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Abstract A study was conducted on cemented sand modeled with a contact bond
model to investigate the influences of micro parameters on its macro properties
based on a three dimensional discrete element simulation. The influences of the
micro parameters of the stiffness ratio, the strength ratio and the friction coefficient
on the unconfined compression behavior of the cemented sand are revealed and a
qualitative relationship is established between each individual micro parameter and
the macro properties of Young’s modulus and compressive strength based on 3D
numerical discrete element simulation data. The results are important for the
multi-scale study and will offer guidance to use the discrete element method, to
model cemented sands or cemented aggregates.

1 Introduction

Natural soils are often characterized by a bonded structure such as carbonated sand
[1]. Artificially treated sand by cement or chemical agents in ground improvement
was widely applied in construction projects. Cemented sand are characterized by
stiffening at low pressure and then yielding similar as over consolidated soils [1, 2],
enhanced strength, a more brittle stress-strain response and a dilative volumetric
behavior [3–5].
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Since Cundall and Strack first developed the discrete element method
(DEM) [6], it presents an effective method to investigate the global mechanical
behavior and associated micro mechanisms occurring in granular materials. This
method has been applied to model the cemented sand. Jiang et al. (2011) modelled
shear behavior and strain localization in cemented sands by two-dimensional dis-
crete element method based on contact bond model and then further developed a
three dimensional contact bond model including rotation coefficient [7, 8]. Bono
et al. applied the discrete element method to simulate the triaxial tests and
one-dimensional compression of cemented sand consisting of crushable particles [9,
10].

In a DEM model, the mechanical properties of a specimen such as strength and
moduli depend on the micro parameters defined at the particle level. Therefore it is
very important to study the relations between the micro parameters of granular
materials and their macro properties. These relations reflect the linkage of the
behavior for granular materials at different scales and are important for the study of
multi-scale problems. Previously, some work has been done to investigate the
relationships between the micro parameters and macro properties. The effective
moduli of regular packing of spheres are studied using Hertz-Mindlin contact model
[11–13]. Potyondy and Cundall discussed the influences of several micro param-
eters on the macro behavior of rock base on a parallel bond model [14]. Plassiard
et al. investigated the role of local parameters on the macro response via a para-
metric study and presented a calibration procedure for a DEM model using
spherical elements with a local rolling resistance [15]. Dobry and Ng, Huang, Yang
et al., and Ding et al. used the numerical simulations to investigate the micro-macro
behavior of materials [16–19].

From the reviewed literatures, there are already a plenty of studies on the
micro-macro relations for the granular materials. However, investigations on this
relation for the cemented sand are scarce. Specially, it needs to establish a more
qualitative relationship to link the macro parameters of the micro model to their
macro properties, especially for the three dimensional specimens, which is more
close to the real. Hence, the purpose of this paper is to investigate the influences of
micro parameter on the stress-strain and macro properties for cemented sand based
on the contact bond model with three dimensional DEM simulation of unconfined
compression test. The contact bond model is selected because it can simulate the
behavior of the cemented sand very well as illustrated by Jiang et al. and also has
less micro parameters [7]. This work is performed with unconfined compressions
tests by DEM simulation using PFC3D software.

2 Micro Parameters of a Contact Bond Model

A contact bond has the normal and shear strength Rn and Rt (in the unit of force)
between two particles. When the corresponding component of the contact force
exceeds either of these values, the bond breaks and the particle-particle behavior
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reverts to that of an unbounded (granular) material. The contact bond can only
transmit a force [20].

The main mechanical features of the contact bond model are shown in terms of
the normal and tangential relative displacements versus the respective contact
forces, Fn and Fs. The relationship between force and displacements is linear until
the bond breaks. The shear strength of the model is pressure independent at low
stresses when the normal bond does not break while it increases linearly with the
normal pressure at high normal stress when the normal bond breaks. This bond
strength can be assumed to be provided by a purely cohesive contribution when the
tangential contact force Fs acting on the bond is low (Fs < Rt/tanφμ), and a purely
frictional one when the shear force is high (Fs > Rt/tanφμ).The shear force is
computed in an incremental form. The equations for the computation of contact
forces are as following:

Fn ¼ KnUn; Fn �Rn ð1Þ

DFs ¼ �Ks DUs ð2Þ

Kn ¼ kAn k
B
n

kAn þ kBn
¼ kn

2
Ks ¼ kAs k

B
s

kAs þ kBs
¼ ks

2
ð3Þ

kn ¼ 4EcR0 ð4Þ

where Kn and Ks are the contact stiffness of two particles; kAn ; k
B
n ; k

A
s ; k

B
s are the

particle normal stiffness and shear stiffness for ball A and ball B in contact; both
have the same value of kn and ks; Un is the overlap of two contacting particles;
μ = tanφμ, the friction coefficient; Ec is the particle’s elastic modulus; R0 is the
average radius of the two contacting particles. The failure criterion for the
contact-bond model is:

Fn ¼ Rn; Fs ¼ Rt if lFn �Rt

lFn if lFn [Rt

�
; ð5Þ

where Rn is the normal bond strength;Rt is the tangential bond strength; Fn is the
normal acting force; Fs is the tangential acting force; l is the interparticle friction
coefficient.

Therefore, the item that characterizes the contact bond model is the grain and
cement micro properties: Ec, Ks/Kn, μ and Rn, Rt. Ec is the Young’s moduli of the
particle grain. In this study, three micro parameters are investigated: Ks/Kn, μ, and
Rt/Rn.
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3 Macro Properties of UCT Specimens and DEM
Simulation

Unconfined compression test (UCT) is commonly used to calibrate the micro
parameters of the constitutive models in DEM in simulation of many different
materials [21, 22]. Two major macro properties of elastic modulus E and uncon-
fined compressive strength qu are selected to study the influences of the selected
micro parameters.

The numerical specimen is 100 mm in diameter and 200 mm in height. The total
number of particles employed in each numerical specimen was around 25, 000. The
average particle diameter is 0.002 m to minimize the particle size effects. The
maximum to minimum radius ratio is 1.5. The specimens were generated with the
radius expansion method. After the specimen was initially generated, the samples
are running a number of cycles to reach the equilibrium state (unbalanced force
becomes zero). A floater elimination procedure in the PFC3D User’s Guide was
then conducted to eliminate the unstable particles within the specimen. Finally, the
contact bond is installed in the model. The cylindrical sidewall was then removed
and the sample was ready to be loaded. The top and bottom walls act as loading
platens. The specimen was loaded by moving the top and bottom walls towards
each other at a specified velocity that ensures a quasi-static loading condition.
Referring to the previous loading rate adopted, a loading rate of 0.002 m/s was
selected for this study.

4 Effects of Contact Stiffness Ratio Ks/Kn

Numerous studies have been conducted on the contact stiffness ratio between solid
objects. It is revealed that Ks/Kn, designated as ηk, is only dependent on the Poisson
ratio of contacting materials for contacting rough surfaces. For the two bodies in
contact made by the same material,

Ks=Kn ¼ v/ðmÞ ð6Þ

where 0.5 ≤ v ≤ 2 is a constant and /ðmÞ is a function of the Poisson ratio m of
contacting particles.

Krolikowski and Szczepek (1993) also tested the tangential and normal stiffness
of contact between rough surfaces using ultrasonic method for the fused quartz
samples, the ratio of shear stiffness to normal stiffness ηk = 0.94 ± 0.11 [23].
Gonzalez-Valadez et al. found for higher values of roughness, ηk has a larger mean
value, ηk = 0.66 – 0.44 for smooth sample, 0.48 – 0.68 for rough sample, 0.41 –

0.68 for rough sample with larger roughness values [24].
Even though there have been a few simulations done based on the discrete

element method none of these studies discuss the influences of ηk and the values
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chosen were rather empirical. Based on the previously research findings, it is rea-
sonable to assume ηk is greater than 0.4 and less than 1.2 for the cemented sand.

To investigate the effects of ηk on the behavior of the cemented granular
materials, ηk = 0.4, 0.6, 0.8, 1.0, 1.2 were selected. The value of Kn is keeping a
constant value of 1.0e6 N/m. The ratio of ηk is changed by varying Ks only. Other
parameters used were Rn = Rt = 50 N, μ = 0.5. The generated standard specimen is
used in the simulation. The force chains of failed specimens are shown in Fig. 1.
With different ηk, specimens fail in different deformation mode. With ηk = 0.4, 0.6,
the specimens failed by breakage of bonds at the top and bottom corner of the
specimen. While with ηk = 0.8, 1.0, 1.2, the specimens fail either by a shear band at
the lower half of the specimen or by bond breakage at the top and bottom end,
which are more close to real failure observations. Therefore, it is reasonable to
assume that ηk should be greater than 0.6 in the simulation of cemented sand with
an appropriate bond value.

The stress-strain curves for the specimens are illustrated in Fig. 2, which show a
brittle failure pattern and the failure strain is small. The normalized elastic moduli
ðE=E gk¼1:0Þ and the normalized unconfined compressive strength qu=qu gk¼1:0

versus stiffness ratio ηk are plotted in Fig. 3. The obtained normalized elastic moduli
are decreasing with the increase of ηk and the normalized compressive strengths are
increasing with ηk. However, when ηk is greater than 1.0, both stop increasing.

(a) ηk= 0.4 (b) ηk = 0.6 (c) ηk = 0.8 (d) ηk =1.0 (e) ηk =1.2

Fig. 1 The force chains of failed specimens in UCT test
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5 Effects of Friction Coefficient µ

Intergranular friction coefficient µ reflected the intergranular friction angle φμ,
μ = tanφμ. Since the friction angle for sand is usually less than 50°, µ should be less
than 1.25. The friction coefficient µ with the value of 0.25, 0.5, 0.75, 1.0, and 1.25
are selected to study their influences on the macro properties of the cemented sand
based on the DEM simulation of the contact bond model. Other parameters selected
are Kn = Ks = 1e6 N/m; Rt = Rn = 50 N. The force chains for the failed specimens
are shown in Fig. 4. It is clear that µ has an influence on the unconfined com-
pression failure behavior of the cemented sand. Except for µ = 0.25 and 0.5, the
other specimens all failed by forming a fully developed shear band at the lower half
of the specimen. When µ = 0.25 and 0.5, there are localized failure at the top and
bottom of the specimen.

The obtained stress-strain curves for the tested specimens are shown in Fig. 5. It
was found when μ is less than 0.5, it has a significant influence on the peak stress
and the strain developed; when μ is greater than 0.5, its influence is very small. The
normalized elastic modulus Enor (E/E_μ=1.0) and the normalized unconfined com-
pressive strength qu_nor (qu/qu_μ=1.0) are plotted in Fig. 6. The normalized elastic
modulus is not affected by the friction coefficient. The normalized strength is
increasing with μ when μ is less than 0.8 and becomes constant afterwards. These

0 

0.2

0.4

0.6

0.8

1 

1.2

0 

0.2

0.4

0.6

0.8

1 

1.2

0 0.2 0.4 0.6 0.8 1 1.2 1.4

q u
/q

u_
ηk

=
1.

0

E/
E_
ηk

=
1.

0

Stiffness Ratio ηk

E/E_ηk=1.0

qu/qu_ηk=1.0

Fig. 3 E=E gk¼1:0 and
qu=qu gk¼1:0 versus ηk

μ = 0.2  μ = 0.5 μ =0.75 μ =1.0 μ =1.25 

Fig. 4 The force chains of the failed specimens in UCT test, μ = 0.2, 0.5; 0.75, 1.0, 1.2

490 H. Zhao et al.



results indicate that μ has rather limited influences on the macro properties of the
cemented sand.

6 Effects of Bond Strength Ratio

The failure of the cemented sand is controlled by the cementation strength between
the sand particles due to the hydrated cement. The distribution of hydrated cement
is affected by many factors such as the thickness of the cementation, the hydration
degree, the water cement ratio, the hydration products etc. The cementation strength
is reflected by the strength parameters of Rt and Rn in the contact bond model for the
DEM simulation. Hence it is important to investigate the influence of these strength
parameters on the macro properties of the cemented sand to guide the selection of
the appropriate values of Rt and Rn. The investigation is conducted through
studying the influences of the ratio of Rt/Rn on the macro properties of the speci-
mens. By varying Rt values and keeping Rn constant, a series of UCT simulations
were conducted with different Rt/Rn values of 0.25, 0.5, 0.75, 1.0, 1.5, 5.0, 10.0,
100. This large range of Rt/Rn is selected because the cementation distribution is
very random. The other parameters for the specimens are Kn = Ks = 1e6 N/m,
Rn = 50 N, μ = 0.5. The distributions of the force chains for the failed specimens
are shown in Fig. 7. When Rt/Rn is not greater than 1, the specimens either fail by a
large compression deformation or by developing a complete shear band; However,
when Rt/Rn is greater than 1, the specimens fail by localized shear band at the
corners of top and bottom of the specimen or by developing a splitting failure
pattern through the top to the bottom of the specimen.

The shear bond strength value Rt of contact bonded model controls the behavior
of the particles in the tangent direction. When the shear force reaches the shear bond
strength, the bond is breaking in the tangent direction; the particles start to slide and
behave simply as that of a contact model. When Rt/Rn > 1, the particles are not easy
to break in the shear direction, thus the particles would tend to break in the normal
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direction with a splitting failure pattern in the normal direction. Since the sand
particles have high compressive strength, thus the unconfined compressive strength
is also much higher with higher values of Rt/Rn. This explains the failure pattern
observed in Fig. 7.

The stress-strain curves obtained from the numerical simulations are plotted in
Fig. 8. When Rt/Rn < 1.0, the axial stress is increasing linearly and then reaches the
yield stress, further nonlinearly increasing to a peak point and then becomes soft-
ened. While Rt/Rn > 1.0, the axial stress is linearly increasing and then drops
suddenly.

0

0.2

0.4

0.6

0.8

1

1.2

0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8 1 1.2 1.4

N
or

m
al

iz
ed

 s
tre

ng
th

 q
u_

no
r

N
or

m
al

iz
ed

 e
la

st
ic

 m
od

ul
i E

_n
or

Friction Coefficeint μ

E_nor
qu_nor

Fig. 6 Enor and qu_nor versus
µ

Fig. 7 The force chains of failed specimens with different Rt/Rn

492 H. Zhao et al.



The variation of obtained normalized strength qu=qu Rt=Rn¼1 and the extracted
normalized elastic modulus E=E Rt=Rn¼1:0 are plotted in Fig. 9 versus the strength
ratio Rt/Rn. When Rt/Rn > 1.5, the normalized elastic modulus increases with Rt/Rn;
When Rt/Rn > 10, the normalized elastic modulus keeps constant. This is possibly
because the shear strength controls the failure of the specimen when shear strength
is less than the normal strength. However, when Rt is greater than Rn, the normal
bond strength is controlling the behavior of the specimen; since Rn is constant, the
normalized elastic modulus therefore keeps constant. The strength and elastic
modulus values increase first quickly with normal bond strength and then becomes
almost constant. They also show a similar variation trend with bond shear strength.
The normalized unconfined compressive strength is also increasing with the
increasing of bond strength ratio when Rt/Rn < 5.0 and keeping constant when Rt/
Rn > 5.0, which can be explained as that the specimen now fails in splitting mode
with normal breakage of the contact bonds with a constant Rn value in the
simulations.

It is clear that the bond strength has a great influence on the behavior of contact
bonded granular material from UCT simulations. The failure mode of the specimens
depends on the ratio of the two strength values. When Rt/Rn ≤ 1, the specimen fails
in a shearing mode; When Rt/Rn > 1, the specimen fails in a splitting mode.
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7 Conclusions

Investigations of micro parameters of contact bond model on the macro properties
of simulation of cemented sand were conducted using DEM simulation of UCT.
The study reveals that the micro parameters of Ks/Kn, µ, strength ratio and Rt/Rn

have different influences on the macro behavior of cemented sand.
Stiffness ratio greater than 0.6 will promote a shear band failure in this study

which is more close to the experimental observations on cemented sand. A range of
0.6 to 1.2 is recommended for simulation of cemented sand. The obtained nor-
malized elastic moduli are decreasing with the increase of ηk and the normalized
compressive strengths are increasing with ηk. However, with ηk greater than 1.0,
both become constant.

The friction coefficient does not affect the normalized elastic moduli and the
peak shear strength when it is greater than 0.5. Below 0.5, both elastic moduli and
the peak shear strength would increase with the friction coefficient. The variation of
μ does not cause much influence on the failure pattern except when μ is lower than
0.5. An upper bound value of 1.25 is proposed for the simulation of cemented sand
considering its physical meaning.

The bond strength has a great influence on the behavior of contact bonded
granular material from UCT simulations. The failure mode of the specimens
depends on the ratio of the two bond strength values, the specimen fails in a
shearing mode when Rt/Rn ≤ 1 and in a splitting mode when Rt/Rn > 1,
E=E Rt=Rn¼1:0 increases with Rt/Rn with Rt/Rn < 1.5 and keeps constant with Rt/
Rn > 1.5.
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