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Alignment and dynamics of elongated cylinders under shear
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When a granular material consisting of macroscopic elongated grains is exposed to shear, the individual

grains align. We determine the particle distribution functions and orientational order parameters and

study the collective dynamics as well as individual particle motion during shearing. X-ray computed

tomography (CT) is used to obtain three-dimensional images of the shear zone. All individual particle

positions and orientations are extracted by image processing software and the complete order tensor is

determined. We compare the behavior of our ensembles of macroscopic grains with well-known

continuum models for shear alignment and director dynamics of anisotropic liquids. Irrespective of the

completely different particle interactions and size scales, analogies are found even on a quantitative

level. Measurements of the local packing densities inside and outside the shear zone reveal a shear

dilatancy, irrespective of the more efficient packing that can be expected for ordered ensembles of

cylinders compared to randomly oriented samples.
1. Introduction

Shape-anisotropic particles in large ensembles can be found on

all length scales in everyday life, from mesogenic molecules, rod-

shaped viruses, bacteria or anisotropic colloids to rice grains or

beans and other elongated seeds. Technical products with elon-

gated particle shapes range from micrometer glass rods, screws,

nails and wooden pegs to tree trunks in logjams on rivers. The

individual constituents are sometimes immersed in a liquid, e.g.

in aqueous solution. Depending upon the materials, sizes and the

interstitial fluids, their interactions can be very different, e.g. van

der Waals forces and electric dipolar interactions, hydrodynamic

forces, or hard-core steric repulsion. Irrespective of the huge

variety of these systems, some characteristic phenomena can be

observed on all levels. Among these phenomena is the tendency

to exhibit local orientational order, and the tendency to align in a

preferred direction, when exposed to shear stress.

The best investigated and most comprehensively understood

systems of shape-anisotropic entities that show orientational

order and shear alignment are molecular liquid crystals. A mean

field model (Maier–Saupe model) has been developed that

describes the formation of orientational order in the nematic

phase. It proved extremely successful,1 for example in the

modeling of the nematic–isotropic phase transition. Macroscopic

properties of the fluid can be described by equations for the local
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director n (preferential direction of the mesogens). A continuum

description has been developed for the viscous and elastic forces

acting on the director (Leslie–Ericksen equations2). These

equations predict a variety of phenomena in the director

dynamics, and they are well confirmed by numerous experiments.

Among these predictions is the alignment of n with a small angle

respective to the streamlines when the liquid crystal is exposed to

shear flow. This alignment can be quantitatively related to

material parameters (see below). Recently, it has been demon-

strated quantitatively3 that the elongated cylinder or ellipsoid

shaped macroscopic particles exhibit shear alignment in some

analogy to nematic liquid-crystalline materials.

Nematic phases are formed not only by molecular constitu-

ents. On a microscopic level, one finds mesophases of elongated

nano-crystallites or nano-rods in suspensions,4–10 viruses like

TMV11–13 and fd,14,15 or bacteria.16,17 Clay platelets in aqueous

solutions18,19 are nanoparticles that can form lyotropic nematic

or smectic mesophases. It is well known that they show shear-

alignment as well, but often such observations have been

described only qualitatively (see e.g. ref. 11).

The practical consequences of such an alignment are manifold.

For example, shear stresses depend upon order and alignment in

the shear region. This has to be considered whenever elongated

or flattened grains are processed in food or pharmaceutical

industries. On the other hand, shear-aligned structures can

provide evidence of flow processes. In geophysics, imbrication is

the well-known phenomenon of orientational order of elongated

deposit materials.20,21 Oriented clasts, which can be compared to

a run of toppled dominoes, build a depositional fabric. From the

alignment of such shape-anisotropic volcaniclastic mass-flow

deposits, one can conclude on the flow patterns during active

deposition phases.
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In this study, small pegs (diameter of a few millimeters) serve

as models for particles with hard-core interactions. The particles

are in direct contact with each other, they interact sterically. This

distinguishes them from diluted systems where the individual

particles also interact via an embedding fluid (such situations are

described, for example, in ref. 22 and 23). Under shear flow,

orientational order and alignment are exhibited. Astonishingly,

the effects are comparable to the director behavior in molecular

nematics, even on a quantitative level.

The paper is organized as follows: in the next section, we

describe the experimental setup and introduce the X-ray CT

method for the non-invasive three-dimensional imaging of grain

positions and orientations in the sheared granular bed. We

shortly recollect the basic equations for the characterization of

the state of order and orientation. Then, we characterize the

shear zone geometry, and determine the parameters describing

order and alignment of the anisometric grains in the bulk and at

the free surface of the shear zone. We compare the collective

dynamics of the sheared granulate with the individual particle

dynamics. A comparison with the director dynamics of low

molecular mass nematic liquid crystals is made. Finally, we

discuss the influence of shear flow on the packing of the cylin-

drical particles.

2. Experimental

The experiments are performed with wooden pegs of three

different aspect ratios Q ¼ L/D. They will be shortly denoted as

Q5 (length L ¼ 25 mm, diameter D ¼ 5 mm, aspect ratio Q ¼ 5),

Q3 (L ¼ 20 mm, D ¼ 6 mm, Q ¼ 3.3) and Q2 (L ¼ 10 mm, D ¼
5 mm, Q ¼ 2). They are shown in Fig. 1b–d. The shape of the Q2

species is exactly cylindrical, whereas the shape of the other two

species is between that of cylinders and spherocylinders, as their
Fig. 1 (a) Schematic illustration of the split bottom shear cell, dark gray

(online: red) curves in the bulk indicate the shear zone. (b–d) Photo-

graphs of particles studied, pegs with aspect ratios Q ¼ L/D of (b) 5, (c)

3.3 and (d) 2. The horizontal bars correspond to 1 cm.
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ends are tapered. The surface of the Q3 pegs and part of the Q5

and Q2 pegs has slight groves. The choice of these objects was

basically motivated by practical reasons. We did not find a

measurable influence of the surface properties in the experiments.

Order parameters and particle orientations are analyzed in a

cylindrical shear container geometry. The experimental setup is

shown in Fig. 1a. The container has an outer radius of 28.5 cm,

and a fill height of 5 cm to 6.5 cm. The bottom disk with radius

19.5 cm is connected to an inner cylinder with radius 8 cm. We

shear the granular material by rotating the inner part (the small

inner cylinder and the thin bottomdisk), as illustrated by thewhite

arrows. The strain is localized in the so-called shear zone, which is

indicated by red (dark grey) lines in the figure.After some rotation

of the inner part of the cell, the shear zone is formed and the

preferred orientation of particles in this zone develops. The radius

of the shear zone is roughly equal to the radius of the bottom disk,

i.e. large with respect to the particle dimensions.

There are different options for the observation of the particles

under shear. First, the arrangement of grains can be detected

using CT. These data can be analyzed separately at different

locations in the granular bed, at the surface, in the bulk far from

the container boundaries, and near the container walls. We

employ a medical X-ray angiography machine (Siemens Artis

zeego) at the INKA lab, Otto von Guericke University, Mag-

deburg. It consists of a rotational C-arm based X-ray source

mounted on a high-precision robot-arm with a flat-panel

detector featuring high resolution whole volume computer

tomography scanning. The spatial resolutions chosen were 2.03

pixels per mm and 1.48 pixels per mm, respectively. The corre-

sponding recorded volumes were 25.2 cm� 25.2 cm� 19 cm and

34.8 cm � 34.8 cm � 24.4 cm, respectively.

After ten full rotations of the inner part of the shear container,

when we can be sure that all transients have vanished, the first

image is recorded. In order to obtain a good statistics of particle

positions and orientations, a series of independent scans is taken

after further rotations. Between subsequent scans, the central

part of the granulate is rotated by approximately 180�, so that

the particle positions in the shear zone can be considered inde-

pendent in subsequent scans. More than 130 measurements were

performed for each grain type. For the particle tracking experi-

ments discussed in Section 4.2, smaller rotation steps were used.

Exemplarily, a horizontal slice of an X-ray CT image is shown

in Fig. 2a. The borders of the shear zone are marked by dashed

lines. The slice is 2 cm below the free surface of the material and it

corresponds to the white-bordered area shown in Fig. 2b (the top

view of the split-bottom container). The particles in the recorded

volume are detected by conversion of the images to binary data

and by application of a watershed algorithm. Each individual

particle orientation was computed from the inertia tensor of the

respective detected object. The principal axis of inertia with the

smallest eigenvalue defines the orientation ‘
.

. The sense of

orientation is irrelevant here. Because the particles are apolar, we

consider ‘
.

and � ‘
.

equivalent.

Fig. 3 visualizes an arrangement of the cylinders in the sample,

as computed from the analysis of one typical tomogram. We

show the cross-sections of the granular bed vertical to the flow

lines (a) and horizontal across the shear zone (c), where the

detected particles are represented by cylinders and visualized by a

ray tracing algorithm.
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Fig. 2 CT image: (a) one slice of a CT image taken at a position shown

in (b) 2 cm under the surface, dashed white lines indicate the borders of

the shear zone.

Fig. 3 Visualization of the distribution and orientation of particles in

the granular bed. The images are reconstructed from the particle posi-

tions and angles computed from the tomogram (see text) by a ray-tracing

program. (a) Top view of the granular bed at approximately half of its

total depth, the upper particles are hidden, (b) definition of the alignment

angle q and tilt angle 4, (c) vertical cut through the shear zone, normal to

the streamlines, the front particles are removed. Lines (red) sketch the

shear zone limits.
In the further data evaluation, we distinguish between particles

in a surface region of z1 cm depth (two particle diameters) and

bulk particles in a 2 cm thick layer below this region. The data

collected in each series of experimental images correspond to
10952 | Soft Matter, 2012, 8, 10950–10958
between 10 000 and 20 000 particle positions for the surface and

bulk regions, respectively. The idea of this somewhat arbitrary

discrimination is to check whether there are differences between

the order of bulk particles and particles in the surface layer.

Surface data can be collected alternatively with less expensive

optical observation techniques.3 The comparison of X-ray

surface and bulk data provides an estimate of how representative

the optical surface analysis is for the shear alignment in the bulk.

From the orientation of the individual particles, order and

alignment data are derived numerically. The shear-induced

orientational order is monitored by diagonalization of the

symmetric traceless order tensor T:

Tij ¼ 3

2N

XN
n¼1

"
‘
ðnÞ
i ‘

ðnÞ
j � 1

3
dij

#
; (1)

where ‘
.ðnÞ

is the unit vector along the long axis of particle n, and

the sum is over all N detected particles. The largest eigenvalue of

T is the primary order parameter S. A second, biaxial order

parameter D is defined as the difference of the two other eigen-

values of T. In addition to the principal values of this tensor, the

directions of its principal axes contain the information on the

shear alignment. Therefore we analyze the orientation of these

axes relative to the local shear flow. The local alignment can be

characterized by two quantities: the shear alignment angle qa is

measured between the principal axis of T corresponding to the

largest eigenvalue S and the local tangent. It measures the

deviation of the preferential orientation of the grain long axes

from the streamlines. We use a second angle 4a, between the

principal axis of the largest eigenvalue of T and a horizontal

plane, to characterize the mean direction of the particles in a

plane normal to the shear gradient. In a truly two-dimensional

shear geometry, it would be reasonable to conclude from

symmetry considerations that the average of this second angle

should be zero, i.e. the nose-up and nose-down orientations of

sheared particles should be equivalent. In practice, our shear

geometry is somewhat asymmetric, the shear zone broadens from

bottom to top (see below), but the effect on 4a is negligible. We

note that the angles q and 4 (Fig. 3b) are not Euler angles, they

have been introduced here only for a convenient description.

Because of the particle symmetry (l and �l are indistinguish-

able), orientations (qa, 4a) and (qa + p, �4a) are equivalent,

therefore we restricted the parameter range of qa to [�p/2, p/2].
3. Model

Before we consider the experimental results, we shortly discuss

the meaning of the calculated order parameters and alignment

angles in our experiments.

In contrast to the previously mentioned microscopic systems,

where interactions between individual constituents are of the

order of thermal energy, thermal motion is negligible for particles

of millimeter sizes and above. The consequence is that liquid

crystalline phases cannot be expected there, the material needs

continuous energy supply to be fluidized. Ordered states are

created by shear or other agitation, and they remain preserved

after preparation.

In thermotropic liquid crystals, the order tensor describes the

average orientation of the mesogen axes. In a nematic phase
This journal is ª The Royal Society of Chemistry 2012



Fig. 4 Dynamics of the angle between director and shear direction q for

nematic liquid crystals for qa ¼ 7�. The solutions are 180� periodic.
formed by calamitic (rod-like) mesogens, it refers to the preferred

average orientation of the molecular long axes. The individual

molecules perform fast motions (in the Gigahertz region) around

the local director. The nematic order parameter is a thermody-

namic quantity. Its value is primarily a function of temperature,

its dependence on shear flows or director dynamics is often

negligibly small. This is different in suspensions of microscopic

shape-anisotropic particles where the effect of induced order can

reach noticeable magnitudes. In the macroscopic granulate

systems considered here, there is no ‘natural’ order parameter,

the local state of order depends upon the previous treatment of

the sample. A random arrangement of particle axes is possible,

but often the preparation steps (filling, pouring, and shaking)

result in a non-zero local orientational order (e.g. ref. 24 and 25).

Some frozen-in short range order in local domains can hardly be

avoided in freshly prepared samples of elongated grains. Starting

with such a configuration, a well defined orientational order and

a clear alignment form under shear, independent of the previous

state.

In nematic liquid crystals, the continuum (Leslie–Ericksen)

equations provide a mathematical model for flow alignment, they

describe the reorientation of the director in an inhomogeneous

flow field. If we assume for simplicity that the director stays in the

plane formed by shear gradient and flow (cos 4z 1), the viscous

torque balance yields an equation of motion26

_q ¼ C

�
sin2

q� a3

a2

cos2 q

�
(2)

with q describing the angle between the director and the flow

direction. The equilibrium solutions are

q ¼ �qa ¼ �arctan

ffiffiffiffiffi
a3

a2

r
;

a2 and a3 represent nematic viscosity coefficients. The negative

coefficient C contains material and flow field parameters. The

coefficient a2 is negative, its absolute value is often very close to

the rotational viscosity g1 ¼ a3 � a2. In most calamitic nematics,

a3 is also negative and much smaller than a2, which results in the

stable shear alignment angle qa and an unstable equilibrium at

�qa. One can rewrite eqn (2) to

_q ¼ C

�
1� cos2 q

cos2 qa

�
: (3)

The shear rate does not enter the equation for the stationary

angle qa (but it is contained in C). In some nematics, particularly

in the vicinity of the transition to smectic phases, a3 can become

positive. Then, there is no stable shear alignment angle of the

director (tumbling regime).

In the granular material, which shows comparable shear

alignment properties, it is tempting to compare not only the

equilibrium angle, but also the dynamics of individual grains

with the dynamic eqn (2) for the nematic director. However, one

has to be aware that these two systems represent physically

completely different situations. The analogue of the director

dynamics is the collective motion of an ensemble of grains which

are initially oriented in a given direction to the flow, rather than

the individual particle dynamics. These details are discussed

below.
This journal is ª The Royal Society of Chemistry 2012
The differential equation (3) for the director reorientation has

two solutions:

q ¼ arctan(tan qa tanh(qaCt)) (4)

and

q ¼ arctan

�
tan qa

1

tanhðtan qaCtÞ
�
: (5)

Both are plotted in Fig. 4 exemplarily for an alignment angle

of qa ¼ 7�. The first solution (solid line) describes the case when

the initial angle is in the range of �qa < q(0) < qa, the second

solution (dashed line) is for |q(0)| > qa. In both cases the director

finally reaches the stable fixed point, in the first case the shortest

reorientation path is chosen, while in the latter case the director

performs an almost complete half rotation.

When the dynamic equation of the nematic continuum model,

eqn (2), is applied to the granular experiment discussed here, one

has to replace the time derivative by an appropriate substitute,

viz. the shear strain g of the granulate plays the role of time in

eqn (4) and (5). In our experiment, the relevant parameter is

basically the number of neighboring particles that pass a given

grain in the shear zone and exert torques by direct contact, ~Cg

replaces Ct in the equations for the reorientation dynamics.
4. Results

4.1 Order, orientation and collective dynamics

Initially, the geometry of the shear zone was analyzed for each

material by excavation. The container was filled with colored

pegs in a sector of approximately 75�. The inner part of the split-
bottom container was rotated several turns, thereby the particles

in the shear zone were spread as shown in Fig. 5a–c. The pattern

of dark grains shows the width of the shear zone in the top layer.

Then the granulate was carefully removed layer by layer, as seen

in Fig. 5d–f. The shear zone can be clearly distinguished from the

non-sheared parts by the distribution of colored particles in each

layer. The analysis of these images yields the graph of the shear

zone profile as shown in Fig. 5g. The shear zone has a width of

several particle lengths, it widens towards the free surface of the

granulate. Compared with previous shear measurements with
Soft Matter, 2012, 8, 10950–10958 | 10953



Fig. 5 Excavation of the shear cell with pegs with the aspect ratio 5.

(a–c) Photographs of the top layer after 0, 0.5 and 3 rotations (d–f) during

excavation, at heights 4.3 cm, 3.0 cm and 0.5 cm. (g) Geometry of the

shear zone for the 3 different aspect ratios, error bars in the left upper

corner are representative for all data of the respective series.

Fig. 6 Distributions (a) of the angles q in the horizontal plane respective

to the local tangent, and (b) 4 vertically with respect to the horizontal

plane, for pegs with Q ¼ 5. Black (solid) and blue (dashed) curves

correspond to the bulk and surface zones, resp. Since the particles are

symmetric, orientations q and q � 180� are equivalent, thus it suffices to
plot the distributions in the interval �90� # q # 90�, the same applies to

4. Insets in (a) show the distributions of q in polar diagrams.

Fig. 7 Same as in Fig. 6a, distribution of the angle q in the bulk (a and c)

and in the surface layer (b and d) for the shorter pegs Q3 (a and b) and Q2

(c and d).
other materials,27,28 the zone is unusually wide at the bottom of

the shear cell. Probably this has to be attributed to the geometry

of the bottom disk, whose edge is about 5 mm (one particle

diameter) higher than the bottom of the container. The zone is

approximately five particle diameters wide at the bottom, irre-

spective of the aspect ratio. It reaches about twice that width in

the upper part of the granular bed. We will distinguish in the

evaluation between the complete shear zone and a core zone of

1.3 cm width in its center.

The measured distributions of the orientation angles of

particles in the shear zone are shown in Fig. 6 and 7. These

distributions have been determined separately for particles at the

surface (a layer thickness of 1 cm was chosen as a compromise

between a sufficiently large ensemble of particles and satisfactory

resolution) and particles in the bulk, sufficiently far from both

the container walls and the free surface (1 cm to 3 cm from the

top). Another presentation of the same data is shown in the

insets, comparable polar plots are commonly used e.g. for

geological data. Each distribution shows a maximum. The

graphs in Fig. 6a show the angular distribution in the horizontal

plane. The error in these graphs of about 5% originates mainly

from the statistical uncertainty (ensembles of about 104 particles

are evaluated). The first moment of this distribution gives the
10954 | Soft Matter, 2012, 8, 10950–10958 This journal is ª The Royal Society of Chemistry 2012



shear alignment angle. Since the distribution is nearly symmetric,

this angle is practically identical to the maximum of the distri-

bution. The majority of particles in the shear zone has only small

deviations from the preferred orientation. Statistical results are

compiled in Table 1. Particles with smaller aspect ratios are less

ordered, i.e. the standard deviations of both distributions are

higher. Their alignment angle qa is larger. The biaxial order

parameter increases with decreasing aspect ratio Q. The eigen-

vector with the second largest eigenvalue of the order tensor is

roughly normal to both flow direction and shear gradient, while

the eigenvector with the smallest eigenvalue forms an angle of qa
with the shear gradient. This means that fluctuations of the

particle long axes are more probable in the direction perpen-

dicular to flow and shear gradient. This can be understood

intuitively since the alignment is achieved primarily by torques

that cause reorientations within the shear plane.

Comparing the bulk and surface values, one finds the primary

order parameter always slightly smaller at the surface than in the

bulk. The alignment angle is somewhat larger. Nevertheless,

the qualitative results and the trends of order and alignment with

the aspect ratio are very similar in bulk and surface regions. The

distribution functions of the vertical angle are similar as well. We

find a very small non-zero average tilt 4a, which is much smaller

than the distribution width, i.e. at the limits of experimental

uncertainty. However, the deviations seem to be systematic

(slightly positive in all experiments). Comparing the core of the

shear zone with the data from its full width, one finds almost

equal results. This evidences that the stationary alignment is not

shear rate dependent, as expected.
Table 1 Data for particles with different aspect ratios for different parts
of the shear cell. Last column gives data for a part outside of the shear
zone with distance R ¼ 11 cm to 13 cm from the center of rotation. The
last row gives the number of particles analyzed

Height (mm) 10–30 10–30 0–10 surface 10–30

Zone
Shear zone
full width

Shear zone
core

Shear zone
full width Outside

Pegs Q5 with aspect ratio 5
S 0.81 0.81 0.76 0.24
D 0.09 0.09 0.03 0.12
qa 6.9� 6.3� 9.1� 14.8�
sq 12.8� 12.9� 18.6� 42.0�
4a 3.6� 2.8� 4.5� 0.4�
s4 19.1� 19.2� 18.4� 35.9�
No. of particles 27 447 11 817 8527 10 188
Pegs Q3 with aspect ratio 3.3
S 0.72 0.72 0.68 0.39
D 0.12 0.12 0.05 0.16
qa 8.0� 8.0� 10.8� 15.6�
sq 17.8� 18.2� 21.2� 40.8�
4a 3.3� 3.1� 3.1� 5.8�
s4 23.3� 23.4� 21.7� 25.1�
No. of particles 30 450 13 384 8677 9979
Pegs Q2 with aspect ratio 2
S 0.27 0.27 0.20 0.09
D 0.21 0.21 0.19 0.06
qa 10.1� 10.1� 13.4� 7.1�
sq 38.1� 38.1� 41.1� 49.6�
4a 5.4� 5.1� 3.2� 7.1�
s4 37.8� 37.9� 38.6� 35.7�
No. of particles 68 241 29 247 28 329 30 519

This journal is ª The Royal Society of Chemistry 2012
Outside of the shear zone, the particle distributions are not

perfectly random, which can be seen from the non-zero local

order parameter. The locally ordered domains are randomly

distributed. This is the consequence of the container filling

procedure, which cannot guarantee an absolutely random

particle distribution (see, e.g. ref. 24 and 25).

The formation of order, i.e. the quantitative initial evolution of

three quantities of interest, the primary order parameter S, the

mean angle qa in the horizontal plane and the standard deviation

sq were analyzed in two types of experiments. The first experi-

ment starts with freshly filled ‘randomly’ oriented pegs. The

results are shown in the left hand graphs of Fig. 8. Each graph

was constructed in the following way: the CT image of the sample

was recorded, then the inner container part was rotated by a

small angle (corresponding to a displacement of about 1 cm

across the shear zone) before the next image was taken. The time

evolutions were constructed from about 150 to 200 CT images

each. Because the statistics is now only over all particles in a

single image (130 to 380 depending upon the particle sizes), the

experimental uncertainty is much larger than in Fig. 6 and

Table 1. Therefore, the fluctuations at late stages are purely

statistical. All graphs start from a low order parameter related to

the filling procedure. Then, the order parameter increases and it

quickly approaches an asymptotic value, after about 10 cm

displacement of the circumference of the bottom disk (g z 2.5).

The alignment angle is established somewhat slower. Its initial

value is arbitrary, the shear alignment angle qa adjusts after

g z 5. This value is independent of the shear rate in our
Fig. 8 Evolution of order parameter S, average angle in the horizontal

plane qa and its standard deviation sq for two different initial conditions,

left: randomly oriented particles after fresh filling, right: change of the

shear direction of an aligned sample. The smooth (orange) line in the qa
graph in the right column represents eqn (4) with ~C ¼ 6.2.

Soft Matter, 2012, 8, 10950–10958 | 10955



experiments, it gives a rough measure of the deformation needed

to align the sheared particles. Each particle has to pass about 3 to

5 neighbors before the stable alignment angle is approached. In

the materials with larger aspect ratio, an initial fast decay of sq is

evident.

The second experiment started from a well defined initial

configuration. First we prepared a shear-aligned configuration.

Then, the rotation direction was reversed. This experiment was

performed with the Q5 pegs. One expects that the order

parameter drops when the particles realign towards the new,

mirrored shear alignment angle, while the width of the distri-

bution of q will temporarily increase. The gradual reorientation

of the alignment angle q can in principle occur in two ways, either

by almost a half rotation of the grains, starting away from the

flow direction, or by a short reorientation passing the flow

direction (cf. Fig. 4). The experimental results are seen in the

right hand graphs of Fig. 8. All three observed quantities evolve

towards their new stationary values within an average strain of

g z 6, ., 7. This behavior is verified by surface measurements

with digital optical imaging. After reversion of the direction of

shear, the transient is about twice as long as the evolution of

alignment from random initial conditions. The evolution of the

average alignment angle in Fig. 8d follows qualitatively the

solution (4) of eqn (2), corresponding to the solid line in Fig. 4,

with the parameter ~C ¼ 6.2.
4.2 Individual particle dynamics

Under constant shearing, one finds occasional reorientations of

individual particles by almost a half rotation, similar to the

dashed curve in Fig. 4. We track individual pegs in order to

characterize such reorientations. Almost all of them rotate in the

same direction, _q < 0, as given in eqn (2). Rotating particles first

have a negative angle to the flow direction, which decreases up to

a perpendicular orientation (�90�) and then decreases further

from 90� (which is equivalent to �90�) towards the alignment

angle qa. Examples of such rotations are plotted in Fig. 9. During

the initial transient, almost all particles reach the equilibrium

angle by such rotations. The trajectories of individual grains are
Fig. 9 Typical reorientations of particles after perturbations from the

shear aligned state. The trajectories are measured in units of the shear

strain (tangential displacement of the center of the shear zone). The right

hand graph shows some typical trajectories superimposed, and the

dashed line indicates the solution of eqn (2) with the same parameter ~C as

in Fig. 8.

10956 | Soft Matter, 2012, 8, 10950–10958
not smooth, since the rotation is driven by collisions with

neighboring particles. On the right hand side of Fig. 9, typical

trajectories have been superimposed. The dashed line is the

solution of eqn (5) with the same ~C as shown in Fig. 8. It is not

astonishing that, while the collective dynamics of the grain

orientation average is reasonably well described by an equation

analogous to that for nematic director dynamics, the coincidence

of single grain dynamics with the latter is only superficial. Amore

detailed analysis of individual particle dynamics will be achieved

from optical studies of elongated grains at the surface of the

granular bed (method introduced in ref. 3). In these less intricate

and less expensive optical measurements, a better statistics can be

expected.
4.3 Reynolds dilatancy

Shear of regular grains has multiple effects on local packing.

Already in spherical grains, partial crystallization can lead to

states with higher local packing.29 Ellipsoidal particles that are

partially aligned by shear or by other effects are partially aligned

and show a tendency to increase their packing.30 For rod-like

particles, one may expect an even larger effect of orientational

order on the packing efficiency, a perfectly orientation-ordered

system of rods may achieve densities near the random close

packing of 2D disks. On the other hand, there is a well known

tendency of dense granular matter to expand in flow, a

phenomenon known as Reynolds dilatancy. In the system of

sheared granular rods, both effects counteract in the shear zone

and they compensate each other partially.

In a similar experimental shear geometry as used here, Sakaie

et al.28 have reported a decrease of the packing fraction in

sheared spherical grains by about 15%. We have calculated the

packing fraction for the Q3 particles from CT images. The two-

dimensional plot in Fig. 10 is a cross-section perpendicular to the

shear flow direction, the abscissa is along the radial coordinate in

the container. Outside the shear zone the packing density is

approximately 0.65. At the bottom of the container, one can see

some regular stratification pattern owing to some boundary-

induced ordering of the rods (about 2–3 layers). Inside the shear

zone, the relative decrease of packing fraction is about 12%. The

drop of packing density is rather sharp towards the outer

boundary of the shear zone. At the top of the granular bed,

boundary effects penetrate into the granular bed no deeper than

approximately one particle diameter. It is characteristic for all

measurements that the upper surface of the granulate shows a
Fig. 10 Packing density of the Q3 pegs across the shear zone.
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certain depletion above the shear zone, even though the packing

density in the region below is smaller than in the initial granulate.

Obviously, the Reynolds dilatancy is qualitatively the domi-

nant phenomenon, and the resulting decrease in packing fraction

is similar to that observed for poppy seeds.28 The order param-

eter is obviously too low for a compaction of the aligned rods to

take noticeable effect. Note, that all our CT measurements (as

well as the MRI measurements by Sakaie et al.28) have been

carried out on the system at rest, between shearing steps. We do

not exclude that during continuous shear the packing fraction

becomes even lower, and at the end of each shearing step gravity

helps the system relax towards a denser configuration.
5. Summary and conclusions

In this study we investigated the shear induced alignment of

anisometric granulates in a bulk sample using X-ray computed

tomography. In the cylindrical container the shear zone

had practically the same shape and width for all three samples

with L/D ¼ 2, 3.3 and 5. In the shear zone, particles align and on

average form a small angle with the streamlines. This angle

decreases with increasing aspect ratio. In addition, the standard

deviations of the measured angles in the shear plane and

perpendicular to it decrease. This corresponds to a growing order

parameter with increasing aspect ratio. The material in the core

of the shear zone and the material in the complete shear zone

width give similar results for numerous quantities including the

order parameter, alignment angle, and biaxiality. This indicates

the shear rate independence of the phenomenon. There is a slight

tendency towards an increasing order parameter and decreasing

shear alignment angle with increasing aspect ratios of the grains,

at a given grain shape (e.g. spherocylinders).

The stationary alignment state is reached from a random

sample after the material is sheared by approximately 4 to 5 times

the shear zone width (rotation of the inner disk by approximately

60�). The displacement across the shear zone corresponds to 30

to 40 particle diameters for all investigated samples. In a

configuration where the initial alignment in the shear zone is at

�qa, i.e. after a reversal of the shear direction, the new stationary

state is reached after approximately twice as long time. The mean

orientation angle of the particles follows a path from �qa to qa
that is very similar to eqn (4).

Tracking the time evolution of particle orientations revealed

that almost all particles in orientations |q| > qa reorient in the

same direction. Also, during the transient from the disordered

state nearly all particles reorient in the same sense towards qa.

This is a similarity to nematic liquid crystals. However, for

particles deviating from the alignment angle in the range �qa < q

< qa, both directions of rotation are observed, with a slight excess

to negative _q, in contrast to the nematic director solution, eqn (4).

Summarizing, the dynamics of individual grains as well as the

dynamics of the ensemble average have been investigated

experimentally in a sheared granulate composed of anisometric

particles. We find shear induced orientational order in the shear

zone, and we measure the alignment of the particle long axes.

Many features are similar to the director dynamics in nematic

liquid crystals, even though the underlying physics appears to be

completely different. As in the low molecular mass liquid crys-

tals, the characteristics of the stationary alignment is
This journal is ª The Royal Society of Chemistry 2012
independent of the shear rate. The shear rate only sets the time

scale for the formation of the ordered state.

Differences between the granular system and the molecular

mesophases lie in the nature of the orientational order, which is

induced by agitation in the former system, and a thermodynamic

quantity in the latter. Differences are also found in the dynamics.

The director equations describe qualitatively the evolution of the

shear alignment angle of the granulate, particularly under flow

reversal. The individual particle dynamics of the grains is much

more complex.

The packing density of the elongated particles in the sheared

regions is influenced by two counteracting effects. The classical

dilatancy of granulates under shear which tends to reduce the

packing fraction is partially compensated by the tendency of the

partially ordered cylinders to pack closer. In the sum of both

effects, the dilatancy dominates, the packing fraction decreases

by approximately 12% in the sheared region.
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