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Radiographic and microscopic observation of shear bands in granular
materials
S . N E M AT- NA S S E R  a n d N. O K A DA y
La localisation du cisaillement dans les mateÂriaux granulaires s'eÂtudie au moyen de la radiographie et de la microscopie. De ®nes colonnes et rangeÂes (ou lignes) de granules
de silicate de plomb de couleurs distinctes sont enfouies dans
un grand speÂcimen cylindrique creux de matieÁres granulaires ; on prend alors une seÂrie de photos aux rayons X
pour capturer la reÂponse micromeÂcanique locale pendant la
deÂformation de cisaillement, dans les essais draineÂs et non
draineÂs. Dans les essais draineÂs, la localisation du cisaillement produit par une deÂformation monotone du speÂcimen,
est observeÂe. Dans les essais non draineÂs, on examine la
deÂformation locale de la masse granulaire pendant la liqueÂfaction, deÂformation provoqueÂe par cisaillement cyclique. On
observe directement que la localisation se produit en fait
dans les speÂcimens liqueÂ®eÂs. Une fois la formation de bandes
de cisaillement dans les essais draineÂs, le speÂcimen est
congeleÂ in situ. Ensuite, des eÂchantillons sont preÂleveÂs dans
le speÂcimen congeleÂ et la glace est remplaceÂe par une reÂsine
polymeÂrique, en utilisant une technique novatrice. La portion de l'eÂchantillon contenant une bande de cisaillement et
une section cisailleÂe d'une colonne de granules de silicate de
plomb est deÂcoupeÂe au moyen d'une scie diamanteÂe le long
de la colonne de granules de plomb ; la surface obtenue est
alors polie a®n de permettre l'observation directe de
l'agencement des particules dans la bande de cisaillement et
de mesurer la deÂformation correspondante. Les granules de
silicate de plomb tracent le contour de la zone localiseÂe et
montrent le motif de deÂformation dans la zone localiseÂe et
dans ses environs. La deÂformation de cisaillement au milieu
de la bande de cisaillement deÂpasse 500% bien que la
deÂformation nominale ne soit que de 10%. La localisation
s'accompagne d'une striction consideÂrable. En nous basant
sur ces expeÂriences, nous avons quanti®eÂ la deÂformation de
la zone de bande de cisaillement.

Shear localisation in granular materials has been studied
radiographically and microscopically. Thin columns and
rows (lines) of lead silicate granules of distinct colour were
embedded in a large hollow cylindrical specimen of granular
materials, and a series of X-ray photographs were taken to
capture the local micromechanical response during shear
deformation, in both drained and undrained experiments. In
drained tests, shear localisation, produced by monotonic
deformation of the specimen, was directly observed. In
undrained tests, the local deformation of the granular mass
during liquefaction, induced by cyclic shearing, was examined. It was directly observed that shear localisation does
occur in lique®ed specimens. After shear bands were formed
in drained tests, the specimen was frozen in situ. Later,
samples were cut from the frozen large specimen, and their
ice was replaced by a polymer resin, using a novel technique.
The portion of the sample containing a shear band and a
sheared section of a column of lead silicate granules was cut
by a diamond saw along the column of lead granules, and
the cut surface was polished in order to directly observe the
arrangement of the particles within the shear band and
measure the corresponding deformation. The lead silicate
granules trace the localised zone, and provide details of the
deformation pattern within and close to the localised zone.
The shear strain at the middle of the shear band zone
exceeds 500% although the overall nominal shear strain is
only 10%. The localisation is accompanied by extensive
necking. Based on these experiments, the deformation of the
shear band zone is quanti®ed.
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localised deformation at relatively small overall strains is common to most (if not all) frictional materials, such as clays. This
has been studied by Saada et al. (1994) using hollow cylindrical
specimens of clays. These authors conclude that, even in an
undrained condition, clays are `essentially frictional materials'.]
Pressure sensitivity, dilatancy and shear strain localisation are
integral parts of the mechanical response of masses of frictional
granules. The relations between the shear band orientation and
thickness, and the internal friction and dilatancy have been the
subject of several investigations: see, for example, Roscoe
(1970), Vardoulakis et al. (1978), Vardoulakis (1980), Scarpelli
& Wood (1982), Molenkamp (1985), Muhlhaus & Vardoulakis
(1987), Kolymbas & Rombach (1989), Tatsuoka et al. (1990),
and Vardoulakis (1996).
Although considerable insight has been provided by these
various efforts, direct observation of the shear band formation
and its microstructure, under controlled conditions, can provide
further fundamental ingredients necessary for the physically
based micromechanical modelling of the response of this class
of materials in general, and of their shear banding phenomenon
in particular. This paper presents the results of some novel
experimental observations of shear strain localisation in saturated frictional granules under drained and undrained conditions.
Columns of lead silicate granules of distinct colour were
embedded within the thin wall of a large hollow cylindrical
specimen. The deformation of these columns was radiographi-

INTRODUCTION

Consider cohesionless granular materials, such as sands, which
support the applied loads at the individual grain level by contact
friction. We refer to masses of such materials as frictional
granules. Under small con®ning pressures (less than a few
hundred kPa), frictional granular masses, which consist of
relatively hard grains, deform essentially by rolling and frictional sliding of the granules relative to one another. The
shearing deformation of materials of this kind is always accompanied by volumetric strain, referred to as dilatancy, which may
be positive (contraction) or negative (expansion). (In geotechnical convention, contraction is positive.) Monotonic shearing of a
specimen of this material under a con®ning pressure invariably
produces shear strain localisation, or shear bands, where the
overall sample deformation is accommodated to a large extent
through localised shearing within narrow bands. [The present
work is focused on shear banding in cohesionless frictional
granules, which occurs at rather small overall strains. However,
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cally recorded during the course of shearing deformation of
the specimen under a constant con®ning pressure. Upon the
completion of a loading history, the water-saturated large
cylindrical specimen containing shear bands was frozen in situ.
Samples were cut from this frozen cylindrical specimen, the ice
in the cut samples was replaced by a polymeric resin (using a
novel technique), and the structure of the shear bands was
studied by optical microscopy and other analytical techniques.
Radiography has been widely used to investigate the internal
structure of materials since the discovery of X-rays in 1895 by
Roentgen. Various investigators have applied this method to
study aspects of the response of particulates: see Bergfelt
(1956), Roscoe et al. (1963), Arthur et al. (1964), Kirkpatrick
& Belshaw (1968), Krinitzsky (1970), Balasubramaniam (1976),
and Scarpelli & Wood (1982). Notwithstanding these investigations, the method has not been exploited to its full potential
because of the following dif®culties. In a conventional triaxial
apparatus, the specimen is placed in a pressurised, water-®lled
chamber, which requires that the X-ray ®lm be placed outside
the chamber. The resulting distance between the ®lm and the
embedded lead shot in the specimen reduces the resolution of
the radiographs. For a dry specimen the chamber need not be
used; instead, the air in the sample may be evacuated to
produce the required con®nement. In this approach, however,
the volumetric strain cannot be measured. In addition, in thickwalled specimens, the X-ray penetration is hindered, and the
resulting scattered radiation in the specimen reduces the de®nition of the radiographs. Therefore relatively large-sized lead
shot (compared with the size of the granules) must be employed. This affects the material response, and may lead to
unreliable results.
To overcome the above-mentioned problems, a large hollow
cylindrical specimen of sand with a thin wall is used in the
present work. The X-ray ®lms are suitably placed inside the
hollow cylindrical specimen. This set-up minimises the distance
from ®lm to object, thus improving the sharpness of the radiographs without in¯uencing the deformation of the specimen.
Several stages of shear deformation are then captured on a
single ®lm through a narrow window, which is provided in order
to expose only a limited portion of the ®lm to the X-ray. The
position of the ®lm relative to the narrow window is controlled
by a computer-controlled stepping motor placed in the chamber,
again without affecting the sample deformation. The radiographs
are processed and the movements of the columns of lead silicate
granules embedded in the specimen are studied.
One of our aims has been to observe directly the structure of
the shear band zone through optical microscopy. Thus the specimen containing shear bands must be solidi®ed. Oda (1972)
made a pioneering study in this area, using a low-viscosity resin
in the mould to solidify the tested specimens. He then produced
thin sections of the solidi®ed sand specimen for optical microscopy. Since our specimens are considerably larger than those
used by Oda, his method does not work in the present case.
Therefore we have developed a new method for specimen
solidi®cation. To remove the deformed specimen without any
disturbance, the entire water-saturated deformed sand cylinder
(containing shear bands) is ®rst frozen under load in situ
immediately after the experiment is completed. Subsequently
the ice in the frozen cut sections of the cylinder is replaced by
a polymer resin, using a special technique (see the section on
microscopic observation). A large sample containing a shear
band and a deformed column of lead granules is then cut with
a diamond saw from the resin-solidi®ed sample, and the cut
surfaces are polished with diamond powder. This procedure
leaves the microstructure of the deformed sample intact. Sections can then be cut from a relatively large solidi®ed part to
observe the microstructure. The portion of the shear band that
contains a deformed column of lead silicate granules is studied
in great detail. The variation of the shear strain in the shear
band zone is quanti®ed. The results indicate that the shear strain
can exceed 500% at the centre of the shear band zone, for an
overall (nominal) shearing of about 10%. Since, in the present
experiments, the shear strain localisation occurs in a thin-walled

cylinder of sand, the shear band zone undergoes extensive
necking, which is a common mode of localised deformation in
thin-walled specimens, even in thin metal sheets: see for
example Nadai (1950, p. 320). In the present case, the necking
accommodates the dilatancy, and the ®nal density within the
necked shear band zone is almost the same as the overall
density of the specimen.
RADIOGRAPHIC OBSERVATION

Triaxial torsion apparatus
The specimen is a large hollow cylinder, 25 cm high, with
inner and outer diameters of 20 cm and 25 cm respectively. This
geometry provides enough space inside the hollow cylindrical
specimen to house the X-ray ®lm and related equipment, without any interference with the specimen deformation. Since the
specimen is only 2´5 cm thick, clear radiographs are obtained.
The geometry of the specimen is such that, in torsion, the shear
stress remains (approximately) homogeneous throughout the
thickness of the specimen; see Hight et al. (1983). The specimen is supported by a triaxial load frame (see Fig. 1). The axial
and torsional deformations are controlled by an MTS servohydraulic loading system; for further discussion of this and
related points, see Okada & Nemat-Nasser (1994).
Lead silicate granules and specimen preparation
Tribasic lead silicate granules with high lead oxide content
(92% of PbO and 8% of SiO2, provided by Hammon Lead
Products, Inc.) are used. The hardness of this material is nearly
the same as that of the sand particles, and its speci®c gravity is
7´510. In the 150 kV range of the X-ray, X-ray absorption by
lead is more than 100 times greater than that by silica
(American Society for Nondestructive Testing, 1985).
Thin columns and rows (lines) of lead silicate granules are
embedded in the thin wall of the cylindrical specimen of sand.
Moist (5% water content) sand is ®rst prepared. Then, 3´2 mm
(1/8 in) rectangular bars are placed at the centre of the specimen wall (about 11´25 cm from the centre of the cylinder).
Horizontal thin layers of lead silicate granules are also embedded at certain heights in the specimen. After ®lling up the
annulus cylinder with sand, the rectangular bars are slowly
removed from the moist specimen, without disturbing the
sample. Dry lead silicate granules are then carefully poured in
to ®ll the resulting rectangular holes, forming columns of lead
silicate granules embedded within the sand in the wall of the
2´5 cm thick hollow cylindrical specimen.
The rodding method is used to prepare the specimen. This
method has been adopted in the soil mechanics community for
preparation of samples with consistent and repeatable initial
packing conditions. The method consists of pouring a layer of
sand approximately 2 cm deep into the mould and then inserting
a rod into the last layer approximately 1±1´5 cm deep. The rod
is moved around the circumference of the sand in an up-anddown motion for two or three revolutions. This procedure is
continued until the mould is ®lled. Samples with various void
ratios can be produced by this method, as has been discussed in
Okada & Nemat-Nasser (1994), where, in addition, the experimental facilities used and the basic set-up are described in some
detail. The sample is within a plexiglass chamber mounted in a
triaxial load frame, which is then loaded into the MTS load
frame and secured in place, as explained in our previous work.
The specimen is then water saturated, using CO2 circulation and
de-aired water circulation techniques, with back pressure. The
last step of specimen preparation is to increase the effective
pressure. Finally, the specimen is left undisturbed in this ®nal
condition, to consolidate isotropically.
Special arrangement for radiography
The test cell is a large cylindrical plexiglass chamber, within
which the hollow cylindrical specimen is placed. Fig. 2 is a
horizontal cross section of the test cell, which contains the
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Fig. 1. Triaxial load frame

specimen and other attachments that are discussed in what
follows. The ®gure shows, from the cell centre out, the supporting rod, the plexiglass tube with attached ®lm, two 1 mm lead
foils, the hollow cylindrical specimen containing lead silicate
granules, two 5 mm lead plates, and a plastic box containing
air. The plexiglass tube that carries the X-ray ®lm is housed
within the hollow specimen. A narrow window (used for radiography) is provided by two lead foils attached to the plexiglass
ahead of the ®lm, and two lead plates placed in front of the
plexiglass tube. This construction makes it possible to obtain a
clear image on the X-ray ®lm, since it minimises the ®lm-toobject distance by placing the X-ray ®lm inside the hollow
cylindrical specimen, with the X-ray source only 45 cm away
from the ®lm. The two 1 mm lead foils in front of the ®lm
expose only a limited area of the ®lm; see Fig. 3. The spacing
of the foils can be adjusted to suit the experimental requirements, since a wider space is needed for larger deformations.
The two thick lead plates with adjustable spacing, in front of

the specimen, allow X-ray penetration only through the window
provided by the two lead foils. A lead foil is also placed behind
the ®lm in order to absorb the X-rays passing through the ®lm
and the plexiglass tube. Because the chamber in Fig. 2 is ®lled
with water during the experiment, the hollow plastic box between the specimen and the chamber wall replaces the water
between the ®lm and the X-ray source, improving the sharpness
of the X-ray photos, without interfering with the water pressure
on the specimen.
The ®lms (the negatives attached to ¯uorescent screens) are
attached to the outer surface of the plexiglass tube [outer
diameter 18´4 cm (7´25 in) and height 38´1 cm (15 in)], and then
the plexiglass tube with ®lm is lapped with a rubber membrane
and sealed by silicon grease and O-rings to keep the ®lms dry
in the water-®lled chamber. A plastic plate containing one
vertical position marker and several horizontal position markers
1 cm apart (lines containing lead) is placed in front of the ®lm,
providing the reference position on each exposure.
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Fig. 2. Horizontal cross section of the test cell containing the specimen and other indicated attachments

(Vexta stepping motor made by Oriental Motor Co. Ltd) that
controls the position of the ®lms in the chamber. The motor is
controlled by a CY545 stepper system controller (made by
Cybernetic Micro System, Inc.), and can be operated at either
200 steps (1´88 per step) or 400 steps (0´98 per step) per
revolution. The mode, the number of steps, the speed and the
direction of rotation are all computer controlled. The entire unit
is placed inside the hollow cylindrical specimen, and is attached
to the bottom plate of the triaxial apparatus by screws, without
affecting the other aspects of the experiments, which are
identical with those in our previous work; see Okada & NematNasser (1994) for details.

Fig. 3. Plexiglass tube with attached ®lm lapped by membrane,
inside the hollow cylindrical specimen

The plexiglass tube (with attached ®lms) rests on a Te¯on
sheet placed on a ring-shaped base, to reduce the friction
between the tube and the base (see Fig. 4). There are three spur
gears on this ring-shaped base. They match the internal gears
placed on the lower part of the plexiglass tube, holding the tube
in place.
One of the spur gears is connected to the stepping motor

Flash X-ray system, ®lm, and ¯uorescent screen
The Model 43731A ¯ash X-ray system made by Hewlett
Packard is used for the X-ray source. The system, shown in Fig.
2, provides a 70 ns `burst' of 150 kV X-rays. The dose at
20 cm/exposure is 40 mR.
The radiographic ®lm used in this study is a Polaroid instant
®lm Type TPX that produces a positive image on a transparent
sheet 20 cm by 25 cm (8 in by 10 in). Type TPX ®lm consists
of negatives (each in a light-tight envelope) and positive sheets
(each with a pod of processing chemicals attached). The ®lm is
loaded in a Polaroid 8 by 10 radiographic ®lm cassette, and is
processed. A ¯uorescent intensifying screen is attached to the
®lm to reduce the required exposure time. This screen has the
ability to absorb X-rays and immediately emit light, reducing
the exposure time ®fty-fold.
In total darkness, the ¯uorescent screen is inserted into the
envelope containing the ®lm and is attached to the negative,
producing a ¯exible composite to be attached to the outer
surface of the plexiglass tube. To obtain a good image, ®rm
contact between the negative and the ¯uorescent screen is
necessary. This contact is provided by the pressure in the
experimental chamber, which is 392 kN=m2 during the experiment.
The number of exposures depends on the ®lm size and the
window width provided by the lead foils. For a 4 cm (1´6 in)
window, ®ve exposures are possible on an 8 by 10 ®lm, and
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with two ®lms attached to the plexiglass tube, 10 exposures are
obtained.
Experiment and ®lm processing
The initial positions of the lead silicate granules in the sand
specimen de®ne the reference con®guration prior to loading.
First, the plexiglass tube is rotated by the computer-controlled
stepping motor to bring the unexposed ®lm in line with the Xray tube head. Second, the specimen is deformed to a desired
state, and the radiograph is taken. This procedure is then
repeated.
After the experiment, the equipment is disassembled. The
®lm is removed from the plexiglass and loaded into the radiographic ®lm cassette for processing. The envelope and ¯uorescent screen are now removed from the radiographic ®lm
cassette, with the ®lm remaining in the cassette, where it is
processed.
To study the structure of the shear band, the water-saturated
specimen containing shear bands is frozen by dry ice. In this
way the specimen can be removed from the apparatus without
any disturbance. The procedure is as follows. First, the specimen is saturated with water. Then, the shearing is applied to the
specimen under drained conditions. The X-ray photos are taken
at each stage of deformation. After the shear band has appeared
in the specimen, the shearing is stopped while the residual shear
strain is held ®xed. The con®ning pressure is reduced to
48 kN=m2 and then the back pressure is removed. After clamping the central rod, the remaining con®ning pressure is released
while the sample is being evacuated to maintain the same
equivalent pressure on the sand particles. The specimen is then
covered from outside by about 10 kg of paper-wrapped dry ice.
The specimen freezes in about 1 hour. Finally, the frozen
specimen is stored in a freezer.

Drained test results
Shear localisation is a dominant mode of failure in granular
media. With the aid of the X-ray and sample-solidi®cation
techniques discussed in the preceding sections, we have studied
the shear localisation phenomenon in granular media, using
drained tests. Shear band formation is directly observed by
monotonic shearing of the specimen under a constant con®ning
pressure. This is discussed in the present section, and the shear
band structure is examined in the section on microscopic
observation.
Two types of sand, Silica No. 60 and Monterey No. 0, are
used in order to examine the particle-size effect on shear
localisation. The particle-size distribution curves of both sands
are shown in Fig. 5. The mean particle diameters of Silica No.
60 and Monterey No. 0 are 220 ìm and 480 ìm respectively.
For Silica No. 60, the minimum and maximum void ratios are
0´631 and 1´095 respectively. For Monterey No. 0, the minimum
and maximum void ratios are 0´550 and 0´839 respectively. The
speci®c gravities of Silica No. 60 and Monterey No. 0 are
2´645 and 2´642 respectively.
The hollow cylindrical specimen of sand containing columns
and rows of lead silicate granules is isotropically consolidated
under 294 kN=m2 effective pressure. Under drained conditions,
the shear strain is controlled and is monotonically increased
with a constant strain rate of 0´1% per min. The relations
between the shear stress and shear strain and between the shear
strain and volumetric strain of Silica No. 60 are shown in Figs
6 and 7. The corresponding relations for Monterey No. 0 sand
are shown in Figs 8 and 9. It takes approximately 3 mins to
take the X-ray photo in each stage. The shearing is therefore
temporarily stopped. This causes a certain stress relaxation, as
seen in the stress±strain relation of Figs 6 and 8.
A total of nine stages of deformation are captured by two Xray ®lms in one experiment: 0% overall shear strain (the
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undeformed stage), and 2%, 4%, 5%, 6%, 7%, 8%, 9% and
10% overall shear strains.
The radiographs for Silica No. 60 specimen are shown in
Fig. 10. Stage 1 is the image of the undeformed specimen. In
this radiograph, one column and three rows of lead silicate
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Fig. 9. Relation between volumetric strain and shear strain for
Monterey No. 0

granules are captured. The second column, embedded 2 cm to
the left of the ®rst column, is out of range in this stage and
does not appear on the photo. As can be seen, the lead position
markers, placed just in front of the ®lm, are clearly captured on
the radiographs. These position markers on the radiograph are
used to analyse the movement of the lead silicate columns.
There are two numerals, 1 and 2, seen on the radiographs.
These are the lead position markers indicating the 10 cm and
20 cm height of the specimen respectively.
Stage 2 is associated with 2% overall shear strain. It is seen
that the ®rst column of lead silicate granules has started to tilt.
The second column of lead silicate granules is seen on the
upper left corner. A distinct non-uniformity can be detected
from this radiograph, suggesting a potential for the inception of
a kink in the lead silicate column. While no clear shear band is
detected up to stage 3 (associated with 4% overall shear strain),
the observed non-uniformity eventually develops into a shear
localisation within the sample, as is seen in stage 4 and then
more clearly in stage 6 (associated with 7% nominal shear
strain of the sample). In stage 6 the shear strain is localised in
two different locations, at the top and in the middle. In stage 9,
with the corresponding 10% nominal shear strain, shear localisation is clearly observed. The lead silicate columns are kinked
at three different locations.
The radiographs for Monterey No. 0 specimen are shown in
Fig. 11. In stage 1, the undeformed stage, two columns and
three rows of lead silicate granules are clearly seen. At stage 3
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Fig. 10. Series of radiographs for Silica No. 60

Fig. 11. Series of radiographs for Monterey No. 0

(associated with 4% overall nominal shear stain) there is no
distinct shear localisation, although some non-uniformity can be
detected along the lead silicate columns. However, after stage 4
(associated with 5% overall shear strain) the shear localisation
is observed in the ®gure at a point between 12 cm and 13 cm of
the specimen height. In stage 7, with 8% nominal strain, the
shear localisation is clearly seen.
The displacements in each stage are measured from the Xray photographs. For Monterey No. 0 this is shown in Fig. 12.

It is seen that, up to 4% overall nominal shear strain, there is
no pronounced localisation, just some non-uniformity and a hint
of localisation at the top of the sample, which interestingly
enough seems to recover with continued shearing, as is evident
in the ®gure for 10% overall strain. However, at 5% overall
nominal shear strain, the shear localisation is apparent at a
location between 12 cm and 13 cm specimen height in the
®gure. This is clearly seen in Fig. 12, where the displacements
after 6% nominal shear strain are accommodated mostly by the
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deformation of the shear band zone between 12 cm and 13 cm
specimen height, and the remaining part of the specimen has a
signi®cantly smaller strain.
It is clearly seen from Figs 10 and 11 that the shear band in
Monterey No. 0 is wider than that in Silica No. 60, 7´0 mm
compared with 2´5 mm. The mean particle diameters of Monterey No. 0 and Silica No. 60 are 0´48 mm and 0´22 mm respectively. Therefore the mean particle diameter affects the shear
band width, which is approximately 10 to 15 times as large as
the mean particle diameter, an observation that has also been
made by Roscoe (1970), Scarpelli & Wood (1982), Muhlhaus &
Vardoulakis (1987) and Tatsuoka et al. (1990).
Undrained test results
The aim is to produce liquefaction in undrained specimens
by cyclic shearing, and to observe directly whether or not shear
bands can form within a cycle of shearing of a lique®ed sample.
For these undrained tests, Silica No. 60 sand is used. A loose
specimen with a void ratio of 0´852 is prepared. Two columns
and three rows of lead silicate granules are embedded in the
specimen. The specimen is isotropically consolidated under
196 kN=m2 effective pressure, where the back pressure is
196 kN=m2 . A stress amplitude of 39:3 kN=m2 is used, with a
period of 2 mins per cycle. The relations between shear stress
and mean effective pressure, and between shear stress and shear
strain, are shown in Figs 13 and 14.
A total of six stages of deformation, including the undeformed stage, are captured by two radiographs. These stages are
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marked in Fig. 14, and the images of the corresponding radiographs are shown in Fig. 15.
Stage 1 is the image of the undeformed specimen. It is seen
that two vertical lines and three horizontal lines of lead silicate granules are captured by the X-ray. Stage 2 corresponds
to the overall shear strain: ±9´65% with a shear stress of
39:3 kN=m2 . The specimen has lost a signi®cant amount of
effective pressure at this stage. This is later recovered to
66:2 kN=m2 as the shear stress is increased. The vertical
column of lead silicates is wavy in stage 2, but shear localisation is not observed, in spite of the large shear deformation.
Large strains occur in lique®ed granular masses. Under a low
con®ning pressure, a granular mass may undergo large strains
before shear strain localisation. This is illustrated by the large
shear strain in stage 2, which occurs at a low effective pressure.
In stage 3 the specimen has been unloaded to zero shear stress,
with the shear strain remaining at 2´54%. Stage 4 corresponds
to an overall shear strain of 5´68%. Stage 5 corresponds to an
overall shear strain of 9´89% where the mean effective pressure
is 28:0 kN=m2 . The deformation is relatively homogeneous, and
shear localisation is not observed at this stage. Stage 6 corresponds to an overall shear strain of 12´6%, where the effective
pressure is now increased to 56:2 kN=m2 . Shear localisation is
observed at this stage. This suggests that the shear localisation
occurs after the granular mass has recovered its effective
pressure, within a terminal cycle of shearing. The experiment
demonstrates that strain localisation does indeed occur in a
lique®ed granular mass under cyclic loads. As the strain amplitude increases within a cycle of deformation of a lique®ed
mass, dilatancy sets in and stress recovery takes place, leading
to strain localisation.

Undrained stress-controlled test
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Fig. 13. Relation between shear stress and mean effective pressure
in undrained test

15

Fig. 14. Relation between shear stress and shear strain in undrained
test
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Fig. 15. Series of radiographs for undrained test
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Experimental observation
Here we report some of the analyses of our experimental
observations on Monterey No. 0 sand. The initial void ratio of
the sample considered was 0´673. The resulting curves of shear
stress against shear strain and shear strain against volumetric
strain are shown in Figs 16 and 17. A radiograph of six
different deformation stages is shown in Fig. 18. Strain localisation is clearly observed when the overall strain exceeds 4% with
noticeable potential for inception at two locations along the lead
silicate column. Fig. 19 shows the polished surface of the

1·0
0·8
0·6
Volumetric strain: %

Shear band solidi®cation technique
In order to observe the microstructure of the sand in the
shear band, a two-step procedure is used. In step 1 a sample is
cut from the frozen large hollow cylindrical specimen, and this
sample is encased in a polymeric resin, without disturbing the
sand and the frozen water. In step 2 the ice in the frozen
sample (which is now encased in a solidi®ed polymer resin) is
replaced by another polymeric resin. To encase the frozen
sample in a polymeric resin (step 1), a sample containing a
shear band is cut from the frozen specimen and placed in a
container with a perforated bottom, which also contains a layer
of glass beads. Epon Resin 828 and Epi-Cure 3292-FX-60
curing agent, which cures at freezing temperatures, are used to
encase the sample. These compounds are carefully mixed with
5 wt% of propanol, the resulting resin is placed in the chamber,
and then the air in the chamber is evacuated to remove air
bubbles from the mixed resin: in this way, the cured resin will
be transparent. Then the temperature of the resin is lowered
below the freezing temperature of water, and the resin is poured
into the container around the frozen sand sample. It takes about
a week to cure the resin in the freezer, whose temperature is
kept between 5 and 28C. This completes step 1.
After curing, the container and the frozen sample are placed
in a 388C oven for two days in order to remove the water from
the sand. At this point, a sample of sand that contains a section
of the shear band is in the container, ®rmly held by the
surrounding solid resin. Now, to solidify the sands in the
sample, Sikadur 55 SLV (provided by Sika), which has a low
viscosity (95 cP), is allowed to penetrate through the perforated
bottom of the container and through the glass beads into the
voids within the sample. Once the in®ltration and curing are
completed, the sample is cut by a diamond saw and polished for
microscopic observation. This completes step 2. The microstructure of the granules is clearly observed in an optical microscope
if the surface of the sample is well polished with diamond
powder of diameters of up to 0´25 ìm. This eliminates the need
to cut thin sections from the sample.
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Fig. 17. Relation between volumetric strain and shear strain for
drained test

Fig. 18. Series of radiographs for drained test
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Fig. 19. Deformed column of lead silicate granules in shear band
zone
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Fig. 16. Relation between shear stress and shear strain for drained
test

sample, magni®ed six times; the minor divisions on the scale
are millimetres. The ®gure displays the shear band morphology
in a vertical plane containing the centreline of the sheared
column of lead silicate granules. The deformed column of lead
silicate granules with a distinct light colour is seen within the
shear band zone. The ®gure shows extensive stretching along
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the centreline of the shear band zone, accompanied by lateral
(in-plane) contraction that can be measured by reduction in the
width of the lead silicate zone in the ®gure. This is further
accompanied by extensive necking (thickness reduction) of the
specimen over the shear band zone, as is further discussed
below.
Figure 20 shows a typical pro®le of the surface depression
(necking) of the sample over the shear band zone. It represents
the thickness pro®le of the necked region in a plane normal to
the centreline of the shear band: that is, normal to the centre of
the deformed lead silicate column displayed in Fig. 19 by the
light-coloured granules. In Fig. 20 the edge of the `scale' marks
the approximate centre of the necked zone, the edge of the
granules de®nes the neck pro®le in a plane normal to the
centreline of the shear band, and the horizontal line parallel to
the edge of the scale marks the edge of the solidi®ed polymer.
As is seen, the greatest thickness reduction occurs at the centre
of the shear band, where more than 2 mm of depression is
observed. The in-plane width of the necked zone, measured
normal to its centreline (that is, in the plane of Fig. 19), is 15±
20 mm. Even though the ®nal void ratio within the strainlocalised region may not be the same as its void ratio prior to
localisation, the differences are small compared with the large
strains that occur within the shear band zone, and can be
neglected in preliminary estimates.
The lead silicate granules in the shear band zone are shown,
magni®ed 50 times by a Nikon Epiphot microscope, in Fig. 21;
this ®gure shows the magni®ed central (shear band) portion of
Fig. 19. Since the optical microscope used has a shallow image
depth, the particle boundaries are clearly identi®ed in this
image. Using the results shown in Figs 19±21 we now seek to
quantify the deformation of the shear band zone.
Measured shear band deformation
In ®nite deformation, the deformation gradient, F, is generally used to relate the undeformed and deformed material
neighbourhood (see e.g. Malvern, 1969). If X and x  x(X) are
the position vectors of the same material point in the deformed
and undeformed states of a continuum, then F  @x=@ X is the
deformation gradient with the property det F . 0. Consider
polar decomposition, F  RU, where R is the rigid rotation
and U is the right-stretch tensor, such that R 1  RT , det
R  1, and det U . 0. The principal values of U are the
principal stretches that give the extreme values of the ratio
ë  ds=dS of the ®nal length, ds, over the initial length, dS, of
the in®nitesimal elements emanating from a typical material
point X . The nominal strain is then given by
å

ds

dS
dS

ë

1

Fig. 20. Indentation of the surface of the sample over the shear
band zone, where the sample has necked

Both the stretch and the nominal strain are functions of particle
position and the orientation of the considered material element
emanating from particle X.
We seek to measure the stretch along the centreline of the
shear band and in planes normal to the centreline. In such
planes, we measure the stretch in the plane of the shear band
(that is, in the plane of Fig. 19) and through the wall thickness,
as brie¯y discussed below. As a starting point, Fig. 22 shows
the variation of the nominal radial strain, årr , due to necking of
the specimen over the shear band zone. To obtain this nominal
strain, consider a plane normal to the centreline of the shear
band. Then, in this plane, measure the depression of the shear
band pro®le as a function of distance from the centre of the
shear band. Finally, divide the measured depression (equal to
half the total necking) by half the original thickness of the
specimen, 12´5 mm. The radial stretch, ërr , is then given by
ërr  årr  1.
In order to estimate the variation of the principal stretches
along the shear band zone, the centreline of the lead silicate
granules (that is, the centreline of the shear band) is ®rst
identi®ed. Then the displacement of points on this centreline is
measured at every 0´4 mm interval from their initial locations.
The results are used to obtain the nominal shear strain along
the centreline of the shear band zone. This shear strain is very
large at the centre of the shear band zone, exceeding 500%
Similar estimates are made for other points within the shear
band zone. The results are plotted in Fig. 23.
The distribution of stretches in the shear band zone can be
estimated from the photographs. First, the stretch in the radial
direction, ërr , is calculated as mentioned above. Because of
necking, the ®nal volumetric strain (after necking has occurred)
within the shear band is of the same order of magnitude as the
overall nominal strain: say, å. Hence, for material points within
the shear band, the deformation gradient, F, can be expressed
as
2
3
1  O(å)
tan ã
O(å)
F  4 O(å)
1=ërr  O(å)
O(å) 5
O(å)
O(å)
ërr  O(å)
where å is of the order of the overall strain, for example 0´1 or
less, O(å) stands for the order of å, and ã is the shear angle,
which can be directly measured from the photograph; see Fig.
23. Both ã and ërr are functions of the particle position within
the lead silicate column. Then the distribution of the `principal'
stretches (which are the principal values of F) in the shear band
zone is estimated (calculated) using the deformation gradient
tensor and the distribution of the radial stretch, ërr , and shear
strain, given in Figs 22 and 23. The results are presented in Fig.
24. In this ®gure, ë1 represents the extreme values of the stretch
(that is, the maximum eigenvalue of F) within the column of
the lead granules, while ë3 represents the extreme values of
their contraction (that is, the minimum eigenvalue of F). It is
seen that the maximum stretch, ë1 , exceeds 5 at the centre of
the shear band.
The minimum stretch is also measured graphically as follows.
First, the new positions of the points at the right edge of the
lead silicate granules are identi®ed in the deformed state.
Second, the corresponding points of the left edge are identi®ed.
Then the distance between the corresponding pair of points is
measured. Finally, the original distance between the corresponding pair of points is measured (the thickness of the undeformed
lead silicate column), and the stretch associated with each pair
is obtained from the ratio of the corresponding two distances.
This process is continued until, ®nally, the minimum stretch is
found. The results are compared with the calculation of the
minimum principal stretch presented in Fig. 24, and are given
in Fig. 25 along the shear band at points denoted by A to F.
The measured results (®rst number in parentheses) are in reasonable agreement with the calculated values (second number in
parentheses).
The change of the width (normal to the centreline, in the
shear band plane) of the deformed lead silicate granular column
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Fig. 21. Lead silicate granules in shear band zone

in the shear band zone is measured using the 350 magni®ed
image. Straight lines are drawn every 0´4 mm parallel and
normal to the shear band direction, and then the width of the
lead silicate material is measured. The results are presented in
Fig. 26. If the particles move by the same distance parallel to
the shear band direction, the width of the lead silicate granules
would be nearly the same along the shear band. However, the
width is a minimum at the centre of the shear band, indicating
that the greatest extensional deformation takes place along the
centreline of the shear band zone. The total number of granules
within the deformed con®guration of an initially identi®ed material volume must remain the same. The reduction in the width
of the lead silicate granules, together with the observed necking
in the radial direction, suggests extensive extensional deformations along the shear band centreline. In the case of cohesionless granules, such an extensional deformation is accompanied

by contractional deformations in planes normal to the centreline
of the shear band.

CONCLUSIONS

Through a series of novel experiments using X-radiography
and direct microstructural observation, shear strain localisation
has been studied in drained and undrained cohesionless granular
materials, leading to the following basic conclusions.
(a) Radiographic records of the deformation of columns of lead
silicate granules embedded at the centre of the wall of
hollow cylindrical samples reveal shear band formation at
small overall shear strains in drained samples. While only
some non-uniformity is detected along the lead silicate
columns for overall strains less than 4%, clear shear
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Fig. 25. Measured and calculated minimum stretch at indicated
points along the shear band zone
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Fig. 26. Deformed width of a sheared column of lead silicate
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direction, suggests extensive extensional deformations along
the shear band, accompanied by contractional deformations
in planes normal to the centreline of the shear band.
( f ) The deformation is non uniform within the shear band, with
the greatest extensional deformation occurring along the
centreline of the shear band.
( g) The mean particle diameter affects the shear band width,
which is approximately 10±15 times as large as the mean
particle diameter, as has also been noted by others.
(h) By direct observation of the shearing deformation of
embedded lead silicate granules, it is shown that shear
strain localisation can occur within a lique®ed sample of a
cohesionless granular mass, under cyclic loading. This
localisation takes place as the lique®ed granular mass
recovers its effective pressure, within a cycle of shearing.

Fig. 24. Stretch distributions in shear band zone
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