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Abstract

This paper presents three series of sandbox experiments of extensional deformation in granular material. The dependence of the
developing shear band system on different boundary conditions and material properties is investigated: (1) granulometric properties of the
material, (2) initial geometry of the specimen, and (3) dynamic material parameters. Particular attention is paid to the controlling of the basal
boundary conditions. X-ray technique and particle image velocimetry (PIV) are used to study the changes in the granular structure and in the
formation of shear band patterns. The results show that boundary conditions are an elaborate factor to explain differences in the shear band
pattern. It is shown that neither the average grain size diameter dsq nor the rate of loading influences the shear band spacing. The spacing of
the bands seems to be linearly dependent on the initial height of the specimen.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Sandbox experiments can be used to study the develop-
ment of shear band patterns in different granular materials
under variation of boundary conditions such as initial height
or width of the specimen. Patterns of shear bands in soils or
granular materials can be identified in relevant laboratory
models, in the scale of earth retaining structures as well as in
geological formations. These patterns are important for the
stress—strain behaviour of the materials consisting of soil
or rock and for the analysis of soil—structure interaction
problems. The factors governing the process of shear
banding in granular materials are not clarified yet. It
remains unknown to what extent the geometry of patterns of
shear bands depends on the boundary conditions of the
selected system and/or on the properties of the material
under investigation.

The appearance of shear banding is well documented in
several papers in the field of civil engineering as well as in
the field of geology. In soil mechanics, the phenomenon of
initiation and propagation of shear bands has been
investigated theoretically and experimentally by a great
number of researchers (Coulomb, 1773; Roscoe, 1970;
Vardoulakis, 1980; Vardoulakis and Goldscheider, 1980;
Desrues et al., 1985; Miihlhaus and Vardoulakis, 1987;
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Tatsuoka et al., 1990; Vermeer, 1990; Han and Drescher,
1993; Papamichos and Vardoulakis, 1995; Finno et al.,
1997; Yoshida and Tatsuoka, 1997; Mokni and Desrues,
1998; Oda and Kazama, 1998; Saada et al., 1999; Alshibli
and Sture, 2000). All mentioned researchers concentrate
their efforts on examining the factors governing the
behaviour of a single shear band; descriptions of systems
of shear bands are rare.

Vermeer (1990) summarised results of direct shear tests
and biaxial tests (Arthur et al., 1977; Arthur and Dunstan,
1982; Duthilleul, 1982; Desrues, 1984) with respect to the
dependence of the inclination of shear bands on particle
sizes of sand. He pointed out that Coulomb-type shear
bands, with the angle of inclination 6c, appear in experi-
ments with fine sand and Roscoe-type shear bands, with the
angle of inclination 6, develop in experiments with coarse
sand.

Eq. (1) specifies the orientation of a shear band against
the direction of minor compressive stress as defined by
Coulomb (1773):

O = 45° + /2 (1)

where ¢ represents the internal friction angle of the
material. Eq. (1) satisfies the Mohr—Coulomb hypothesis
that the direction of a shear band coincides with the
direction of the plane, where the ratio of shear stress and
normal stress reaches a maximum. Eq. (2) shows the
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orientation of a shear band against the direction of minor
compressive stress as defined by Roscoe (1970):

O = 45° + v2 2)

where v denotes the angle of dilatancy. Roscoe’s theory is
based on the use of a plastic flow rule in combination with
the assumption of coaxiality of principle stress rate and
plastic strain rate.

Bransby and Milligan (1975) investigated the defor-
mation behaviour of dense and loose soil behind fixed
retaining walls. By using X-rays they observed systems of
shear bands, inclined to the vertical by the angle of Roscoe
Or (1970). Their research deals with the inclination of the
rupture surfaces, statements concerning the spacing cannot
be found. On the basis of the Bransby and Milligan data set,
Lesniéwska and Mré6z (2000, 2001) developed an analytical
solution of the phenomenon of shear banding behind
retaining walls. In their theoretical concept, softening of
the soil is included, i.e. the decreasing of the internal friction
angle ¢ at the peak to the critical state friction angle ¢,
with increasing strain. They calculate distances of shear
bands in good agreement with the distances obtained from
X-ray pictures.

Further examples of shear banding can be found in the
research on numerical simulation of shear band patterns as
done by Miihlhaus and Aifantis (1989), Tejchman and Wu
(1993) or Niibel and Karcher (1999). Poliakov et al. (1994)
investigated the dependence of shear band formation on
dynamic soil parameters. They simulated systems of shear
bands numerically by the finite difference method, applying
pure shear on a square sample of an elasto-plastic medium.
In addition to the loading velocity vy, at the boundaries of
the sample, the confining pressure p and the material
constants (cohesion c, internal friction angle ¢ and angle of
dilatancy v), dynamic soil parameters (shear modulus Gy,
and the p-wave velocity v,) had been varied to study their
influence on the shape of the shear band systems. As the
strain increases it can be observed that shear bands form
spontaneously in regions in which plastic deformation
occurs. These bands show an angle of inclination 6 with
respect to the horizontal of 45°—¢/2 < § < 45°—v/2.

Poliakov et al. (1994) pointed out that the thickness of
the single shear bands is not related directly to the material
constants ¢ and v but to the difference between them. A
small difference in angle gives thick and regular shear
bands, whereas a larger difference leads to thinner and more
irregular bands. On the other hand the failure angle of the
shear bands is directly dependent on the material parameters
¢ and v.

Poliakov et al. (1994) introduced a nondimensional
parameter B, defined as follows:

B oV, 3)

Gdyn Vbe

where o denotes the confining pressure, Ggy, represents the
dynamic shear modulus, and v,/vy is the ratio of the p-wave

velocity and the velocity of loading. They developed a
hypothesis that the factor B controls the behaviour of the
shear band system. In particular,

(a) changing the various parameters does not affect the
results as long as B is kept unchanged: both the
evolution and the spacing of the shear bands depend
only on this parameter,

(b) an increase in B leads to an increase in shear band
spacing and vice versa.

The latter is explained by Poliakov et al. (1994) as
follows: when a shear band forms, this process is
accompanied by a decrease in stress inside and an increase
in stress outside the band. This increase in stress inhibits the
formation of a new shear band adjacent to the former one.
The stress difference propagates through the material with p-
wave velocity. Hence a large value of B, synonymous with a
large p-wave velocity, leads to widely separated shear bands.

Using the finite-difference code FLAC, Harper et al.
(2001) investigated the influence of the type of basement
extension on faulting in cover sediments. They simulated
uniformly or non-uniformly extended sand packages where-
upon non-uniform extension is induced by modelling a
stick-slip behaviour of the extending basement. The sand is
given various material properties (e.g. homogeneous sand,
sand with heterogeneous mechanical properties, sand with
an initial density heterogeneity and strain-softening sand).
Harper et al. (2001) concluded that no significant shear
bands develop for uniform basement extension and
homogeneous sand, unless the sand has strain-softening
properties. Because shear bands developed weakly even
with strongly strain softening sand, Harper et al. (2001)
suggested that the rubber membrane in the sandbox
experiments performed by McClay and Ellis (1987a,b)
and Vendeville et al. (1987) did not extend uniformly.

In addition to the mentioned sandbox experiments, other
tests have been performed by geologists using analogue
models to simulate tectonic faulting or in other words
systems of shear bands (Mandl, 1988; McClay, 1989, 1990).
In all experiments the ductile lower crust of the earth was
simulated by the use of a rubber membrane, whereas the
brittle crust was modelled by a layer of granular material as
e.g. sand. McClay and Ellis (1987a,b) and McClay (1990)
performed sandbox experiments and investigated fault
initiation, fault propagation, and rotation of shear band
systems, as well as the geometric evolution of individual
fault planes. McClay (1989) investigated extension fol-
lowed by contraction of the same specimen. In sandbox
experiments Vendeville et al. (1987) focused on fault
location and fault spacing. They concluded that the spacing
between single shear bands inside a system of fault planes is
a measure of the thickness of the layer.

Gapais et al. (1991) presented results of plane—strain
sandbox experiments on dry quartz sand. They imposed
different kinematic conditions (e.g. simple shear) and
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observed initial fault orientations in accordance with the
Coulomb criterion. They concluded that strong similarities
exist between the generated fault systems and other shear
zone patterns due to simple kinematic factors.

In conclusion, the appearance of shear band systems in
several examples in the fields of civil engineering and
geology is dependent on boundary conditions and material
parameters. The aim of this paper is to study the influence of
these parameters on the shape of shear band systems,
described by the spacing between bands, their inclination
and the evolution of the fault planes. Although modelling
the ductile lower crust with a rubber membrane is not
representative of real conditions, sandbox experiments are a
useful tool to investigate those dependencies.

In the following we present the investigation of shear
band patterns in different material or soil samples under
variation of the following material parameters and boundary
conditions: (1) granulometric parameters (average grain size
dso and coefficient of uniformity U = dgy/d;(), (2) geometry
of the sample, and (3) dynamic material properties as
defined by Poliakov et al. (1994). Particular attention is paid
to the method of measuring distances and inclinations inside
the specimens and to the homogeneity of basal boundary
conditions.

2. Experimental method and testing program
2.1. Model set-up

According to the various experiments of McClay an
experimental device (Fig. 1) was constructed. The specimen
lies on a thin rubber membrane and is surrounded by
plexiglass-walls. The rubber membrane, which applies the
strain to the specimen, is fixed at one side and fastened to a
movable wall at the other side. Furthermore the construction
of the model set-up is suited to special requirements as
described in the following.

Fig. 1. Experimental device: (1) motor, (2) frame with plexiglass walls
surrounding the specimen, (3) movable wall, (4) horizontal base plate made
of glass, (5) metal bars with scissor mechanism, (6) system of rods to move
the bars and the movable wall. The rubber sheet (not shown here) is placed
on the base plate and is fixed at the movable wall, at the steel bars and at the
end of the device (on the left in the picture).

With reference to the Harper et al. (2001) inference that
the basement in the numerous experiments of McClay, Ellis
and Vendeville (see previous references) did not extend
uniformly and with respect to a good reproducibility of the
results, we paid particular attention to the requirement that
the device should provide a constant distribution of strains
in the rubber membrane and thus a constant strain dis-
tribution in the specimen. The rubber sheet is linked with a
combination of metal bars that slide on ball bearings and
parallel steel rods. The bars are connected by a mechanism
of scissors. During stretching of the rubber, the scissor
mechanism ensures that the distance between the bars is
kept constant at any rate of displacement and thus the strain
distribution in the rubber sheet remains homogeneous. The
distribution of the strain in the rubber can be controlled by
surveying a mesh on the bottom side of the membrane
through the base plate.

An additional requirement that has to be taken into
account is the optimal dimension of the width of the
specimen. On the one hand the sample should be as wide as
possible in order to reduce the influence of friction between
the sample and the side walls. On the other hand the width
should be as small as possible in order to ensure the
feasibility of taking X-ray pictures of the interior of the
specimen with the available X-ray apparatus. Several tests
have been performed in advance resulting in an optimal
width of the specimen of 20 cm. The influence of the side
wall friction has been minimized by using polished
plexiglass as sidewall material. Observations of the surface
of the specimen show that the shape of the shear bands over
the width of the specimens is almost straight with just small
curvatures in the contact area of shear bands and side walls.

The maximum length of the specimen is 70 cm in final
extension state, the minimum length in initial state is 50 cm,
thus a displacement of 20 cm can be imposed. The
maximum height of the sample is 30 cm. In order to
investigate at a later date the influence of the stress level and
the stress gradient on the spacing of the shear bands, the
whole device is designed for use in the ‘Bochum
Geotechnical Centrifuge’ to stand an increased gravity-
level of at least 30 times the earth acceleration.

2.2. Observation of the model

Particular attention is paid to the method of measuring
distances and inclinations inside the specimens. The
disadvantage of many former investigations, not knowing
which processes take place inside the sample and using
measurement techniques that do not allow the identification
of shear bands before reaching large deformations, is
eliminated by using a mobile C-arm X-ray system. X-ray
technique is able to portray differences in density of the
granular material and thus to offer the opportunity to record
changes in the granular structure inside the specimen (e.g.
Bransby and Milligan, 1975). The X-ray apparatus we used
enables a continuous observation and recording of the
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processes inside the sample. Thus the point of time and the
value of strain when the first shear bands appear can be
determined exactly. Single pictures of the movie taken with
the X-ray apparatus are evaluated with a computer program.
The determination of the shear band spacing is within a
precision of 0.1 mm.

To make propositions concerning the strain distribution
in and between the shear bands, digital pictures of the sides
of the specimen are taken and evaluated with an image
analysis technique, called ‘particle image velocimetry
(PIV)’. In comparison with well-known examples of
image processing, such as e.g. laser speckle technique
(Tatsuoka et al., 1990), computed tomography (Desrues
et al.,, 1996) and stereophotogrammetry (Desrues et al.,
1985; Viggiani et al., 2001), the PIV-method calculates the
displacement field of the grains at the side of the specimen
and hence the strains and rotations in the granular structure.
The measurable displacements of the grains can be very
small, depending on the size of the pictures and the
resolution of the digital camera. Combining the camera
resolution of 1 megapixel with the size of the pictures, we
receive a theoretical displacement accuracy of 0.125 mm/
pixel. The PIV-method enables us to identify the position
and the inclination of the shear bands at a very early stage of
the experiment, whereas no changing in the structure can be
observed on the sides by eye. If the stretching of the rubber
membrane is continued, shear bands can be detected by a
coherent skip in lines of coloured material, which have been
included in certain steps during the preparation of the
specimen.

2.3. Construction of the model and model deformation

As detected by several researchers (Mandl et al., 1977;
Krantz, 1991; Schellart, 2000; Cobbold et al., 2001) the
density of the prepared specimen, and thus the mechanical
properties of the material, is heavily dependent on the
preparing method of the sample and on the composition of
the material. In our experiments the material is poured by
the raining method with the help of a hopper and a sieve
keeping a constant distance of 30 cm from the actual surface
of the specimen. Using this method, we obtain a

Table 1
Material parameters

H. Wolf et al. / Journal of Structural Geology 25 (2003) 1229-1240

homogeneous density inside the specimen of D = 1.0.
Layers of coloured material are included in certain steps.
After finishing the model construction the movable wall and
the scissor mechanism are displaced in order to apply
homogenous strain to the specimen. Even if the X-ray
apparatus is able to record continuously the density changes
inside the specimen, it is not possible to take X-ray shots of
all regions of the sample simultaneously. In order to provide
a sufficient amount of data to calculate the distances and
inclinations, the process of moving the wall and thus
applying strain into the specimen is stopped at well-defined
stages of the experiment to take radiographs of all regions of
the sample. During the first centimetres of stretching, the
sides are recorded with a digital video camera. Pictures for
the evaluation with the PIV-method can be exported from
this film.

2.4. Materials

We used quartz sand (Siligran®), artificial particles (urea
resin), chilled iron grit and glass beads in our experiments.
Except for the quartz sand, all materials have been obtained
from a commercial supplier of blasting systems and blast
media. A list of all material parameters is presented in
Table 1. All parameters have been determined in the
laboratory of the Institute for Soil Mechanics and Foun-
dation Engineering of the Ruhr-University of Bochum by
performing triaxial tests and standard laboratory tests, such
as determination of the grain size distribution or the
determination of the grain density. The dynamic shear
modulus Ggy, has been measured by performing tests in the
resonant-column apparatus, which is an apparatus to
measure directly the dynamic properties (e.g. shear wave
velocity v, dynamic shear modulus Ggy, and material
damping) of a column consisting of granular material at
resonant frequencies of the system (Wichtmann et al.,
2001).

2.5. Testing programme

Three test series have been performed (Tables 2—4). In the
first series (Table 2), the influence of the granulometric

No.  Material Grain shape d dsg U 0 v yD=1.0) ps Gayn Vp Oc Or
) (mm) mm (=) O O kNm) (g/em’)  (Nmm?) @) ) )
la Quartz sand Equidimensional ~ 0.1-0.71  0.35 1.5 450 150 17.30 2.64 178 590 67.5 525
1b Quartz sand Equidimensional ~ 1.0-2.0 1.58 1.5 470 200 16.05 2.64 - - 68.5 55.0
1c Quartz sand Equidimensional ~ 0.06-2.0  0.85 5.1 445 165 18.30 2.64 - - 673 533
1d Quartz sand Equidimensional ~ 0.5-1.2 0.89 1.5 450 - 16.40 2.64 - - 67.5 -
2 Artificial particles ~ Equidimensional ~ 0.1-0.4 0.35 1.5 370 8.0 7.95 1.55 32 395 63.5 49.0
3 Glass beads Round 0.06-1.0 0.32 14 330 120 15.90 2.50 170 618 615 510
4 Iron grit Equidimensional ~ 0.06-0.5  0.24 1.7  47.0 135 37.30 7.27 95 288 68.5 51.8

Notes: d: grain diameter; dsy: average grain diameter; U: coefficient of uniformity; ¢: friction angle at the peak; v: angle of dilatancy; p,: density of the

grains; Gqyn: dynamic shear modulus; v,: p-wave velocity; 6c: shear band inclination (Coulomb); 6g: shear band inclination (Roscoe);y: unit weight.
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Table 2
Test series 1: granulometric parameters

Experiment Material Average grain diameter (dsg) Grain diameter (d) Coefficient of uniformity (U)
(mm) (mm) (=)

SFA02/SFA03 la 0.35 0.1-0.71 1.5

SFA04/SFA05 1b 1.58 1.0-2.0 1.5

SFA06/SFA07 1c 0.85 0.06-2.0 5.1

SFA19/SFA20 1d 0.89 0.5-1.2 1.5

properties of quartz sand on the development of shear band
systems has been investigated by changing the coefficient of
uniformity U and the range of the grain size distribution. The
second series (Table 3) includes the changing of the initial
geometry of the specimen by changing the initial height /. In
the third series (Table 4) we have focused on the dependence
of shear band patterns on the dynamic material parameters.
In each test, the movable wall has been moved by 20 cm,
corresponding to a bulk strain of 40%.

3. Experimental results
3.1. Definition of spacing and inclination

Fig. 2 shows a simplified radiograph of an arbitrarily
chosen part of experiment SFAO3, for a strain of 10%. The
bright regions represent shear bands that have formed as a
result of strain loading. Corresponding to Fig. 2, the shear
band spacing a is defined as the distance between the middle
axes of two adjacent shear bands, dsg as the thickness of the
shear band, b as the width of the block between two flanking
shear bands, and 0 as the inclination of the shear bands with
respect to the horizontal.

3.2. Initiation and evolution of shear band systems

The first changes in the granular structure of the
investigated specimen can be observed in all experiments
nearby the fixed and the movable wall after small amounts
of applied strain (=1%). The forming shear bands are
inclined between 6c = 45° + ¢/2 and Og = 45° + v/2 to the
horizontal and therefore between the characteristic inclin-
ations determined by the static requirement of Coulomb
(1773) and the kinematic requirements of Roscoe (1970), cf.
Section 1. Subsequently, a system of shear bands develops

Table 3
Test series 2: initial geometry of the specimen

Experiment Material ~ Initial length ~ Width Initial Height
(L) (mm) (B) (mm)  (H) (mm)
SFAO02/SFA03 1la 500 200 150
SFAO09/SFA10 1la 500 200 100
SFA16/SFA17 1la 500 200 200

abruptly with uniformly distributed shear bands over the
entire length of the sample. These shear bands cannot be
identified at the sides of the specimen by eye at this early
stage of the tests because displacements are not large
enough to create offsets in the lines of coloured material. In
contrast to this, the pattern of shear bands can be determined
on the radiographs as well as on contour plots, evaluated
with the PIV-method.

The value of strain when the first shear band patterns
appear, subsequently to the development of the shear bands
nearby the fixed and movable wall, seems to be dependent
on the kind of material investigated. Whereas in the
experiments with sand, the first shear bands are detected
at a horizontal displacement of the movable wall of 3 cm,
which is in accordance with a homogenous strain in the
rubber membrane of 6%, the shear bands already develop in
the experiments with artificial material and glass beads at a
displacement of the moving wall of 1 cm ( = 2% strain) and
2 cm ( = 4% strain), respectively.

Nearby the movable wall a horst develops and the
orientation of shear bands changes. As no other horst
appears along the specimen, the shear bands are inclined
in the same direction over the full length of the sample
(Fig. 3). In contrast to this observation it was expected
that the shear bands appear in conjugated pairs, i.e. they
make the same angle to either side of the vertical. As we
found out the condition whether conjugated pairs develop
or not seems to be dependent on the average grain size
of the particles (cf. Section 4).

Fig. 2. Definition of distance a as the distance between two adjacent shear
bands, dsg as the thickness of the shear band, b as the width of the block
between two flanking shear bands and 6 as the inclination of the shear bands
with respect to the horizontal.
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Table 4
Test series 3: variation of the dynamic parameters

Experiment Material Factor (B) Loading velocity (vie) Material
(=) (cm/min)

SFA02/SFA03 la 90 0.28670 Quartz sand

SFA22/SFA26 la 9 2.86700 Quartz sand

SFA23/SFA27 la 900 0.02867 Quartz sand

SFAO8/SFA21 2 90 0.49070 Artificial particles (urea resin)
SFA15/SFA18 3 90 0.28840 Glass beads

SFA25 4 90 0.56570 Iron grit

The following development inside the specimens can be
generalized for all experiments and all materials:

1. Shear bands that form in the early stages of the test remain
active and plane, even at high strains. No additional shear
zone appears. Supplementary strain is accumulated
predominantly in the existing localisation zones.

2. Just a small part of the applied strain is gathered in the
blocks between the shear bands. This fact is demon-
strated by the contour plot of the shear strain,
evaluated with the PIV-method with two pictures of
the sides of test SFA22 at an imposed strain of 15%
(Fig. 4). Furthermore, if we measure the width b of
the blocks between the shear bands, we come to the
conclusion that the increase of b with stretching of the
rubber sheet is much smaller than the increase of
the shear band distance a.

3. The thickness dsg of the early formed shear bands in the
initial state varies between 6 and 13 times the average
grain diameter and increases with rising strain. The
inclination of the shear bands decreases linearly with
increasing strain. The blocks between the bands rotate in
the direction of the moving wall.

The general development of the shape of the shear band
systems with increasing strain in experiment SFAO3 is
exemplarily shown in Fig. 5.

3.3. The influence of different material parameters on the
shear band spacing and the shear band inclination

3.3.1. The influence of granulometric parameters

Fig. 6 illustrates results of sandbox experiments
respective to the variation of the average grain size diameter
dso and the coefficient of uniformity U. It demonstrates that
the shear band distance a increases slightly and the shear
band inclination 0 decreases linearly with increasing strain.
By analysing the diagram one might come to the conclusion
that the use of coarser material while keeping the coefficient
of uniformity constant leads to greater distances between
zones of localisation. As we will later see this conclusion is
misleading.

The initial shear bands are inclined with an average angle
of = 62° to the horizontal. With respect to the material
parameters as given in Table 1 and the theories of Coulomb
(1773) and Roscoe (1970), observations of Vermeer (1990)
are confirmed, whereupon shear bands in fine material are
inclined to the horizontal with the angle of Coulomb (6c),
whereas rupture zones in coarse material correspond to the
Roscoe angle (6R).

Furthermore, by comparing the results of the exper-
iments in which a sand with a higher coefficient of
uniformity was used (SFAO6/SFA07) with the results of
the other experiments, one can see clearly that the distance
a, as well as the inclination 6, corresponds to the test with
sand possessing a smaller coefficient of uniformity but the

stretching direction

movable wall

Fig. 3. Change of shear band inclination close to the movable wall (side view and X-ray picture).
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Fig. 4. Contour plot of shear strain (test SFA22) evaluated with the PIV-technique (cf. Section 2.2). The picture has been derived from the middle part of the

specimen. Width and height of the picture are 12.5 and 11.0 cm, respectively.

same maximum grain diameter (materials 1b and Ic in
Table 1). This shows that the mechanical behaviour and the
material parameters related to the maximum grain size
govern the shape of the shear bands.

3.3.2. The influence of the initial state geometry

The influence of the variation of the initial height A,
of the specimen on the distances and the inclinations of
the shear bands is summarised in Fig. 7. The diagram
shows the shear band distance a and the inclination 6
versus the strain €. The clear and nearly linear
relationship between the shear band spacing and the
initial height of the specimen at a given state of strain
is evident.

The inclination of the shear zones does not depend on

Fig. 5. X-ray pictures of four stages in the development of the shear band
system with increasing strain (test SFA03): (a) € = 10%, (b) € = 15%,
(c) € =20%, (d) € = 25%.

the initial height of the specimen. This was expected,
because the known theories relate the shear band
orientation only to mechanical properties of the material
(i.e. internal friction angle ¢ and the angle of dilatancy
v), not to boundary conditions. The average angle
0 = 62° at the point when the bands form lies between
the values of 6Ogr and 6Oc and confirms again the
observations of Vermeer (1990) as mentioned above.

3.3.3. The influence of dynamic parameters

The influence of changing the factor B (Eq. (3)) by
varying the loading velocity on the shear banding is
presented in Fig. 8. Independent of the value of B, all
distances and inclinations coincide at particular stages of the
different experiments. Hence, the shapes of the shear band
systems are independent of the rate of loading.

Once more the inclination decreases linearly with
increasing strain. The average initial angle 0 has a value
of 62.5° and thus is closer to the angle of Coulomb 6 than to
the angle of Roscoe 6.

In Fig. 9, the results of the experiments with constant
factor B but varying dynamic parameters are summarized.
The inclinations of the shear bands decrease while the
distances between the shear bands increase slightly with
imposed strain €. In contradiction to Poliakov et al. (1994),
the values for the spacing and the inclinations do not
coincide.

4. Discussion and interpretation of the experimental
results

As mentioned in the introduction, many sandbox
experiments have been performed by different researchers.
The methods for monitoring the changes in the granular
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Fig. 6. Influence of granulometric properties on the shear band spacing and the inclination.

structure of the specimens were limited to the evaluation of
changes on the visible sides of the sample. From this follows
the stringent inference that the results on the sides are
transferable to the inner part of the specimen. As we found
out, this interpretation is misleading due to the fact that the
number of shear bands on the sides cannot be considered as
representative for the number of localisation zones inside
the specimen. From the evaluation of the X-ray pictures that
we took during the tests, it follows that the entire shear band
system develops at an early point of the experiments and
that even at high strains no additional shear bands occur. On
the sides of the specimen only ‘strong’ and thick shear bands
become visible. In addition to the latter, thin but never-

theless active shear zones can only be identified on the
radiographs. This observation is in contrast to studies of
other researchers (e.g. Ishikawa and Otsuki, 1995) who
determine a rising number of fault zones with increasing
strain and questions the usefulness of ‘fault sequence
diagrams’ as published by different authors (McClay and
Ellis, 1987a,b; McClay, 1989). In addition, the strain
dependent development of the initial faults does not fit the
assumption of uniformly stretching basement and thus
confirms speculations of Harper et al. (2001) who doubt the
uniformity of strains in the cited papers. Indeed, the
inference of Harper et al. (2001) has to be handled with
care because it is not confirmed whether McClay and Ellis
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Fig. 7. Influence of the initial geometry of the specimen on the shear band spacing and the inclination.
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Fig. 8. Influence of varying factor B (Eq. (3)) on the shear band spacing and the inclination.

(1987a,b) and Vendeville et al. (1987) used loose soil or a
sand with soil-softening properties or not.

The phenomenon of extensional block rotation is well
known in geology and numerously investigated by many
researchers such as Mandl (1988), Vendeville and
Cobbold (1988), Wernicke and Burchfiel (1982) or Brun
et al. (1994). Our experiments confirm these investi-
gations: the inclination of the shear bands decreases
linearly between the Coulomb and the Roscoe angle with
increasing strain and the fault planes stay planar. The
width b between two flanking shear zones remains almost
constant (Fig. 10), the blocks rotate in the direction of the

moving wall. Thus the deformation within a single fault
domain is simple shear.

A requirement for the existence of block rotation is the
uniformity of the dip direction of the single shear bands. As we
described in Section 3.2, we observed the existence of a horst
near the moving wall and a change in the shear band dip
direction behind this horst. Mandl (1988, 2000) gives an
explanation for this observation that no conjugate shear band
system develops but shear bands that are aligned in only one
direction. He argues that the occurrence of horizontal shear
strains in consequence of the stretching of the rubber
membrane disturbs the symmetry of maximum strain and
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Fig. 9. Influence of constant factor B (Eq. (3)) with varying dynamic parameters on the shear band spacing and the inclination.
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Fig. 10. Shear band distance a and width of the block b versus strain €, variation of dsp.

principle stress directions. This leads to a change in the
orientation of the principle stress direction and thus to the
situation that one of the potential slip lines lies closer to a plane
of maximum shearing rate and can therefore develop.

The thickness dgp of the shear bands in the initial state
varies between 6 and 13 times the average grain diameter
and hence is in good agreement with the known theoretical
and experimental investigations (Miihlhaus and Vardoulakis,
1987; Yoshida 1994; Oda and Kazama, 1998).

In Section 3.3.1 we pointed out that the results presented in

dgo = 0,35mm

N
254

Fig. 11. Schematic change of thickness dsg, width b, and distance a in
relation to the influence of the granulometric parameters.

Fig. 6 might lead to the conclusion that the shear band distance
a increases with increasing average grain size dsg and thus the
shape of the shear band systems is dependent on this material
parameter. If we take a look at the curves in Fig. 10, itis evident
that the width b of the blocks between two adjacent shear zones
hardly changes if sands with different average grain sizes ds
are investigated. Therefore the change in dsq is scarcely
mirrored in a change of the width b but only in the well-known
change in the shear band thickness dsg (Fig. 11).

In contrast to the influence of the granulometric
parameters, the observation of the width b of the blocks
between the shear bands with respect to different initial
heights of the specimen leads to the conclusion that, in
addition to the distance a, b is also linearly dependent on the
height of the sample and thus the height governs directly the
shear band spacing. The thickness of the shear bands is
constant for any experiment at a given stage of stretching
due to the use of the same material for every test.

A very interesting point is the appearance of conjugate
shear band systems in tests with coarse material and with a
highly non-uniform sand (Fig. 12). Whereas the sand with
higher non-uniformity produces only a few less distinctive
conjugate shear bands, the ones in coarse sand are clear and
make the same angle to either side of the vertical.

Referring to the influence of the dynamic material
parameters, Poliakov’s assumption that the shear band
spacing changes with the variation of the factor B can be
disputed. It is obvious that, in spite of the changing of the
loading velocity and thus the changing of B from B =9 to
B =900, the distances between the localisation zones are
constant for the different tests at the same stage of stretching
(Fig. 8). From their numerical simulations, Poliakov et al.
(1994) expected that changes in B of the same magnitude
result in definite variations of the shear band spacing a.
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Fig. 12. Difference in grain shape depending on the average grain size dso: (a) dsp = 0.35 mm and (b) dsp = 1.58 mm (material: quartz sand).

Furthermore the results show that the shape of the shear
band systems is independent of the rate of loading.

According to Poliakov et al. (1994), changing the dynamic
parameters while keeping B constant should not lead to
changes in the shape of the developing shear band systems. As
one can see in Fig. 9, this statement cannot be justified by our
experiments. Although the material parameters of glass pearls
and quartz sand coincide well (cf. Table 1), the results in Fig. 9
display differences in distance a as well as in inclination 6. We
have to add, that this conclusion was drawn from a very
‘general’ reflection of the factor B and its properties. The
results in Fig. 9 lead to the conclusion that additional material
parameters, which are not reflected in Table 1, probably
govern the spacing and the inclinations of the shear bands.
Taking into account the observation of the experiments, it
seems that the results are strongly influenced by the shapes and
the surface properties of grains. We can justify this assumption
by comparing again the results of experiments with glass
pearls and fine sand as displayed in Fig. 9. Although the
material parameters (Y, dso, U, Gayn, vp) coincide very well, we
observe different results with respect to the distances and the
inclinations of the shear bands. In the quartz sand, grains are
angular and rough; whereas glass beads are round and very
smooth. Differences in the shear behaviour of granular
material subject to the shape of the grains are documented in
the literature (Dano, 2001; Schellart, 2000).

5. Conclusions
We may summarize our conclusions as follows:

1. The localisation of deformation develops spontaneously
with uniformly distributed shear bands over the entire
length of the specimen at amounts of strain between 2
and 6%. The failure zones remain active and planar
during the entire process of straining. Additional shear
zones do not develop, not even at high amounts of strain
(up to 40%).

2. Supplementary strain after the localisation is accumu-

lated predominantly in the existing failure zones. Just a
small part of the imposed strain is gathered in the blocks
between the shear bands.

3. In all experiments the inclination of the shear zones
decreases with increasing strain while the distance
between shear bands remains almost constant throughout
the tests. The blocks rotate towards the moving wall.

4. The average grain size diameter ds hardly influences the
spacing between the localisation zones. In a granular
material with a high coefficient of uniformity the
mechanical behaviour and the material parameters
related to the maximum grain size govern the shape of
the developing shear bands.

5. The spacing of the shear zones is linearly dependent on
the initial height of the specimens.

6. The shape of the shear band system is independent of the
rate of loading.

7. The strong dependency of the shear band pattern
on dynamic material parameters as proposed by
Poliakov et al. (1994) in the form of the dimensionless
parameter B has not been confirmed by our experimental
investigations.
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