 0.47 mm, 0.67 mm, 0.87
mm, 1.07 mm, and 1.27 mm were prepared (Fig. 3). In
addition, to evaluate the effect of specimen diameter, four
models with the particle size of 0.27 mm and diameters of
75 mm, 54 mm, 25 mm and 12.5 mm were studies (Fig. 4).
The vertical distance between the two loading walls in
models with diameters of 75 mm, 54 mm, 25 mm and 12.5
mm was fixed at 75 mm, 54 mm, 25 mm and 12.5 mm,
respectively.

Brazilian tests were also simulated by creating circular
models as shown in Figs. 5-6. Similar to the models made
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in semi-circular geometry, Brazilian test models were

(b)

(c) (d)
Fig. 4 Semi-circular models with same mean particle
diameter of 0.27 mm and diameters of (a) 75 mm, (b) 54
mm, (¢) 25 mm, and (d) 12.5 mm

(b)

(d)

(e) ®
Fig. 5 Circular models with same diameter of 54 mm and
mean particle size of (a) 0.27 mm, (b) 0.47 mm, (c) 0.67
mm, (d) 0.87 mm, (¢) 1.07 mm and (f) 1.27 mm

prepared with the following dimensions: (a) diameter of 54
mm and the mean particle size of 0.27 mm, 0.47 mm, 0.67
mm, 0.87 mm, 1.07 mm, and 1.27 mm (Fig. 5); and (b)
particle size of 0.27 mm and the diameters of 75 mm, 54
mm, 25 mm, and 12.5 mm (Fig. 6). Two loading walls were
situated in the top and bottom of the specimens. The upper
wall was moved in Y direction and the lower wall in the
opposite Y direction with the low speed of 0.016 m/s.

4.2.2 Failure mechanisms in numerical models

(a) Point Load Tests

Fig. 7(a)-(f) shows the progress of cracks in the semi-
circular models with the different mean particle sizes. The
black and red lines indicate the tensile and shear cracks,
respectively. It is clear that the tensile cracks are dominant
mode of failure for all models. The cracks propagate in a

more linear and disconnected path as the mean particle size

(b)
(©) (d)

Fig. 6 Circular models with same mean particle diameter of
0.27 mm and diameter of (a) 75mm, (b) 54 mm, (c) 25 mm,
and (d) 12.5 mm

(b)
(d)
)
Fig. 7 Failure pattern in semi-circular models with mean

particle diameter of (a) 0.27 mm, (b) 0.47mm, (c) 0.67 mm,
(d) 0.87 mm, (e) 1.07 mm and (f) 1.27 mm; diameter of all

models is 54 mm
()

(©) (d)
Fig. 8 Failure pattern in semi-circular models with diameter
of (a) 75 mm, (b) 54 mm, (c) 25 mm, (d) 12.5 mm. The
mean particle size for all models was 0.27 mm

(e)

(a)

increases. Fig. 8(a)-(d) shows the progress of cracks in
semi-circular models with diameter of 75 mm, 50 mm, 25
mm and 12.5 mm, respectively. Black line and red line
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represent tensile cracks and shear cracks, respectively. In

Fig. 9 Failure pattern in the circular models with the mean
particle diameter of (a) 0.27 mm, (b) 0.47 mm, (c) 0.67 mm,
(d) 0.87 mm, (e) 1.07 mm and (f) 1.27 mm. All models had
the diameter of 54 mm

these models, also the tensile cracks were the dominant
mode of failure and the failure pattern was the same for all
models. In other word, for the constant particle size models,
the model dimension does not have a strong influence on
the failure pattern.

b) Brazilian test

Fig. 9(a)-(f) shows the progress of cracks in the circular
models with the mean particle sizes of 0.27 mm, 0.47 mm,
0.67 mm, 0.87 mm, 1.07 mm, and 1.27 mm, respectively.
The black and red lines indicate the tensile and shear
cracks, respectively. Tensile cracks are dominant mode of
failure in all models and the shear bands (cracks) were
reduced as the mean particle size increased. It is very
obvious that the particle size has a large influence on the
shape and accuracy of the cracking pattern.

Fig. 10(a)-(d) shows the progress of cracks in circular
models with diameter of 75 mm, 50 mm, 25 mm and 12.5
mm, respectively. The failure pattern is nearly constant for
all models and indicates that the model diameter does not
influence the failure pattern.

4.2.3 The effect of model scale and particle size on
1s(50)

Is(50) was measured using Eq. (1) for all models. Fig.
11(a) shows the effect of semi-circular models radius on the
Is(50) while the mean particle size was constant. For
models with the constant particle size, the Is(50) increased
with increasing the radius of semi-circular models. Fig.
11(b) shows the effect of particle size on the Is(50) while
model scale was constant. In this case, the Is(50) values

increased with increasing the radius of models.

(a) (b) (c) (d)
Fig. 10 Failure pattern in circular models with diameter of
(a) 75 mm, (b) 54 mm, (c) 25 mm, and (d) 12.5 mm. The
particle diameter in all models was 0.27 mm
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Fig. 11(a) the effect of radius of semi-circular models on the
Is(50) and (b) the effect of particle size on the Is(50)

4.2.4 The effect of model scale and particle size on
Brazilian tensile strength

Brazilian tensile strength values were measured using
Eq. (2) for all models. Fig. 12(a) shows the effect of model
radius on the Brazilian tensile strength while particle size
was constant. For models with a constant particle size, the
Brazilian tensile strength values increased with increasing
the radius of models. Fig. 12(b) shows the effect of particle
size on the Brazilian tensile strength while model scale is
constant. In constant model scale, the Brazilian tensile
strength increased with increasing the radius of models.

4.2.5 Relationship between
strength

Fig. 13(a) shows the variation of the ratio of tensile
strength to Is(50) with the mean particle size. The ratio of
tensile strength to Is(50) decreases as the mean particle size
increases. The curve fitting equation shows that the ratio of
tensile strength to Is(50)=-1.803*(mean particle
size)*+0.636 (mean particle size)+4.659. In other word, the

Is(50) and tensile
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tensile strength of models with each particle size can be
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Fig. 12(a) the effect of radius of Brazilian models on the

tensile strength and (b) the effect of particle size on the
tensile strength
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with mean particle size and (b) variation of the ratio of

tensile strength to Is(50) with radius of semi-circular
models

calculated using above equation.

Fig. 13(b) shows variation of the ratio of tensile strength
to Is(50) with diameter of semi-circular/Brazilian models.
The ratio of tensile strength to Is(50) is nearly constant by
increasing the model diameter. The curve fitting equation
shows that the ratio of tensile strength to Is(50) of 0.19. In
other word, the tensile strength of models with different
model diameter is roughly about 0.19 times the tensile
strength values.

5. Results

In this study, the effects of model scale and particle size
on point load index, tensile strength and failure processes
were investigated using the PFC2D numerical models. For
this purpose, circular and semi-circular models with same
particle size of 0.27 mm, and different model diameters of
75 mm, 54 mm, 25 mm and 12.5 mm were prepared. Also,
circular and semi-circular models with diameter of 27 mm
and different particle sizes of 0.27 mm, 0.47 mm, 0.67 mm,
0.87 mm, 1.07 mm and 1.27 mm were simulated using
PFC2D and tested under both point load and Brazilian
configurations. The results of numerical simulations show
the failure pattern is not very sensitive to the model scale
but it is very sensitive to the mean particle size. Both Is(50)
and Brazilian tensile strength values showed an increase
with the increase in the model diameter and particle size.
The ratio of Brazilian tensile strength to Is(50) decreased as
the particle size increased but was nearly constant as the
model scale increased. It’s to be note that the limitations of
DEM is (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. (¢) 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 (Donze ef al. 2009).
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