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OBSERVATION OF GRAIN MOTION IN THE INTERIOR OF
A PSC TEST SPECIMEN BY LASER-AIDED TOMOGRAPHY

TakasHI MATSUSHIMAD, TAkKAYUKI IsHII™ and Kazuo KONAGATH)

ABSTRACT

This paper presents a Laser-Aided Tomography/plane strain compression (LAT /PSC) testing method, a new PSC
test allowing for a discussion of granular micromechanics with visualized granular fabrics. LAT technique is utilized to
visualize in real time any arbitrary cross-section of a granular specimen. An image processing algorithm, suited for
LAT imageries, was successfully developed to extract irregular perimeters of 3D grains, their fabric, and their motions
(displacements and rotations) caused by loading. This micromechanical information together with the overall behavior
of the granular assemblage, such as stress-strain curves and dilatancy characteristics, are quite useful for validating
various empirical rules and/or numerical simulations, and also for providing new physical insights in this field.

Key words: image analysis, LAT (laser-aided tomography), micromechanics of granular materials, plane strain com-

pression (PSC) test, visualization (IGC: D6)

INTRODUCTION

It has come to be recognized that a granular medium
subjected to a localized deformation exhibits non-local
(or microstructural) effects.. Shear-banding, a typical
example, has been intensively discussed through both
experimental ~and theoretical-studies (Muhlhaus and
Vardoulakis, 1987; Han and Vardoulakis, 1991; Yoshida
et al., 1994). The bearing capacity of ground supporting a
footing can be viewed as a non-local effect of shear bands
formed just beneath the footing edge (Tatsuoka et al.,
1991; Tejchman and Herle, 1999). These examples show
that the interaction between micro-macroscopic features
of a granular material can be found in a variety of
geotechnical problems. This micro-macro interaction
is qualitatively understood as the consequence of the
presence of a granular cluster (micro structure) in the
interior of the entire mass constraining the development
of strain localization, thus causing its overall strength to
be larger. However, for a quantitative conclusion, a
thorough discussion based on precisely observed changes
in a granular fabric is necessary.

Rowe (1962) studied some fundamental aspects of the
micro-macro interactions by using a pile of two dimen-
sional rods; and this was then followed by further exten-
sive studies by such researchers as Drescher and de Jong
(1972), Oda and Konishi (1974), Matsuoka (1974), and
Calvetti et al. (1997). In recent decades numerical
methods for describing discrete particles (Discrete
Element Method (DEM, Cundall and Strack, 1979), for
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example) have been extensively used to pursue grain-to-
grain interactions (Bardet and Proubet, 1991; Rothen-
berg and Bathurst, 1992; Matsuoka and Yamamoto,
1993; Iwashita and Oda, 1998; Matsushima and Konagai
(2001) etc.). These numerical approaches have an advan-
tage in that all the parameters that describe micro-
mechanical features (vectors of grain motions, contact
forces etc.) can be tracked throughout the deforming
process.

For all the merits of such numerical methods, ge-
otechnical professionals are not always satisfied with
numerical results without verification being provided
through experiments, because natural sands and gravels
made up of arbitrarily-shaped grains often behave quite
differently from ideal assemblies of cylinders and/or
spheres. On the other hand, it is possible to say that
conventional experimental methods provide no micro-
mechanical information from the interior of an opaque
specimen.

Some attempts to visualize the interior of a specimen
have been made by several researchers. Oda et al. (1972)
and Oda and Kazama (1998) used resin to solidify a sand
specimen. The specimen was then cut in slices and granu-
lar fabrics in its interior were then observed with a micro-
scope. Allesma (1987, 1994) developed a photoelastic
technique with a laser light to visualize stress distribu-
tions within granular fabrics made up of glass grains.
Konagai et al. (1992) developed a method called ‘‘Laser-
Aided Tomography’’ (LAT). In this method, a specimen
made up of glass grains is optically sliced by a laser-light
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Fig. 1. Crushed glass grains (after grinding)

sheet, which enables us to observe each grain motion
within the cross section. Desrues et al. (1996) and Otani et
al. (2000) succeeded in visualizing 3D void evolutions in a
tri-axial test specimen using an X-ray tomography tech-
nique. Nakagawa et al. (1999) applied MRI techniques to
visualize grains in the interior of their assemblage packed
in a sphere by analyzing the orientations of grains from
detected contact points.

The Physical Slicing Method (Oda et al., 1972; Oda
and Kazama, 1998) has a remarkable advantage in that
we can very clearly observe every grain and void;
however, it does not provide any information regarding
grain motions. Both the X-ray and the MRI methods are
highly advanced methods for medical and industrial uses,
and various supplemental devices and techniques are
commercially available. They, however, allow only in-
direct observations, and their output values need to be
properly transformed into density information.

The methods using a laser require the use of transpar-
ent granular materials immersed in a special liquid with
the same refractive index so that the specimens are totally
transparent. Needless to say, this limitation on materials
is clearly a drawback as compared with other methods for
testing natural sands and gravels. Moreover, LAT re-
quires that two sides of its specimen (Note: The specimen
is box-shaped and there are 6 sides (or surfaces)) must be
made transparent to let a laser light travel through and to
observe the cross section; but, it does have the great ad-
vantage of allowing direct observations of the 3D granu-
lar fabrics in real time. Additionally, contact-force mag-
nitudes can be visualized when the specimen is put in a
polari-scope arrangement (Allesma, 1987, 1994). Matsui
et al. (2001) also showed the potential of this type of
method by visualizing pore water flows.

This paper attempts the quantification of a 3D granular
fabric made up of irregularly-shaped grains using the
LAT technique. A newly developed technique for proc-
essing LAT imageries containing a large number of grains
is described first. Secondly, the latter half of this paper,
describes a special setup for Plane Strain Compression
Tests with the LAT visualization technique implemented
(PSC/LAT setup), and demonstrates that the PSC/LAT
setup allows microscopic views of interior grains (dis-

Liquid with the same
refractive index as

Crushed glass  the glass

Fig. 2. Diagram of laser-aided tomography

Fig. 3. LAT image

placements and rotations) to be quantitatively discussed
in connection with the macroscopic (overall) behavior of
the specimen.

LAT: LASER-AIDED TOMOGRAPHY

A granular model for the LAT test is made up of
crushed optical glass grains (Fig. 1). The model is then
submerged in a mixture of two silicon oils with its refrac-
tive index tuned exactly to that of the glass to make the
model totally transparent and invisible. An intense laser
light sheet then passes through the specimen, illuminating
contours of all grains on the optically cut cross section
(Figs. 2 and 3). Scanning the model with the Laser light
sheet thus allows the 3D image of every grain in the
granular fabric to be visualized.

Crushing glass block is, for the present, the surest
process for producing grains for LAT experiments. The
fresh surface of a broken glass piece is chemically active,
and changes its refractive index slightly from its pre-
crushed state. Glass grains produced through a melting
process often contain entrapped air bubbles, and there-
fore are not suited for LAT experiments.

Crushed glass grains are more angular than natural
sands and gravels (Konagai, 1999), and they are ground
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by a ball-mill to reduce their angularities. Figure 1 shows
the grains after 12 hours of grinding.

Since the refractive index of the liquid for immersion
varies with temperature, it is essential to minimize room
temperature fluctuations.

LAT has mainly been applied to small-scale model tests
such as dynamic slope stability experiments and bearing
capacity tests (Konagai et al., 1992; Konagai et al., 1994;
Matsushima et al., 1996), and has successfully provided
3D images of dynamically changing granular fabrics. The
discussions on LAT 3D imageries, however, have been
rather qualitative because of the lack of an appropriate
image-processing tool. The newly developed algorithm
for the LAT image processing follows hereafter.

LAT IMAGE PROCESSING

Present Edge-Detection Scheme

In LAT experiments, edges of all grains on an optically
cut cross-section appear as bright lines of diffused laser
light. Detecting the grain edges is, however, not easily
done for the following reasons:

(1) Grain shapes in LAT experiments are noticeably
irregular because grains are produced by crushing a
glass block. If each grain shape is simple-and regu-
lar, there are a variety of accurate and-efficient al-
gorithms already available in the field of image proc-
essing.

(2) Since only grain contours are illuminated in LAT, it
is difficult to distinguish grains automatically from
the surrounding voids.

(3) A contour of a grain touches those of neighboring
grains. Therefore, when the contour line is tracked
stepwise, it is very easy to take a wrong path at these
points of contact.

Taking into account these features producing difficul-
ties for LAT imagery, a semi-automatic graphical users
interface (GUI) has been developed, which allows for a
man-computer interactive operation in which an operator
identifies a grain by clicking three points (Points A, B and
C in Fig. 4) so that the line segments AB and AC indicate
the long axis and short axis of the grain, respectively.
Then the edge line is tracked counterclockwise from Half-
line AB. The variation of green laser light intensity with a
radial distance r (Half-line AD in Fig. 4) is given by f(r)
(The argon-ion laser used in the LAT experiments emits
several monochromatic lights by adjusting the orienta-
tion of a built-in prism, with the green light (514.5 A)
being the most intense). In addition to f(r), two weighing
functions, g¢(r) (=rectangular window) and A(r)
(=limiter) are introduced (see Fig. 4).

1 (d-wrsrs(1+wr)
0 (r<(l-—a)ryr=(1+a)r,)

h(ry= {1 O=r=AD)

g(ry= {

where r,, is the mid point of the rectangular g(r) window
opening, which is set at the radial distance detected in the

Fig. 4. Present edge-detection algorithm

previous search, and 2«7, is the opening of the window.
To realize the continuity between the edge points, g(r) is
introduced.

The limiter A(r) decreases linearly at a constant rate of
dh/dr= —p as the radial distance r increases beyond
Point D in Fig. 4, which avoids the tracked edge line
diverging from the ellipse defined by Points A, B and C.

Using these functions, the edge point (Point E in
Fig. 4) along Half-line AD is determined so that AE=r,
where r. satisfies

f(r)-g(r)-h(r) maximum.

Parameters o and f were set at 0.1 and 1.0, respectively,
by trial and error. Though some manual corrections
through GUI are still necessary, the present algorithm al-
lows grain edges to be quickly tracked.

Resolution of the Analysis

Accuracy of the edge detection is greatly affected by the
quality of LAT images. The quality of LAT imagery is
dependent on the sharpness of the laser sheet that optical-
ly cuts the model in half. Since the laser light sheet is
about 0.5 mm to 1.0 mm thick in the present experiment,
grains finer than this thickness cannot be detected. Air
bubbles and dust caught in the model also deteriorate the
quality of the LAT image. Imperfect tuning of the lig-
uid’s refractive index can also cause vague grain images
to be photographed. Despite all the careful manipula-
tions of the above-mentioned conditions, there still
remains a maximum 5% error of edge locations in terms
of radial distances in the following example.

Example of Edge Detection

Glass grains with diameters ranging from 5.0 mm to
10.0 mm were piled loose in a cubic glass vessel (10 cm by
10 cm by 10 cm). Then a laser light sheet cutting through
the model was moved stepwise at every 2 mm interval,
and successive LAT images were photographed. Figure
5(b) shows the edges detected from one of the pho-
tographed LAT imageries (Fig. 5(a)). Both locations and
shapes of grains seem to be detected with sufficient ac-
curacy.

With this digital data, various properties for describing
this granular fabric can be directly calculated. The void
ratio for this particular cross-section (Fig. 5(b)) can be
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Fig. 5. An example of edge detection: (a) an original LAT image, (b) result of edge detection and (c) void ratio calculation
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Fig. 6. 3D grains reconstructed from LAT images: (a) integration of the edges for a 3D grain image and (b) 3D grains intersecting a specific cross

section

easily calculated by counting the pixels included in the
voids, and is found to be 0.728.

Stacking up the cross-sections with the detected edge of
a particular grain, a 3D image of the grain is obtained as
shown in Fig. 6(a). Applying this process to all other
grains that intersect a specific cross section, the 3D image
of the granular fabric appears as shown in Fig. 6(b).

3D grain shape parameters can be obtained as follows.
The primary principal axis, @, is obtained by searching
for a pair of points on the grain surface which makes the
distance between these two the longest (Fig. 6(a)). The
secondary principal axis, b, is then obtained by searching
for pairs of those points furthest from each other in all
cross-sections orthogonal to the primary long axis a.
Finally the third axis, ¢, which is orthogonal to both a
and b, is obtained (Fig. 7(a)). Figure 7(b) shows the
spatial distribution of @ and b for all the grains shown in
Fig. 6(b). It is noted that most of the secondary principal
axes b fall in the range of the diagonal openings of the
sieves (54/ 2 to lOﬁ mm). Figure 7(c) shows the spatial
orientations of the longest axes a.

LAT/PSC TEST

As has been mentioned, it is essential in the study of
mechanical features of a granular assemblage that due at-
tention is paid to both microscopic behaviors (grain-to-
grain interactions) and macroscopic features. For this, a
Plane Strain Compression (PSC) testing apparatus with a
supplement for LAT visualization was set up as shown in
Figs. 8 and 9. The setup is a very simple assembly of mini-
mum essentials. Without a pressure cell, the confining
pressure is provided by vacuuming the specimen. A trans-
parent acrylic pedestal was put at the bottom end of the
specimen so that the laser light sheet can travel up
through the model from the bottom. The front side of the
specimen must be made transparent to observe the in-
terior of the specimen. Since a completely transparent
membrane that can stretch and contain angular grains is
not commercially available as an industrial product, one
side of the rubber membrane covering the specimen was
cut open in a rectangular fashion, and the four sides of
the opening were pinched in between two acrylic plates,
the inner plate contacting the grains directly. However,
this setup causes a relatively large friction to be induced
between the grains and the inner acrylic plate, thus dis-
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a and b and (c) spatial distribution of a

Mirror

LAT/PSC apparatus

Fig. 8.

turbing stress distribution near the plate. This problem
was not solved in the present experiment, but replacing
the acrylic plate with a very hard glass plate may improve
the situation.

A dense specimen (H20cmXDI16 cm X W8 cm) was
prepared by pluviating poorly-graded grains (Ds=
7.3 mm) through air. After letting CO, gas permeate
through the specimen for hours, the mixture of two
silicon oils used for immersion gradually percolated up
through the specimen. Then axial strain was given at a
steady rate of 0.228% /min under the constant confining
pressure of 78 kPa=0.8 kgf/cm?. The subsequent testing
procedured used followed the example specified by
Tatsuoka et al. (1994).

y (mm)

"’“”‘T‘"&1
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Statistics of grain shape and the orientation of grains obtained by LAT image analysis: (a) the axes a, b and ¢ of a grain, (b) distribution of

acrylic plates for specimen
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\
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observe comes in

the cross section
from this side

Fig. 9. Diagram of LAT/PSC system

TEST RESULTS AND DISCUSSION

Macro Behavior

Figures 10(a) and (b) show the overall deviator stress
vs. axial strain, and volumetric strain vs. axial strain
relationships, respectively, from a drained compression
test. The stress-strain curve is very jaggy, which often
happens when grains are not sufficiently small in com-
parison with the dimensions of a specimen. The peak fric-
tion angle ¢ Of 56 degrees was reached for this very an-
gular granular assemblage, and the maximum dilatancy
angle, Vqmax, Of about 22-23 degree was also very high. It
is however noted that the measure of inter-particle fric-
tion, ¢peak — Va.max, Was about 33-34 degree, and is com-
parable with that of a natural sand (Tatsuoka et al., 1994;
Yoshida, 1994).
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Fig. 10. Global response of LAT /PSC test: (a) stress-strain relationship and (b) dilatancy relation
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Fig. 11. Contours of representative grains: (a) LAT image, (b) initial state and (c) residual state

Grain Motion

Figure 11(a) shows a LAT image photographed from
the front side of the specimen before axial load was ap-
plied. The laser light sheet cut the specimen at about 3 cm
behind its front surface. A total of 46 grains were taken
as targets (Fig. 11(b)), and their shapes and motions were
tracked using the above-mentioned image-processing
technique. Figure 11(c) shows the target grains remaining
on the laser light sheet when a macro axial strain of
10.3% was reached. The fact that all target grains
remained on the same plane at the same depth indicates
that the grains did not move a lot in the o, direction of the
specimen. Taking this fact into account, the following
discussion is based on the images from this particular
cross-section, ignoring out-of-the plane motions and as-
sociated rotations.

Figure 12(a) shows the displacements of the grains’
centroids, major axes and rotations obtained from
Figs. 11(b) and (c). The target grains rotate remarkably.
The more upper the grains are located, the larger the rota-
tion angles. From the displacements of the grains cen-
troids, deformation of the cross-section was calculated
(Fig. 12(b)). In this calculation the nearest six grains are
taken to adjust coefficients of a polynomial for describing
the induced displacement field in the least square sense.
The calculated shape of the deformed specimen seems to
agree well with its photographed shape (Fig. 12(c)).

It is noted that the displacement field obtained here is
considered as a macro kinematic field. The Mindlin’s
micro-structured continuum (Mindlin, 1964) requires
additional kinematic variables that describe the micro-
rotational term as well as the micro-stretching term. The
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Fig. 12. Deformation of specimen: (a) displacement and rotations of the grains, (b) deformation pattern calculated from (a) and (c) deformed
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Fig. 13. Strain distributions: (a) maximum shear strain, (b) volumetric strain and (c) direction of maximum shear strain

former is interpreted as the rotation of a grain in a granu-
lar fabric, while the latter describes the deformation of
the grain. However, the latter is often ignored (Muhlhaus
and Vardoulakis, 1987; Chang and Ma, 1991) because'its
effect is less important than the grain’s rotation.

Local Strain Field

From the observed displacement field, spatial distribu-
tion of strain is directly calculated. Figures 13(a) and (b)
show distributions of the maximum shear and volumetric
strains, ymax and &,, respectively, and Fig. 13(c) shows the
directions of maximum shear strains at all nodes. It is
recognized from these figures that a narrow band of local-

ized strain slants diagonally downward-to-the-right and
dies out as it goes further down. Figure 14 shows the
relationship between yn.x and &, at all nodal points
together with the overall relationship (solid line in
Fig. 14). Though the points scatter remarkably, their
regression curve, the third-order polynomial through
these points, agrees well with the overall relationship be-
fore the peak strength is reached (ymax<0.2). Note that
the strain is considered to be uniformly distributed, and
thus the overall relationship reflects the microscopic
relationship before the shear band develops.

Relation between Grain Rotation and Continuum Rota-
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tion

The role of grain rotation in a granular fabric is still a
controversial problem. When spherical grains with no
surface friction are packed together, each grain’s rotation
has no effect on the overall behavior. As for a real granu-
lar material, however, the rotation of a grain is transmit-
ted to the surrounding grains, and its effect has been dis-
cussed in contrast to continuum rotation. Actually, the
gradient of rotation is an important key parameter in the
Cosserat continuum (Muhlhaus and Vardoulakis, 1987;
Bardet and Proubet, 1991). However conventional ex-
perimental methods offer little potential for observing
grain rotations in the interior of a 3D granular assembly,
and only a few numerical and experimental studies on 2D
models have dealt with this problem. Bardet and Proubet
(1991) conducted a DEM simulation of a 2D biaxial load-
ing test and compared grain rotations within a shear band
with the corresponding rotations of the continuum. Their
result showed that grains in the shear band rotated about
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Fig. 14. Relation between maximum shear strain and volumetric
strain
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twice as much as the corresponding rotation in the con-
tinuum. Calvetti et al. (1997) conducted a series of experi-
ments with circular rods, and observed that the average
grain rotations in pure compression and simple shear are
very close to the continuum rotation, excluding those
cases under more complicated loadings.

By virtue of the LAT potential for visualizing 3D
granular fabric, the spatial distribution of grain rotation,
8:=0s(x, y) was calculated from the visualized major
axes of the grains (Fig. 12(a)) and is shown in Fig. 15(a);
Fig. 15(b) contrasts the corresponding rotations, fc, in
the continuum calculated from the following rigid rota-
tion tensor R (for examples see Bardet and Proubet,

1991):
cos 6 in 6,
R=[ A CJ=V‘1F
—sin B¢ cos B¢

where ¥ is the left stretch tensor (symmetric) and F is the
(macro) deformation gradient. It is worth emphasizing
that this continuum rotation was calculated only from the
displacements of the grain centroids, and does not in-
clude the information of grain rotations.

In general, distributions of both 6 and 6 exhibit a
similar pattern in which negative values (clockwise rota-
tions) appear mostly in the zones of localized strain.
However, the grain rotations are much bigger than the
continuum rotations. For further, more extensive discus-
sions, this result will have to await comparisons with the
authors’ experiments on some smaller grains.

3D Grain Motion in PSC Test Specimen

It is worth demonstrating that even under the plane
strain condition realized in the PSC test, grains can move
in all 6 degrees of freedom. Figure 16 shows an example
of the pre and post-loading locations and orientations of
some target grains, among others.
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Fig. 15. Distribution of grain rotation and continuum rotation: (a) grain rotation 6; (deg.) and (b) continuum rotation 6. (deg.)
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Fig. 16.

CONCLUSIONS AND REMAINING TECHNICAL
PROBLEMS

This paper demonstrated that the present LAT/PSC
testing method offers the potential for discussing micro
and macro mechanics of granular structures with visual-
ized 3D images of granular fabrics. Though the method
limits the grains for the experiment to completely
homogeneous and transparent ones, the visualized LAT
imagery allows both the 3D shapes of grains and their
motions in 6 degrees of freedom to be thoroughly ana-
lyzed, which the great advantage featured in this method
in contrast to existing visualization techniques. However,
the following points should be improved for more credi-
ble results:

(1) Sharpness of LAT imageries
The accuracy of the image processing of 3D granular
fabrics depends strongly upon the quality of the
photographed LAT imageries. This problem
becomes more serious as the grain size decreases.
There are two major causes for deterioration of the
photo quality in the LAT/PSC tests: tiny entrapped
air bubbles and imperfect tuning of the liquid’s
refractive index to that of the glass grains. The
former can be greatly improved by using a pressure
cell so that larger negative pressure can be applied to
the specimen to suck the bubbles out of the specimen
before loading. The latter problem depends upon
various details for the tuning processes, but strict
control of the room temperature will certainly help
to improve it.

(2) Grain-edge detection algorithm
As already described, the present algorithm is not
completely automatic, and requires some manual,
by eye, corrections. This procedure requires a lot of
time and effort as the number of grains increases,
and errors may not stay within acceptable toler-
ances. Development of a fully automatic algorithm
based on more advanced technology is thus in-
dispensable for more efficient image-processing.

(3) Production of glass grains
Crushed glass grains have very angular shapes as
contrasted with natural sands and gravels. Though
grinding the glass grains in a ball-mill improves their
shapes, it does not to a satisfactory extent. Thus,

3D grain rotation inside PSC specimen

some more efficient ways have to be realized.

(4) Friction between glass grains and the acrylic window
panel (g>-plane)
Since the glass grains are harder than the acrylic
window panel, angular glass grains scratch the plate
causing friction on the interface to be remarkably
increased. To minimize this effect, the acrylic win-
dow panel can be replaced with a hard glass plate,
and some lubricant used.
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