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Particle and Continuum Rotations of Granular Materials:
Discrete-Element Method Simulations and Experiment

Chao-Fa Zhao1 and Niels P. Kruyt2

Abstract: For granular materials, the kinematic degrees of freedom at the microscale of particles are the particles’ displacements and
rotations. In classical continuum mechanics, the kinematic degree of freedom at the macroscale is the (local) displacement field. The rotation
of a material element is not independent but is determined by the antisymmetric part of the displacement gradient. The objective of this study
is to investigate, mainly by means of discrete-element method simulations, whether the average particle rotation is equal to the continuum
rotation determined from the average displacement gradient. In the three-dimensional discrete-element method simulations of shear tests
(with nonzero average continuum rotation), simulations with and without contact couples have been analyzed. The simulation results show
that the average particle rotation is effectively equal to the continuum rotation, over the whole range of strains. Additionally, the results of an
X-ray tomography test of a rounded granular soil under triaxial compression are analyzed. The average rotation of soil particles inside shear
bands agrees well with the average continuum rotation determined from the particle displacements. Comparison of simulation results with
contact couples to those where contact couples were not considered reveals that the presence of contact couples has a significant effect on the
stress ratio and on the volumetric strain. The stress tensor is symmetric, even when contact couples are included. DOI: 10.1061/(ASCE)
EM.1943-7889.0001997. © 2021 American Society of Civil Engineers.

Author keywords: Granular materials; Particle rotation; Discrete-element method (DEM) simulations; Cosserat theory.

Introduction

Granular materials are systems consisting of large numbers of
particles (or grains). Their mechanical behavior at the macroscale
continuum level is ultimately determined by the behavior at the
microscale of particles and interparticle contacts. In microme-
chanics of quasi-static deformation, relationships are investigated
between characteristics at the (inter)particle level and the con-
tinuum level.

At the particle level, for systems of semirigid particles, the kin-
ematic degrees of freedom are their displacements and rotations,
which are independent. At the macroscopic, continuum level, in
classical continuum mechanics, the kinematic degree of freedom
is the local displacement vector UðxÞ, where x is the position vec-
tor. The continuum rotation vectorΩ of a material element is not an
independent kinematic degree of freedom but is determined by the
antisymmetric part of the displacement gradient tensor (for small
deformations) (Aris 1962)

2Ωi ¼ −εijk 1
2

�∂Uj

∂xk − ∂Uk

∂xj
�

ð1Þ

where εijk is the permutation symbol and the summation conven-
tion is used.

Extended continuum mechanical theories have been developed,
such as Cosserat (or micropolar) and micromorphic theories

(Cosserat and Cosserat 1909; Eringen 1999), that involve addi-
tional (independent) kinematic degrees of freedom as well as a con-
servation law for torques and moments. This conservation law
involves a couple stress tensor. In Cosserat theory the stress tensor
may be asymmetric.

For granular materials, such extended Cosserat-type continuum
theories have been used to predict the thickness of shear bands
(Mühlhaus and Vardoulakis 1987) and to obtain numerical solu-
tions that are independent of the employed mesh size (Tejchman
and Bauer 1996). Note that the extended continuum theories in-
volve an additional length scale.

From the micromechanical viewpoint it is clear that particle ro-
tations affect the macroscopic behavior: for instance, with indepen-
dent particle rotations, the elastic response is softer, i.e., the elastic
moduli are smaller (Kruyt and Rothenburg 1998, 2002; Agnolin
and Kruyt 2008; Kuhn and Bagi 2004; Poorsolhjouy and Misra
2019; Turco et al. 2019) since a lower minimum potential energy
is achieved in the presence of the additional rotational degrees of
freedom.

In experiments and discrete-element method (DEM) simulations
(Cundall and Strack 1979), particle displacements are controlled
through deformation imposed at the walls (or via periodic boundary
conditions; when stress boundary conditions are imposed, these are
often “converted” by DEM codes to kinematic boundary conditions
via a servo-control mechanism). Displacements at boundaries in
turn determine the average displacement gradient (Kruyt and
Rothenburg 1996; Kruyt et al. 2014). However, particle rotations
are not directly controlled but only indirectly determined through
the requirements of force and moment equilibrium.

Relationships between the average particle rotation and the mac-
roscopic continuum rotation have been studied experimentally by
Calvetti et al. (1997), who employed a special two-dimensional
biaxial shear device 1γ2ϵ, in which (quite general) deformations
can be imposed on systems of cylindrical particles. For a test
involving shear deformation and constant confining lateral stress,
the average particle rotation closely agrees with the continuum

1Dept. of Mechanical Engineering, Univ. of Twente, Enschede 7500
AE, Netherlands. ORCID: https://orcid.org/0000-0001-8402-5894

2Dept. of Mechanical Engineering, Univ. of Twente, Enschede 7500
AE, Netherlands (corresponding author). ORCID: https://orcid.org/0000
-0003-3891-4329. Email: n.p.kruyt@utwente.nl

Note. This manuscript was submitted on February 22, 2021; approved
on June 10, 2021; published online on August 24, 2021. Discussion period
open until January 24, 2022; separate discussions must be submitted for
individual papers. This paper is part of the Journal of Engineering Me-
chanics, © ASCE, ISSN 0733-9399.

© ASCE 04021090-1 J. Eng. Mech.

 J. Eng. Mech., 2021, 147(11): 04021090 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

N
ie

ls
 K

ru
yt

 o
n 

08
/2

4/
21

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.

https://doi.org/10.1061/(ASCE)EM.1943-7889.0001997
https://doi.org/10.1061/(ASCE)EM.1943-7889.0001997
https://orcid.org/0000-0001-8402-5894
https://orcid.org/0000-0003-3891-4329
https://orcid.org/0000-0003-3891-4329
mailto:n.p.kruyt@utwente.nl
http://crossmark.crossref.org/dialog/?doi=10.1061%2F%28ASCE%29EM.1943-7889.0001997&domain=pdf&date_stamp=2021-08-24


rotation. In contrast, for a test involving a continuous rotation of the
principal stress and strain directions, only a qualitative agreement
between average particle rotations and continuum rotation is
observed.

Using a biaxial apparatus, Misra and Jiang (1997) measured
the displacements of rod materials with stress-controlled lateral
boundaries and displacement-controlled axial boundaries. In their
experiments, no clear strain localization regimewas observed. They
found that the average particle rotations were close to zero. Such
average particle rotations were consistent with the continuum
rotation since no shear strain components were imposed on the
boundaries. They also observed particle rolling at cluster interfaces
and relative rotation between particles within clusters.

Relationships between indexes describing particle shape and
particle rotations were investigated experimentally in Rorato et al.
(2020) using X-ray tomography of triaxial compression tests.
Particle rotations are larger inside shear bands than outside; inside
shear bands particle rotations are larger for rounded particles than
for more angular particles; outside of the shear band the effect of
particle shape on particle rotations is smaller. The particle spheric-
ity index is found to be the most important for the particle rotations,
mainly for the range rather than the average value.

It has been shown theoretically that the stress tensor is symmet-
ric under quasi-static conditions in the absence of contact couples
(Kruyt 2003; Goddard 2008). Goddard (2008) showed theoretically
that in the absence of contact couples, particle rotations do not con-
tribute to the quasi-static stress work.

Oda and Iwashita (2000) performed two-dimensional DEM sim-
ulations in which they accounted for contact couples. They intro-
duced these contact couples as a way to account for the effect of
particle shape with simulations based on spheres or disks. In the
shear band that arises in their simulation of biaxial compression,
dilation occurs and the microstructure evolves, i.e., the fabric
changes. During this restructuring process, rolling rather than slid-
ing is considered to be the main microscale deformation process.
This rolling is associated with a high rotation gradient. Inside the
shear band the couple stress tensor is small (even for the case with
a large value of their coefficient of rolling friction), and the asym-
metry of the stress tensor is small.

Kuhn and Bagi (2004) studied rotations at different scales and
proposed measures for contact rolling and deformation. Using
DEM simulations of two-dimensional biaxial tests and three-
dimensional triaxial tests, they noted that the average particle
rotations agreed with the continuum rotation (which is small for
the test considered due to the imposed loading conditions). The
standard deviation in particle rotations is large. Small-scale spatial
patterning of particle rotations is observed from the simulation
results.

Granular vortices (based on particle displacements) were studied
by Tordesillas et al. (2014, 2016) using data from two-dimensional
and three-dimensional DEM simulations. Micromechanical analy-
ses of the evolution of force chains and the formation of vortices
are related to bifurcation analyses of equivalent continuum models.
No analyses were presented for the particle rotation field.

Three-dimensional DEM simulations with irregularly shaped
particles were performed in Kozicki and Tejchman (2016, 2018)
of plane strain tests where shear localization occurred. These
simulations accounted for contact couples. The results of the sim-
ulations show (complex) vortical structures (based on the particle
displacement field). The particle rotation field was also shown,
without direct comparison of these two fields.

DEM simulations have shown that when the microscale behav-
ior is frictional (with Coulomb friction at the contact level), then the
continuum, macroscale elastoplastic behavior is frictional (with a

yield stress that is roughly proportional to the mean pressure). In
the presence of independent particle rotation and contact couples,
the microscale behavior is of the type that corresponds to Cosserat
theory. The question is whether this microscale Cosserat behavior is
subsequently also observed at the continuum, macroscale.

Although it is clear from the micromechanical viewpoint and
from the listed studies that the average particle rotation does not
necessarily (always) correspond to the antisymmetric part of the
deformation gradient, this has not been thoroughly investigated
quantitatively for cases where the average continuum rotation dif-
fers from zero (to the best of the authors’ knowledge).

Therefore, the objective of this study is to investigate quantita-
tively the relationships between the average particle rotation and
the rotation component of macroscopic deformations in classical
continuum mechanics given by Eq. (1). Such relationships are stud-
ied by means of three-dimensional DEM simulations. Based on the
findings of Oda and Iwashita (2000) and Goddard (2008), contact
couples are taken into consideration in some of the simulations.
According to Oda and Iwashita (2000) and Rorato et al. (2021),
the rolling friction coefficient that limits the contact couples should
reflect the particle shape. Parametric studies, using two-dimensional
DEM simulations of biaxial tests and three-dimensional DEM sim-
ulations of triaxial compression tests, on the influence of the rolling
friction coefficient and particle shape on macroscopic behavior are
given in Zhang et al. (2013) and Zhao et al. (2018). Furthermore, the
symmetry of the stress tensor and the magnitude of the couple stress
tensor are investigated here, all for the same DEM simulation
(together with the average particle and continuum rotation).

The outline of this study is as follows. First, the basics of the
micromechanics of granular materials are summarized, and the
three-dimensional DEM simulations are described. Second, the re-
sults from the DEM simulations for the average particle rotation
and continuum rotation are presented. Third, experimental results
for Caicos ooids measured with X-ray tomography by Andò (2013)
are analyzed. Finally, the findings of this study and future develop-
ments are discussed.

Micromechanics

For the quasi-static conditions considered here, granular materials
are systems of particles that interact at contacts. The position vector
of the center of particle p is denoted by Xp. For two particles p and
q in contact, the branch vector lpq connecting the centers of
particles p and q are defined by lpq ¼ Xq − Xp. The vector from
the center of particle p to the contact point between particles p and
q is given by rpq. Note that lpq ¼ rpq − rqp.

The interparticle force and couple vectors are denoted by fpq

and κpq, respectively. The interparticle couple is due to an asym-
metric distribution of the traction over the small contact surfaces
(Kruyt 2003) or to contact roughness (Oda and Iwashita 2000).
The interparticle forces and couples satisfy Newton’s third law,
f qp ¼ −fpq and κqp ¼ −κpq.

In the absence of body forces and torques, the quasi-static force
and moment equilibrium conditions for particle p areX

q

fpq ¼ 0
X
q

rpq × fpq þ
X
q

κpq ¼ 0 ð2Þ

where the summation is over particles q that are in contact with
particle p.

The kinematic degrees of freedom of (semirigid) particle p are
its (infinitesimal) displacement vector up and its (infinitesimal)
rotation vector ωp (both with respect to some reference configura-
tion). The deformation at the contact between particles p and q in

© ASCE 04021090-2 J. Eng. Mech.
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contact is described by the relative displacement Δupq at the con-
tact point and the relative rotation Δωpq

Δupq ¼ ½uq þ ωq × rqp� − ½up þ ωp × rpq�
Δωpq ¼ ωq − ωp ð3Þ

Note that Δuqp ¼ −Δupq and Δωqp ¼ −Δωpq and that in
rigid body deformation, Δuc ¼ 0 and Δωc ¼ 0 for all contacts c.

The contact constitutive relation relates (increments of) force
and couple at contact c, f c and κc, to (increments of) the deforma-
tion at contact c, Δuc and Δωc. The particle rotations affect the
interparticle contact deformations Δuc and Δωc and, thus, are ex-
pected to have a significant effect on macroscopic behavior.

The average stress tensor σ and the average couple stress tensor
μ are expressed in terms of contact forces f c and contact couples
κc (and by the branch vectors lc) by Kruyt (2003) and Oda and
Iwashita (2000)

σij ¼
1

V

X
c∈C

fci l
c
j μij ¼

1

V

X
c∈C

κc
i l

c
j ð4Þ

where the summation is over contacts c in the set of contacts C in
the region of interest with volume V.

The (increments of) torques are determined by the difference in
rotationsΔωc at contacts, see Eq. (3). The contribution of rotations
to the (increments of) forces is mainly through the sum of rotations
of particles in contact: for stiff spheres of equal size R the con-
tribution to the contact deformation Δupq of the rotations is given
by −Rðωp þ ωpÞ × npq, see Eq. (3), since rpq ¼ Rnpq and rqp ¼
−Rnpq, where npq is the unit vector corresponding to the branch
vector lpq. There is no a priori theoretical reason why the average
particle rotation should be equal to the continuum rotation (to the
best of the authors’ knowledge).

Discrete-Element Method Simulations

In this section, the three-dimensional DEM simulations are de-
scribed that were performed to investigate the relationships be-
tween the average particle rotation and the continuum rotation
of granular materials. These DEM simulations involve cases with
and without contact couples. A simple shear test is considered since
in such a test the continuum rotation is nonzero, in contrast to (for
instance) a triaxial test (with homogeneous deformation). The
numerical simulations were performed using the open-source code
Yade (Šmilauer et al. 2015). A polydisperse sample consisting of
20,000 spherical particles, with radii uniformly distributed between
rmin and rmax, where rmax=rmin ¼ 1.5, was generated initially. The

initial sample was isotropically compressed to the desired confining
pressure p0 without friction in order to achieve a dense state. In
all DEM simulations (also of the subsequent shear simulations),
periodic boundaries were used to ensure the homogeneity of the
sample. The normal contact stiffness kcn at the contacts is deter-

mined from kcn ¼ E 2rc
1
rc
2

rc
1
þrc

2

, with rc1 and rc2 being the radii of the

two particles corresponding to contact c, and E a stiffness param-
eter. This stiffness parameter E and the confining pressure p0 are
selected such that the interparticle deformation is small relative to
the average particle size, here the ratio of p0=E¼ 10−3. The ratio
between kct and kcn is related to the Poisson ratio of the particles,
here the stiffness ratio kct =kcn ¼ 0.3. The initial sample is isotropic,
with a void ratio of 0.546 and a coordination number Z, i.e., the
average number of contacts per particle, of Z ¼ 6.49. In the deter-
mination of the coordination number, so-called rattlers (particles
not contributing to a stable state of the packing) were disregarded
using the expression suggested by Thornton (2000).

The interparticle contact law also involves a noncohesive
Coulomb frictional law, which requires that jfct j ≤ tanϕμfcn, where
fct is the tangential component, fcn the normal component of the
contact force at contact c, and ϕμ the interparticle friction angle.

Contact couples were included in the contact law in order to
investigate the influence of contact couples on the relationship be-
tween average particle rotation and continuum rotation. The models
for the bending contact couple κc

b and the twisting contact couple
κctw are illustrated in Fig. 1 and are (effectively) identical to those in
Oda and Iwashita (2000), Zhang et al. (2017), Kozicki and Tejch-
man (2018), and Zhao et al. (2018). These models incorporate roll-
ing resistance.

The rolling resistance stiffnesses kcb and kctw are related to the
radii of particles in contact c and the interparticle tangential stiffness
kct with coefficients βb and βtw, respectively. The maximum bend-
ing and twisting couples are limited by the interparticle normal force
fcn, with rolling resistance coefficients ηb and ηtw, respectively.

In the current study, the model parameters ϕμ ¼ 30°, ηb ¼
ηtw ¼ 0.5, and βb ¼ βtw ¼ 0.01, identical to the values for these
parameters as adopted in Zhang et al. (2017).

The boundary conditions that were applied in the conducted
DEM simulations of shear tests are illustrated in Fig. 2. The con-
fining stresses σxx, σyy, and σzz were kept constant (through a
servo-control mechanism), while only the (nonzero) strain incre-
ment δεxy was imposed. The strain increment was very small, with
a magnitude of 10−4, so for each loading increment the particle
rotations are smaller than 360°. The simulations were performed
with an inertia number (GDR MiDi 2004) I ¼ ε̇xydavg

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ρp=p0

p
(where davg is the mean particle diameter and ρp the particle

Fig. 1. Interparticle contact models for (a) bending couple; and (b) twisting couple.

© ASCE 04021090-3 J. Eng. Mech.

 J. Eng. Mech., 2021, 147(11): 04021090 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

N
ie

ls
 K

ru
yt

 o
n 

08
/2

4/
21

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



density) of 6 × 10−8, which is much smaller than the 10−3 required
for a quasi-static simulation.

Results of DEM Simulations

In this section, results of the DEM simulations of the shear tests are
shown, including the stress-strain curves, average particle rotations,
and deviations from the symmetry of the stress tensor.

The evolution of the stress ratio σxy=p, where p is the mean
confining pressure, and of volumetric strain εv is shown in Fig. 3.
For the case with contact couples the sample shows hardening as
well as softening behavior, while for the case without contact

couples only softening is (basically) observed. Since the initial sample
is very dense, it shows dilatant behavior under shearing, both with
and without contact couples. Overall, the presence of contact couples
enhances both shear strength and dilatancy of granular materials.
These numerical results are consistent with those presented in Oda
and Iwashita (2000), Zhang et al. (2013), and Zhao et al. (2018).

The main micromechanical characteristics are the coordination
number and the fabric anisotropy. The evolution with shear strain of
the coordination number of the sample, determined by the method
of Thornton (2000), is shown in Fig. 4(a). The coordination number
decreases rapidly when the shear strain is smaller than 2%, after
which it reaches a steady state, with a larger value for the simulation
without contact couples. The fabric anisotropy of the sample that is
quantified by a contact-normal fabric tensor [see also Kruyt (2012),
Zhao and Kruyt (2020), and Zhao et al. (2021)] is plotted against
shear strain in Fig. 4(b). Note that here the fabric anisotropy has
not been normalized by the specific volume, as done in Zhao
and Kruyt (2020) and Zhao et al. (2021). The evolution of fabric
anisotropy shows the opposite behavior to that of the coordination
number. At small strains, the fabric anisotropy increases, with a
higher peak for the sample with contact couples. For larger shear
strains, the fabric anisotropy decreases gradually without reaching
a steady state, i.e., a critical state is not attained for the considered
range of imposed shear strains. These results for coordination num-
ber and fabric anisotropy are qualitatively similar to those reported
in Zhao et al. (2018).

These results for the microscale parameter coordination number
and fabric anisotropy help to explain why the shear strength and
dilation are larger for the case with contact couples. In the presence
of contact couples, there are additional (torque) degrees of freedom
that increase the stability of the system of particles, just as inter-
particle friction enhances system stability. This increase in stability
results in a lower coordination number [compared to the case with-
out contact couples; see Fig. 4(a)]. Smaller coordination number
values result in larger fabric anisotropy [see also Fig. 4(b)] owing
to a reduction in the steric exclusion effect (Radjai et al. 2012).
Larger values of fabric anisotropy contribute to larger values of
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Fig. 3. Evolution with shear strain ϵxy of (a) shear stress σxy; and (b) volumetric strain ϵv (positive for compression), without and with contact couples.

Fig. 2. Boundary conditions imposed in DEM simulations of simple
shear, where shear strain increment δϵxy is imposed and normal stresses
σxx, σyy, and σzz are kept constant.
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the stress ratio, as follows from stress-force-fabric relationships
(e.g., Rothenburg and Bathurst 1989). This explains why the pres-
ence of contact couples leads to a larger stress ratio (Fig. 3). A
larger fabric anisotropy also results in a larger dilation (Kruyt
and Rothenburg 2016).

The average particle rotation and the continuum rotation of the
granular assembly are compared in Fig. 5. The average particle ro-
tations are obtained by direct averaging of all particle rotations,
while the continuum rotations are taken from the specified

boundary deformation. The rotations are investigated in incremen-
tal form by imposing small shear strain increments of magnitude
10−4 such that the increments of particle rotations are smaller than
360°. The nonzero components of the average rotation vectors are
ωavg
z and Ωavg

z . For both shear tests with and without contact
couples, the average particle rotations are effectively equal to the
continuum rotations, at all shear strain levels. Although some de-
viations and fluctuations are apparent, these are larger for the case
without contact couples, which suggests that (small) deviations
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between average particle rotation and continuum rotation are not
due to the presence of contact couples. In addition, the standard
deviation of particle rotation increments increases with increasing
shear deformation, which agrees with the findings reported in
Calvetti et al. (1997) and Misra and Jiang (1997). The specimen
with contact couples has a higher standard deviation than that with-
out contact couples.

To investigate the (a)symmetry of the stress tensor of granular
materials with contact couples, the shear stress components were
determined by Eq. (4). Fig. 6 shows the evolution of the stress ratios
σxy=p and σyx=p of the sample with contact couples. These two

stress ratios are found to be exactly the same, which demonstrates
that the stress tensor is symmetric, even in the presence of contact
couples. These numerical findings for the case without contact cou-
ples support the theoretical derivations of Kruyt (2003), in contrast
to the stress tensor proposed in Bardet and Vardoulakis (2001).

The average couple stress tensor μ defined in Eq. (4) was also
determined for the DEM simulation with contact couples. Its com-
ponents are very small (so the results are not shown in a plot). The
ratio between the norm of the average couple stress tensor and the

mean stress with the mean particle radius r̄, kμkpr̄ , is smaller than 1%.
This observation is consistent with that by Oda and Iwashita (2000)
inside their shear band, as shown in their Fig. 17.

These results are unexpected in the sense that although the mi-
croscale behavior corresponds to Cosserat-type behavior, with con-
tact couples and independent rotations, no Cosserat-type behavior
is observed at the continuum, macroscale: the average particle ro-
tation is nearly equal to the continuum rotation, the stress tensor is
symmetrical and the couple stress tensor is very small. Although no
macroscopic Cosserat-type behavior is observed, the introduction
of couples at the microscale has a significant influence of the
(classical) continuum behavior, in terms of stress ratio and volumet-
ric strain.

X-Ray Tomography Measurement of Particle
Rotations in Granular Soil

In this section, the results of X-ray tomography measurements on a
granular soil (Caicos ooids) (Andò 2013) are analyzed with respect
to particle rotations. X-ray tomography measurements provide
detailed and accurate measurements of particle positions and ori-
entations and, hence, of their displacements and rotations. Details
of the tested granular soil, the experimental procedure, and the size
and position of the observation window relative to the shear band
are described in Andò (2013), Zhao et al. (2021), and Rorato et al.
(2020). The (local) continuum rotation of the specimen is deter-
mined from the particles’ displacement field using Bagi’s method
(Bagi 1996).
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Here the results of test COEA04 with rounded Caicos ooids are
analyzed, to complement the results of the DEM simulations ana-
lyzed in the previous section. The focus here is on the shear band
region, with large particle rotations. The (direct) averages of (incre-
ments of) the particle rotation vectors and of (increments of) the
continuum rotation vector were determined at different levels of
deviatoric strain in the shear band. The average rotation increments
are scaled with the norm of the deviatoric strain increments since
the strain increments between two X-ray scans vary.

With respect to the employed coordinate system, the z-direction
corresponds to the (axial) loading direction in the triaxial test,
while the x- and y-directions correspond to the axial cross section.
Since the loading was imposed along the z-direction, z-components
of both rotation vectors are very small in relation to the x- and
y-components. Hence only the latter two are shown in Fig. 7, which
shows a comparison between average particle rotations and
continuum rotations inside the shear band.

Quantitatively, for δωavg
y the (relative) deviation between con-

tinuum rotations and mean particle rotations has a maximum value
of 23% (when the local deviatoric strain is 20%) and an average
value smaller than 8%. For δωavg

x , the average (relative) deviation
is relatively larger but smaller than 18%.

Overall, the experimental results for this physical test show that
the average particle rotation (increment) is equal, with good accu-
racy (considering all experimental and data-processing uncertain-
ties), to the continuum rotation (increment).

Conclusions

In this study, relationships between particle and continuum rotation
of granular materials were investigated via three-dimensional DEM
simulations and the analysis of an X-ray tomography measurement
by Andò (2013).

The DEM simulations of simple shear tests, with nonzero aver-
age continuum rotation, involved interparticle contact models with
and without contact couples. In both cases, the average particle ro-
tations were effectively equal to the continuum rotations imposed
through deformation at the boundary, even though the particle ro-
tations in the DEM simulations were not directly controlled through
the boundary conditions. Moreover, the stress tensor was found to
be symmetric, regardless of whether or not contact couples were
present. For the case with contact couples, the couple stress tensor
was very small.

The particle rotations of a granular soil (obtained from the X-ray
tomography measurements), Caicos ooids consisting of rounded
grains under triaxial compression, were analyzed. The obtained re-
sults showed the average particle rotation to be in good agreement
with the continuum rotation.

In the DEM simulations, Cosserat-type behavior was considered
at the microscale, with contact couples and independent particle
rotations. Overall, however, in the DEM simulations and the X-ray
tomography experiment analyzed here, no continuum macroscale
Cosserat-type behavior was observed: the average particle rotation
was nearly equal to the continuum rotation, the stress tensor was
symmetrical, and the couple stress tensor was small.

For future studies, it is recommended to also investigate systems
where a rotation gradient is imposed. Furthermore, other granular
soils, such as Hostun sand consisting of angular grains, should be
investigated. In addition to the simple shear and triaxial compres-
sion tests considered in this study, it is interesting to investigate
the effect of rotation of principal stress axes [as in Calvetti et al.
(1997)].
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