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A modified discrete element method (DEM) with rolling effect taken into consideration is developed to examine macroscopic 
behavior of granular materials in this study. Dimensional analysis is firstly performed to establish the relationship between 
macroscopic mechanical behavior, mesoscale contact parameters at particle level and external loading rate. It is found that only 
four dimensionless parameters may govern the macroscopic mechanical behavior in bulk. The numerical triaxial apparatus was 
used to study their influence on the mechanical behavior of granular materials. The parametric study indicates that Poisson’s 
ratio only varies with stiffness ratio, while Young’s modulus is proportional to contact modulus and grows with stiffness ratio, 
both of which agree with the micromechanical model. The peak friction angle is dependent on both inter-particle friction angle 
and rolling resistance. The dilatancy angle relies on inter-particle friction angle if rolling stiffness coefficient is sufficiently 
large. Finally, we have recommended a calibration procedure for cohesionless soil, which was at once applied to the simulation 
of Chende sand using a series of triaxial compression tests. The responses of DEM model are shown in quantitative agreement 
with experiments. In addition, stress-strain response of triaxial extension was also obtained by numerical triaxial extension 
tests. 
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1  Introduction 

Granular materials, composed of an assemblage of particles 
or blocks, are ubiquitous in nature and industry. Mechanical 
behavior of granular materials depends on many factors, 
such as macroscopic packing density, stress state, stress 
history etc. and microscopic average coordination number, 
grain size distribution, grain shape/roughness, force chains, 
fabric etc. The study of mechanical behavior of granular 
materials is considerably significant in natural hazards 
forecast, for example, in answering whether a slope might 

be firm enough or not, especially after a heavy rain [1,2]. 
Sand and gravel classified as cohesionless soil are two typ-
ical granular materials. Despite the great success achieved 
by the elasto-plastic constitutive modeling, there are still 
challenging issues in granular materials study, which prob-
ably can be handled by DEM [3] from the angle of particle 
mechanics model.  

Numerical algorithms in contact detection technique and 
contact physics for spherical particles [3], ellipsoid particles 
[4], clump of particles [5] and polyhedral particles [6] have 
advanced rapidly in recent decades. DEM has found its ap-
plications in both fundamental research and engineering 
applications in soil mechanics [7–15]. For example, Ji [7] 
studied probability of contact forces in quasi-solid-liquid 
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phase transition of granular shear flow. Thornton [9] used 
3D DEM to study strain response during stress loading in 
deviatoric stress space. Wang et al. [11], Utili et al. [12] and 
Jiang et al. [13,14] used DEM to study the shear behavior, 
strain localization, yielding behavior, etc. of bonded granu-
lar geomaterials. However, when DEM is applied to real 
granular materials, there are a lot of bottlenecks such as 
capabilities of computer, efficient contact models, treatment 
of complex grain shape/roughness, and coupling between 
particles and liquid, etc. So it is almost infeasible for origi-
nal DEM to model real granular materials in order to cap-
ture all the mechanical properties including strength and 
dilatancy.  

Non-spherical particles of a real granular material, either 
sand or gravel, generally transmit moment by rolling over 
each other [16]. Since spherical particles obviously roll 
much easier than non-spherical particles, spherical particle 
model generally underestimates friction angle and overes-
timates dilatancy angle of the packing [17]. Salot et al. [5] 
have used clump particles by aggregating spherical particles 
together, with two parameters considered to cope with the 
non-spherical effect, i.e. angularity coefficient and slavery 
number of a clump. Although he succeeded in modeling 
triaxial compression of Ticino sand, his calibration involves 
strong couple between two non-spherical parameters and 
mechanical properties of the packing. Ng [4] developed 
ellipsoid shape particle model. Mollon and Zhao [18] mod-
eled the particle morphology using Fourier analysis of real 
particle. The above two techniques enhance DEM capability 
to simulate behavior of granular material much closer to 
real granular materials than original DEM, but as for real 
granular materials, it is still challenging. For example, the 
particle may wear or crush during loading. 

Alternatively, we may add a rolling resistance between 
contacting spherical particles to model non-spherical and 
surface roughness effect, which is proved computationally 
efficient. Along this line, people can add a rolling stiffness 
and sometimes a threshold for plastic moment. Iwashita and 
Oda [19–21] are the pioneers to introduce the rolling effect 
into classical DEM to examine the development of shear 
band during biaxial compression. Jiang et al. [22] made a 
modification in the rolling stiffness by analyzing rotation 
between two contacting particles in detail and incorporated 
it into the house DEM code NS2D. Wang and Zhou [23] 
developed 2D DEM code with rolling resistance and applied 
it to the study of localization of granular materials. Later, 
researchers moved on to incorporate the rolling effect into 
3D code to deal with rolling effects. Belheine and Plassiard 
et al. [24,25] proposed a 3D DEM model considering roll-
ing effect and stated that both rolling resistance and particle 
friction angle can enhance the strength of the packing, 
whereas only particle friction angle governs the dilatancy 
angle. They then used their 3D model to predict the me-
chanical behavior of Labenne sand. This kind of rolling type 
DEM is suitable for cohesionless granular materials, like 

sand and gravel. Later Duriez et al. [26] extended them to 
model shearing behavior and constitutive relationship of 
in-filled rock joints.  

Furthermore, Scholtès et al. [27] also applied this model 
to cohesive materials by adding cohesion in between parti-
cles to analyze the scale effects of coal strength. Estrada and 
Taboada et al. [28] have made a series of tests to investigate 
the role of friction angle and rolling resistance to the 
strength of granular packing by 2D contact dynamics. Alt-
hough their 2D results showed that there are three zones, 
called rolling phase (only friction angle plays a role), transi-
tion phase (both friction angle and rolling resistance play a 
role) and sliding phase (only rolling resistance plays a role) 
in their paper, the dependence of rolling resistance on dila-
tancy angle hasn’t been entirely clarified. With the power of 
today’s supercomputers, spherical particle model with roll-
ing resistance is a promising scheme to model cohesionless 
and cohesive real granular materials. With the inclusion of 
rolling resistance, internal friction angle grows. Dilatancy 
angle sometimes rises, and sometimes keeps constant. 
Whether initial Young’s modulus depends on rolling re-
sistance is also a question. Since different rolling resistance 
models involve a different number of parameters, for exam-
ple, Yade [29] has two, and Jiang’s model [22] has only one. 
So much more detailed tests are needed to derive the rela-
tionship between macroscopic and microscopic behaviors in 
a DEM with rolling resistance model. Especially, there is a 
need to develop an efficient rolling resistance model for real 
granular materials. 

Therefore, we developed a modified DEM model with 
rolling resistance for real granular materials based on nu-
merical triaxial test concept in the current article. Using 
dimensional analysis and numerical simulations, the rela-
tionship between microscopic parameters and macroscopic 
behavior was derived. A calibration procedure is recom-
mended for Chende sand [30], based on which triaxial 
compression and extension tests were carried out and com-
pared with experiments.  

2  Discrete element method and numerical tri-
axial apparatus 

Discrete element method (DEM), invented by Cundall et al. 
[3] in 1979 for soil, considers soil as an assemblage of solid 
grains, the translational and rotational motions of which are 
solved numerically. The mechanical quantities, stress and 
strain, are statistically determined over some representative 
volume element (RVE) containing enough number of grains 
via homogenization techniques [31] or equivalently ob-
tained through the motion and supporting force at the walls, 
but all of the macroscopic data in this paper are obtained 
using the latter method. Despite the widely used commer-
cial software PFC3D [32], there are several open source 
software packages, for example YADE [33] and Esys-  
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Particle [34]. All of the computations in this study are based 
on the platform of YADE. YADE [29] is a three dimen-
sional DEM code written by C++ language with a python 
interface to implement both data and control functions. 
Several contact laws, initial sample generation functions, 
boundary schemes and two kinds of particle shapes are pro-
vided by YADE, which can be arranged and called in a py-
thon script very conveniently. Besides, all the source codes 
are open to users for revision for their own purpose. How-
ever, PFC3D [32] still has a number of limitations to be 
overcome in later studies. 

2.1  Contact laws 

Considering two particles with radii of R1 and R2 in contact, 
the contact force can be decomposed into a normal compo-
nent Fn and a shear component Fs. The normal stiffness and 
shear stiffness are denoted by kn and ks, respectively. So the 
forces are calculated as shown in eqs. (1) and (2):  

 ,n n nF k U  (1) 

 ,   s s sF k U  (2) 

where Un is the normal overlapping distance of two con-
tacting spheres. Us is the incremental tangential displace-
ment. And shear force is calculated by . s sF F  If the 

tangential force exceeds the threshold value of , n T
F  

then it is set as , n T
F  where  is the friction coefficient. 

In this paper  equals tan(), where  is the particle friction 
angle. 

In order to model the moment transmitted by non-spher- 
ical particle when it is rotating, a rolling spring is intro-
duced for spherical particle model. Moment transmitted due 
to rolling is shown in eq. (3): 

 , r rM k  (3) 

where M is the moment transmitted, kr is the rolling stiff-
ness, and r is the relative rotation angle between two con-
tacting particles.  

In YADE, kn and ks are defined alternatively to deal with 
the size effects in eqs. (4) and (5), so that one can conduct 
triaxial compression test at a coarser size level [35] in order 
to reduce computation time. 
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where Y is the contact Young’s modulus, and  is the ratio 
of shearing stiffness to normal stiffness. 

Rolling stiffness is scaled by r as shown in eq. (6): 

 1 2 .   r r sk R R k  (6) 

Some rolling resistance models have a plastic threshold 
value to simulate the plasticity or crush of particles. Actu-
ally, YADE’s rolling resistance model also has two inde-
pendent parameters: one is for rolling stiffness, and the oth-
er for rolling threshold. With the inclusion of two parame-
ters, there is strong coupling of their influences on both in-
ternal friction angle and dilatancy angle, some of which are 
even contradictory in the literature [22,24,25,28]. In this 
paper, we are simulating a kind of medium-dense granular 
material which exhibits only a slight softening process dur-
ing triaxial compression. And thus, we have set the thresh-
old large enough to avoid its influences. 

No dashpot is present in the original contact in YADE, 
and global damping is used to dissipate the kinematic ener-
gy to simulate the quasi-static state. Global damping is re-
alized by adding a damping force contrary to the product of 
contact force and velocity with a damping coefficient. The 
damping scheme for rotation motion is similar. Half of the 
minimum time taken by the wave transferred across the 
smallest particle is used as the global time step for integra-
tion [29]. Detailed DEM aspects of YADE can be found in 
documents and the source code of YADE [29]. 

2.2  Numerical triaxial apparatus 

Based on the above modified DEM, a numerical triaxial 
apparatus proposed by the authors is created for triaxial 
compression and extension tests to explore its feasibility for 
granular materials consisting of coarser particles in ref. [36]. 
Firstly, six frictionless plates parallel to the three axes were 
set up to form a cell for compression as shown in Figure 
1(a). Secondly, a numerical granular sample consisting of 
real size particles is generated in the cell using the make- 
Cloud function in YADE [29]. The mechanical behavior of 
a granular packing depends on Coordination number, ani-
sotropy of the contact network and homogeneity of the 
sample [37,38]. It is difficult to generate a sample satisfying 
all the information. The issue is still a hot topic now in the 
forum of YADE. For real granular material, we only know 
the porosity, grain size distribution without information of 
coordination number, anisotropy of contact network. In this 
paper, we generated a sample by keeping the same porosity 
as that in reality. As a matter of experience, a simple and 
robust radius expansion method, first introduced in PFC and 
named by Jiang [39], and used by other researchers, such as 
Chareyre [40], with only little boundary effect close to the 
wall, is used to generate the initial sample in this study. Af-
ter that, the sample is isotropically consolidated to a speci-
fied confining stress. At this stage, the sample is ready to 
undergo triaxial compression by moving two vertical plates 
towards the center of packing, while keeping the lateral 
stress constant via servo mechanism [17,29]. The servo 
mechanism is realized by applying the wall velocity artifi-
cially to adjust a wall stress close to the target wall stress, 
together with a wall stress damping process [29]. In the 
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process, stresses are obtained by dividing the resultant force 
on the wall over the related area of the specimen, and the 
strain could be determined by the relative displacement of 
the wall. 

Particle size distribution (psd) and the initial sample un-
der confining stress of 100 kPa are shown in Figure 1. In the 
sample generation process, rolling resistance is turned off to 
avoid rolling resistance complexity [41]. Only particle fric-
tion angle controls the initial porosity. In this article, a fric-
tion angle of 20° is used to generate a target porosity of 
about 0.40 to model Chende sand [30], which is used as the 
initial sample in the whole article, if not specially stated. 
After that, the sample is isotropically consolidated to the 
specified confining stress for shearing. 

If we turn off the rolling resistance and set Y and  as 
100 MPa and 0.1, a series of triaxial compression tests with 
different inter-particle friction angles  such as 20°, 30°, 
40°, 50° and 85° are simulated. The responses of the DEM 
simulation without rolling resistance are shown in Figure 2, 
which qualitatively captures most fundamental behavior of 
granular material, but not quantitatively.  

2.3  Calibration of microscopic parameters 

In Figure 2, the peak internal friction angle and dilatancy 
angle are calculated for the five different inter-particle an-
gles, and results indicate that a 50° inter-particle friction 
angle only makes a 30° peak friction angle and a dilatancy 
angle of about 32.5°. In the experiment under lateral pres-
sure of 100 kPa [30], peak friction angle is about 36°, and 
dilatancy angle is 12.8°. So the rolling effect is significant. 
For the sake of simplicity, the moment effect due to non- 
spherical shape and particle surface roughness, is repre-
sented by a rolling spring. 

When a real granular material is simulated, the micro-
scopic parameters have to be adjusted to match realistic 
macroscopic behaviors. For example, by using microscopic 
parameters in Table 1 for Chende sand, the response of a 
triaxial compression test of lateral stress 100 kPa is shown 
in Figure 3. The results of DEM simulation agrees well with 
the experiments by Li [30]. So the original contact model 
incorporating rolling resistance may be capable of capturing 
the main response of real granular materials. Based on this 

 

Figure 1  (Color online) Initial granular packing sample under confining stress of 100 kPa and particle size distribution. (a) Initial granular packing; (b) 
particle size distribution, the line with solid squares denotes cumulative percentage of numbers versus diameter, and the line with solid circles denotes cu-
mulative percentage of mass versus diameter.  

 

Figure 2  Triaxial compression tests for five different inter-particle friction angles simulated by the DEM model without rolling resistance. (a) Stress versus 
strain curves; (b) volume strain versus axial strain curves. 
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Figure 3  Comparison of DEM triaxial compression simulations with rolling resistance in Table 1 withe experiments: (a) Stress versus strain curve; (b) 
volume strain versus axial strain curve. E and m in (a) are Young’s modulus and friction angle of the granular sample, while  and  in (b) are Poisson’s 
ratio and dilatancy angle.  

Table 1  Parameters of the rolling resistance model 

Item Value 

Contact Young’s modulus Y (MPa) 800 

Stiffness ratio  0.1 

Particle friction angle  22 

Coefficient of rolling stiffness r 0.6 

 
adjustment, both intrinsic and external influences on the 
macroscopic behavior are examined later in this study. 

3  Dimensional analysis of granular materials in qua-
si-static state 

Stress-strain response and dilatancy shown in Figure 3 
demonstrate that mechanical behaviors of a granular mate-
rial in bulk including initial Young’s modulus E, Poisson’s 
ratio , friction angle m and the dilatancy angle  as shown 
in Figure 3, are much more complicated than metal. But a 
lot of factors such as particle density , average radius R, 
particle size distribution (psd), contact Young’s modulus Y, 
stiffness ratio , inter-particle friction angle , the parame-
ters of rolling effect r, and those external parameters of the 
triaxial apparatus, confining stress r, load rate   and 
characteristic size of the box H, govern the mechanical be-
havior of the packing in a triaxial compression test. Dimen-
sional analysis [42] is used here to establish their relation-
ships.  

If Z is any one of the macroscopic mechanical parameter 
shown in Figure 3, Z should be a function of all the factors 
aforementioned as in eq. (7): 

 ( , , , , , , , , , ).      r rZ f Y R psd H  (7) 

If r, R and  are chosen as fundamental quantities, eight 
dimensionless quantities are obtained, and thus eq. (7) can 
be written into the dimensionless form:  

 , , , , , , ,    
 

   
 

r
rr

Y R
Z f psd R

H
  (8) 

where Z′ is the dimensionless number of Z. 
/ rY  is the stiffness number [38], whose reciprocal 

governs the ratio between normal deformation of a particle 
to the size of a particle.  

2



r

R
I   is the inertial number [43,44], the physical 

meaning of which is the ratio of time scale of particle rear-
rangement to the time scale of packing shear. In quasi-static 
problems, it should be as small as 109 in a real triaxial 
compression test. However, we can’t afford computation 
time if I is as small as that in the real world. A series of tests 
with inertial numbers were conducted, and the responses are 
shown in Figure 4, indicating that if I is as small as 103, the 
response of granular materials does not quite differ from 
one for larger inertial number I. The result is very close to 
that in 2D simulation [17]. Hence, the loading rate is chosen 
7.3 s1 in all of our simulations with confining stresses 100, 
300 and 500 kPa, and particle density 2600 kg/m3 and radi-
us about 0.09 mm. So I is never larger than 1.0×104. 

R/H is the ratio of characteristic size between particles 
and the box. A series of triaxial tests with 1000, 5000, 
10000 and 20000 particles were simulated to test the influ-
ence of particle size effect. As shown in Figure 5, a sample 
of 10000 particles could be an appropriate representative 
volume element. So in order to reduce the computation time, 
10000 particles are placed in our box as many authors did 
when using YADE [24,25,35]. 
psd represents the particle size distribution [37], which is 
also remarkably important to the behavior in bulk of the 
packing. For reducing the CPU time, a uniform distribution 
is chosen as shown in Figure 1. 

Now, the eight dimensionless numbers can be reduced to 
four, namely, stiffness ratio , stiffness number / , rY   



2302 Wang X L, et al.   Sci China-Phys Mech Astron   December (2014)  Vol. 57  No. 12 

 

Figure 4  Influence of the inertial number on the response of Chende sand. (a) Stress versus strain response; (b) volume strain versus axial strain response.  

 

Figure 5  Influence of the number of particles on the response of Chende sand. (a) Stress versus strain response; (b) volume strain versus axial strain re-
sponse. 

particle friction angle , and the rolling stiffness r. As a 
result, the four mechanical parameters in bulk could be 
written as function of these four dimensionless numbers 
from eq. (9) to eq. (12): 

 , , , ,  

 

  
 

r
r

E Y
f

Y
 (9) 

 , , , ,   

 

  
 

r
r

Y
f  (10) 

 , , , ,   

 

  
 

m r
r

Y
f  (11) 

 , , , .   

 

  
 

r
r

Y
f  (12) 

It is the right mission of micromechanics [45,46] to de-
termine the analytical formulae of the above four equations. 
However, only the theoretical study for elastic regime and 
sphere packing interaction without a rolling moment is a 
mature thus far [45]. So the influence of the four dimen-
sionless parameters on the bulk behavior should be deter-

mined numerically through a series of numerical triaxial 
compression tests. 

4  Influence of the four dimensionless number 

4.1  Influence of the stiffness number 

Most of the micromechanical models show that elastic be-
havior is only controlled by packing structure, normal and 
shear stiffness [45,47]. Since no micromechanical model is 
found for granular packing with a rolling resistance, 
Chang’s micromechanical model [45,47] is referred to. For 
random distributed sphere packing, the Young’s modulus in 
bulk and Poisson’s ratio are shown in eqs. (13) and (14) 
under a static hypothesis, in which D is the mean diameter 
of the packing, N0 is the number of contacts in unit volume, 
while other parameters are the same as stated above.  
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A series of tests with different stiffness numbers are per-
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formed. The Young’s modulus of the packing increases 
with contact modulus, but by scaling with contact modulus 
Y, the dimensionless Young’s modulus does not vary with 
stiffness number if it is larger than 2000, as shown in Figure 
6.  

The results show that Young’s modulus is proportional to 
contact modulus, and Poisson’s ratio is independent of con-
tact modulus, which is in agreement with Chang’s micro-
mechanical model. 2000 for the stiffness number seems to 
be sufficient for the overlaps of all the particles small 
enough compared to the particle size, which coincides with 
the small deformation hypothesis made in Chang’s micro-
mechanical model [45]. 

4.2  Influence of the stiffness ratio 

With Y set as 800 MPa, four values of stiffness ratio were 
tested. It is found in Figure 7 that the trends of our DEM 
simulation for dimensionless Young’s modulus and Pois-
son’s ratio versus  are not the same, but close to Chang’s 
micromechanical model. Namely, the Young’s modulus 
increases with , whereas the Poisson’s ratio decreases with 
.  

A large  represents high ability of tangential defor-
mation resistance for particles in contact, and the resemble 
effect is to decrease the lateral deformation for the same 
axial deformation, so Poisson’s ratio is lower. The re-
sistance in lateral generates more stable force network in the 
axial direction, which makes the sample stiffer in the axial 
direction. All these simulation results coincide with Chang’s 
micromechanical model as shown in Figure 7. 

4.3  Influence of the particle friction angle 

Friction angle between particles is a physical parameter 
dependent on the mineral, water content and chemical 
composition etc and very hard to measure. Mitchell [16] 
collected some friction angles between different mineral 
surfaces, while Li [48] listed some friction angles between 
different minerals. The information about friction angle 
between different minerals is shown in Table 2, which is a 
summary of data from books of Mitchell [16] and Li [48]. 
Cohesionless mineral has a larger friction angle than cohe-
sive mineral, but they are never larger than 40°. By chang-
ing the particle friction with fixed / rY = 2700, four tests 

of Chende sand were performed and shown in Figure 8. It is 

 

Figure 6  Influence of the stiffness number on the elastic properties of Chende sand. (a) Young’s modulus; (b) Poisson’s ratio. Here other parameters are 
= 0.1, =30°, r=1.0. 

 

Figure 7  Influence of the stiffness ratio  on the elastic properties of Chende sand. The solid line is Chang’s theory. (a) Young’s modulus; (b) Poisson’s 
ratio. Other parameters are / rY  = 2700, =30°, r=1.0. 
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Table 2  Friction angle between different minerals 

Mineral Friction angle (°) 

Saturated Quartz 22–24.5 
Saturated Feldspar 28–37.6 
Saturated Calcite 34.2 
Saturated Chlorite 12.4 

Kaolinite 12 
Illite 10.2 

Montmorillonite 4–10 

 
demonstrated in Figure 9 that both peak friction angle and 
dilatancy angle increase with inter-particle friction angle. 
Particle contact with a larger inter-particle friction angle 
exhibits stronger resistance to sliding, so only a larger force 
is able to force particles to slide. Meanwhile, a larger rota-
tion would happen for particle contact with larger inter- 
particle friction before sliding happens, which causes a 
higher dilatancy. 

4.4  Influence of the rolling stiffness 

The influence of rolling stiffness is examined by varying r 
from 0.01 to 3.0. The response shown in Figure 10 demon-

strates that with the increase of rolling stiffness, both peak 
friction angle and dilatancy angle increase, towards a satu-
rated value as r is large, as shown in Figure 11. However, 
Plassiard’s answer that dilatancy is independent of r is only 

a special case. Both particle friction angle and rolling stiff-
ness affect dilatancy angle, but the former is a dominant 
factor if rolling resistance is large enough, here about 0.5 
for Chende sand. Rolling resistance makes it difficult for 
particles to roll over others, so only a larger force is able to 
force particles to rotate. The macroscopic effect is to in 
crease the peak friction angle. As for dilatancy, if the rolling 
resistance is large enough, then particles can hardly rotate  
but only slide, which is controlled by inter-particle friction 
angle, so there is a saturated value of dilatancy. 

4.5  Calibration procedure 

Based on the above parametric study, we may conclude. 
(a) Poisson’s ratio depends on stiffness ratio and very lit-

tle on other parameters. 
(b) Young’s modulus is proportional to contact modulus 

and grows with stiffness ratio. 

 

Figure 8  Influences of the particle friction angle on responses of Chende sand. (a) Stress-strain behavior; (b) volume-axial strain behavior. Other parame-
ters are / rY  = 2700, = 0.1, r=1.0. 

 

Figure 9  Influence of the inter-particle friction angle on the frictional and dilatant behavior of Chende sand. (a) Peak friction angle; (b) dilatancy angle. 
Other parameters are / rY = 2700, = 0.1, r=1.0.
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Figure 10  Influence of the rolling stiffness on the responses of Chende sand. (a) Stress-strain curve; (b) volume axial strain curve. Other parameters are 
/ rY = 2700, = 0.1, =30°. 

 

Figure 11  Influence of the rolling stiffness on friction angle (a) and dilatancy angle (b). Other parameters are / rY = 2700, = 0.1, =30°. 

(c) Peak friction angle of the packing depends on both 
particle friction angle and rolling stiffness. 

(d) Dilatancy angle relies on particle friction and very lit-
tle on rolling stiffness if rolling stiffness ratio is sufficiently 
large, for example 0.5 for Chende sand in this study. 

Now a calibration procedure for numerical triaxial tests 
of a real granular material is recommended below. 

Firstly, choose an appropriate stiffness ratio so that we 
can have required Poisson’s ratio. Secondly, with stiffness 
ratio fixed, we start to search for contact modulus by com-
paring Young’s modulus with experiments. Thirdly, we try 
to find a particle friction angle so that the dilatancy angle is 
in agreement with experiments. Finally, select a rolling 
stiffness so that the peak friction angle by DEM is in accord 
with experiments. Sometimes, one needs to make the cali-
bration by looping between the third and fourth steps.  

5  Triaxial compression and extension tests of 
Chende sand  

Chende sand [30] is a uniform sand in the northern part of 
China, whose physical properties are listed in Table 3.  

Table 3  Physical properties of Chende sand 

Item d50 (mm) d60/d10  (kg/m3) emax emin 

Value 0.18 2.8 2.63 0.8 0.4 

 
A dense sample corresponding to a relative density of 

64% is prepared by radius expansion method. Calibration is 
performed according to the procedure stated in sect. 4.5, the 
microscopic parameters are obtained, as shown in Table 1. 
The calibration procedure is taken step by step for confining 
stress of 300 kPa. Then with parameters in Table 1, a series 
of triaxial compression tests were conducted under different 
confining pressures 100, 300 and 500 kPa, the responses of 
which are plotted in Figures 3, 12 and 13. The systematic 
comparisons of the results of the numerical triaxial appa-
ratus and experiments further prove that the DEM model we 
proposed can serve as a useful tool to obtain macroscopic 
behaviors of granular materials based on the micromechan-
ics simulation.  

Under lateral stress 100 kPa, the response of stress-strain 
of DEM model is shown in Figure 3(a), together with the 
experimental results. The peak friction angles of both, 37.5° 
for DEM model and 36.2° for experiment, are very close, 
while Young’s modulus of DEM model is a bit larger than 
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the experimental results. In Figure 3(b), the volume-axial 
strain response is also close to the experimental one and the 
corresponding dilatancy angles are 9.7° and 12.8°, respec-
tively. 

Under lateral stress 300 kPa, Stress-strain response is in 
accord with experimental results as indicated in Figure 
12(a), including the Young’s modulus and peak friction 
angle. Figure 12(b) indicates that DEM model is able to 
simulate dilatancy quantitatively, with dilatancy angles of 
DEM model and experiments being 9.4° and 10.1°, respec-
tively.  

When a higher confining pressure 500 kPa is applied, the 
corresponding response is shown in Figure 13. Different 
from the former cases, Young’s modulus by DEM is a bit 
larger than experiments, but peak friction angles, 35.6° for 
DEM model and 34.7° for experiment, still agree with each 
other. As for dilatancy, the DEM model is 8.0° whereas that 
of experiment is 9.7°. 

Figure 14 shows the Mohr circles at the stage of peak 
stress of experimental results (Figure 14(a)) and DEM mod-
el (Figure 14(b)). And the mean friction angles are 35.3° 
and 36.2° for the experiment and DEM, respectively.  

Then based on the calibrated DEM model, triaxial exten-
sion tests were performed under lateral confining stress 100, 

300 and 500 kPa. After isotropic compression, the two axial 
plates were moved outward very slowly. Shear stress rises 
to a peak value very fast with extension, while the volume 
keeps expanding during the whole triaxial extension tests as 
shown in Figure 15. The major difference between triaxial 
compression and extension is the increase or the decrease in 
mean pressure respectively, which is responsible for initial 
volume contraction or no contraction. Confining stress plays 
an opposite role in preserving the internal structure in triax-
ial compression and extension. Consequently, the influence 
of confining stress is contrary for dilatancy as shown in 
Figures 12(b), 13(b) and 15(b).  

6  Conclusions 

A numerical triaxial apparatus based on discrete element 
method (DEM) with rolling effect taken into account is de-
veloped in this study to examine the mechanical behaviors 
of nonspherical granular materials at particle level. Based 
on this rolling resistance model, we have recommended a 
calibration procedure for cohesionless soil, which was at 
once applied to the simulation of Chende sand using a series 
of triaxial compression and extension tests. The responses 

 

Figure 12  Comparison of numerical and experimental triaxial compression tests for Chende sand. (a) Stress-strain behavior; (b) volume-axial strain re-
sponse. The lateral stress is 300 kPa. 

 

Figure 13  Comparison of numerical and experimental triaxial compression tests for Chende sand. (a) Stress-strain behavior; (b) volume-axial strain re-
sponse. The lateral stress is 500 kPa. 
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Figure 14  Mohr circles of stress states when Chende sand fails. (a) Experiment; (b) DEM. The lateral stresses of the three Mohr circles are 100, 300 and 
500 kPa, respectively. 

 

Figure 15  DEM simulation of the triaxial extension of Chende sand under different confining pressures: (a) Stress strain behavior; (b) volume-axial strain 
response. 

of the DEM model are shown in quantitative agreement 
with experiments. 

Dimensional analysis of granular materials demonstrates 
that four major dimensionless parameters govern their 
macroscopic behavior so that the elucidation of implied 
mechanism by relating macroscopic and mesoscopic pa-
rameters can be performed. Based on a series of parameter 
studies, we can finally come to the following conclusions: 

(1) Poisson’s ratio is essentially controlled by stiffness 
ratio, very close to the micromechanical model. 

(2) Young’s modulus is proportional to contact stiffness 
and grows with stiffness ratio, which exhibits a similar trend 
to the micromechanical model. 

(3) Inter-particles friction angle is the major factor of di-
latancy angle if rolling stiffness coefficient is sufficiently 
large, for example 0.5 for Chende sand in this study. 

(4) Peak friction angle relies on both inter-particle fric-
tion angle and rolling stiffness. 

However, there are still some defects for this DEM mod-
el, such as the deviated prediction of Young’s modulus and 
poor ability in simulating softening behavior, so the rolling 
resistance model still needs further improvement. In addi-

tion, liquid bridge effects between particles will be consid-
ered and incorporated into the current DEM model to en-
hance the understanding of the influence of water content 
on the strength of granular material [2] in the near future.  
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