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Abstract We present an experimental apparatus specif-
ically designed to investigate the precursors of failure in
granular materials. A sample of granular material is placed
between a latex membrane and a glass plate. A confining
effective pressure is applied by applying vacuum to the
sample. Displacement-controlled compression is applied in
the vertical direction, while the specimen deforms in plane
strain. A diffusing wave spectroscopy visualization setup
gives access to the measurement of deformations near the
glass plate. After describing the different parts of this exper-
imental setup, we present a demonstration experiment where
extremely small (of order 10−5) heterogeneous strains are
measured during the loading process.

Keywords Granular materials · Plane strain · Diffusing
wave spectroscopy · Shear band

1 Introduction

Describing the mechanical behavior of granular materials is
a very challenging task, especially when dealing with strain
localization phenomena that eventually leads to macroscopic
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failure. Strain localization (often referred to as shear banding)
has quite a practical relevance, as stability and deformation
characteristics of earth structures are often controlled by the
soil behavior within the zones of localized strain [1–3]. Yet,
the mechanisms responsible for the formation of these zones
in granular materials are still subject to debate. While the
formation of a shear band is now generally interpreted as
a bifurcation problem in continuum mechanics (e.g. [4,5]),
its theoretical and numerical treatment still presents special
problems for granular materials (see for example the mono-
graph by Vardoulakis and Sulem [6] and the review paper by
Bésuelle and Rudnicki [7]). While the issues of orientation
and thickness of shear bands have been debated for decades,
other, more intricate issues have more recently attracted the
interest of experimental research in this field: among the oth-
ers, the occurrence of temporary or “non-persistent” modes
of localization, that is, localized regions which form during
the test and eventually “disappear” (see for example [8]).
From an experimental standpoint, temporary modes of strain
localization are inherently more difficult to observe and char-
acterize than final, persistent shear bands. Not only they are
transient, but they are also characterized by less intense shear
strain. Many optical methods are available for measuring
strain fields in a deforming granular assembly (see [9]). How-
ever, many of them fail to detect these temporary patterns of
strain localization, because their spatial and temporal resolu-
tion is not fine enough (it should be mentioned, though, that
recently the performance of digital image correlation (DIC)
based methods has been significantly improving thanks to
the increasingly higher resolution of existing cameras). In
this paper, we present a full-field method that has the capa-
bility to detect fine non persistent regions of localized strain.
First we present the experimental setup, specifically designed
to resolve strains as small as 10−5, as well as the interfero-
metric method for measuring strain (Sect. 2). In Sect. 3 we
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2 A. Le Bouil et al.

Fig. 1 Sketch of the experimental setup. The material is placed
between a glass plate and a latex membrane. a The front is illuminated
by a laser beam which is expended by the lens L2 in order to light the
whole sample. Multiple light scattering occurs in the grains assembly
and part of the light is backscattered. The front side of the sample is
imaged by the lens L1 on the CCD camera. The size of the speckle spots

is controlled by the diaphragm aperture A. The vacuum pump maintains
a depressurization inside the sample at the origin of the stress σ3 on the
lateral walls. A force sensor on the top of the loading plate measures the
stress σ1 corresponding to the imposed displacement. b Front view with
the applied stresses. c Side view showing the plane strain configuration:
the displacements are blocked by the front (glass plate) and back walls

discuss the experimental protocols, and in Sect. 4 we discuss
the results of a typical experiment, showing the potential of
the experimental setup.

2 Experimental setup

2.1 Overview of the setup

The experimental setup consists of a plane strain apparatus
coupled with a dynamic light scattering setup. The schematic
drawing of the setup is shown in Fig. 1. The granular mate-
rial is placed between a latex membrane and a glass plate,
and a vacuum is applied in the granular material. A confining
effective pressure σ3 results from the applied vacuum. The
granular material is compressed on the top through the dis-
placement of a plate. The displacement of the top plate and
the force exerted on it are measured during the compression.
In front of the apparatus, on the side of the glass window,
a light scattering setup is placed. The front of the granu-
lar material is illuminated with an extended laser beam. The
light which is scattered by the granular material is recorded
by a camera imaging the front of the sample. We analyze
the scattered light in order to access to information about the
deformation of the granular material.

2.2 Mechanical part

The drawing of the mechanical part of the setup is shown
on Fig. 2. The granular sample (Fig. 2 6©) of size (85 ×
55 × 25) mm3 is submitted to a biaxial test in plane strain
conditions. To limit the gravity effects and homogenize the

force along out-of-the-plane direction, the granular matter is
maintained by depressurization between a glass plate and a
latex membrane. A motorized translation stage (Fig. 2 1©,

2©, Thorlabs) is used for the compression. The loading plate
(Fig. 2 4©) is fixed on the linear long-travel translation stage
(Fig. 2 2©, Thorlabs LNR50 Series) which is driven by a step-
per motor (DC Servo Motor Actuator, Thorlabs DRV414).
The DC Motor Controller (Thorlabs BDC101) allows to pilot
the translation stage. The two main controls are the speed of
the stage (length of the step per second) and the stop position.
Between the loading plate and the translation stage a 500 N
force sensor (Fig. 2 3©, Measurements Specialities) gives the
force applied on the sample.

2.3 Spatially resolved diffusing wave spectroscopy

The measurement of the deformation of the granular
material is obtained with a spatially resolved home-made
diffusing wave spectroscopy (DWS) setup described in detail
elsewhere [10]. DWS is an interference technique using scat-
tering of coherent light by strongly diffusive materials. A
light beam emerging from a laser source enters the sample
(Fig. 3), and is scattered many times. The different exiting
rays interfere on the camera sensor and produce a speckle
pattern consisting of dark and bright spots (see right part of
Fig. 3). A displacement of the scatterers modifies the path
length of the rays. This produces changes in the phases of
the scattered waves. Those phase variations induce modifi-
cations of the speckle pattern. The variation of the speckle
pattern is then characterized by the computing of the corre-
lation function of the scattered light.
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A biaxial apparatus for the study of heterogeneous and intermittent strains 3

Fig. 2 Front (left) and side
(right) views of the biaxial
apparatus. 1© motor,

2© motorized translation stage,
3© force sensor, 4© loading

plate, 5© glass window,
6© sample of granular material,
7© translation stage, 8© bottom

plate, 9© back plate,
10© positioning axis, 11© structure,
12© wedges holding the glass
window

Fig. 3 Example of an incident
ray path undergoing multiple
scattering inside the granular
media and backscattered
through the lens and the
diaphragm aperture on the
camera. Right example of 6
meta-pixels of the speckle
pattern recorded with the
camera

As shown in Fig. 1a, we are in a backscattering geometry
for DWS, meaning that the backscattered light is collected.
In practice, the glass window side of the sample is illumi-
nated by a laser source of wavelength λ = 532 nm and max-
imum output power 75 mW (Compass 215 M from Coher-
ent). The beam is expanded with the lens L2 (see Fig. 1a)
in order to illuminate the whole front face of the sample.
The image of the front is done using a lens L1 of focal
length 100 mm, allowing a magnification in agreement with
the whole optical system (sample-camera). The speckle pat-
tern is recorded with a camera (PT-41-04M60 from DALSA)
with 2,352×1,728 resolution and pixel size 7.4 µm.

Speckle analysis The speckle pattern is recorded by
the camera. Correlations of the scattered intensities are

calculated between two images 1 and 2 in the following way.
First the speckle images are divided into square regions that
we called meta-pixels (see image on right of Fig. 3). For
each meta-pixel, the correlation function g(12)

I between the
two intensities I1 and I2 is computed as,

g(12)
I = 〈I1 I2〉 − 〈I1〉 〈I2〉√〈

I 2
1

〉 − 〈I1〉2
√〈

I 2
2

〉 − 〈I2〉2
, (1)

where I1 and I2 are the matrices of intensities of the meta-
pixel considered, and averages are performed over all the
pixels of the meta-pixel. The correlation function (Eq. 1) is
normalized so that g(12)

I = 1 if I1 = I2, and g(12)
I = 0 if the

intensities are uncorrelated. The link between the displace-
ments of the beads and the value of the correlation function
may be estimated from a model of light propagation into
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the granular material. As the bead assembly strongly scat-
ters light, rays follow random walks inside the material. The
transport mean free path, i.e. the persistent length of the ran-
dom walk of light in the material is denoted by l∗. Typically,
for a granular material, this optical constant is few diameters
of grains. We will discuss the value of l∗ and its implica-
tion on the spatial resolution of the deformation maps that
we obtain in Sect. 3.3. If the deformation of the material
between the two images 1 and 2 can be considered as affine
and homogeneous on the scale of a meta-pixel, the correla-
tion function can be expressed in backscattering geometry as
[10–12]:

g(12)
I ≈ exp

(
−ηkl∗

√
f (U)

)
, (2)

where η is an optical factor of order 1, and f (U) =
1
5 T r2(U) + 2

5 T r(U2) is a function of the invariant of the

strain tensor U = 1
2

(
∂ui
∂x j

+ ∂u j
∂xi

)
. If the bead displacements

is the sum of an affine motion with a strain tensor U and an
uncorrelated motion of the beads, we then expect [13]:

g(12)
I ≈ exp

(
−ηk

√
(l∗)2 f (U) + 〈Δr2〉

)
, (3)

with 〈Δr2〉 the average of the quadratic displacement of the
uncorrelated motion of the beads.

3 Experimental protocol

Here we summarize the different steps of the protocol of
fabrication of the latex membrane and of preparation of the
granular material. The limitations and the sensitivity of both
the mechanical device and the optical setups are detailed.
The control of the camera and the acquisition of images, the
force sensor monitoring and the displacement control are all
ensured by a Labview interface on a computer.

3.1 Preparation of the membrane and granular sample

As shown in Fig. 4a, the latex membrane is made by spreading
successive layers of liquid latex with a paintbrush on a plaster
mold of the required dimensions. After drying it generates a
planar membrane with a hollow of the size of the sample. The
same membrane can be used for several tests. To prepare the
sample, the membrane is laid in a counter-mold horizontally
and the granular material is poured in the hollow (Fig. 4b).
A compaction protocol is applied to the pile according to
the desired volume fraction. The glass plate is then placed
over the membrane (Fig. 4c). A flexible pipe connects the
vacuum pump to the glass plate and the sample is pressed
on the glass instantly by depressurization. We use vacuum
grease between the annular part of the latex membrane and
the glass plate for better sealing and adherence. The grease

Fig. 4 Steps for preparing a sample. a Confection of the latex mem-
brane on a plaster mold. b The latex membrane is fitted into a counter
mold and the granular material is poured and possibly compacted. c The
glass plate is laid overall, and partial vacuum is created in the sample.
d The sample is placed on the biaxial apparatus

is viscous and does not creep into the bulk solid during the
whole time of the experiment. A pressure sensor and an air
valve allow the measurement and control of the depressur-
ization using a feedback loop. Then the window (Fig. 2 5©),
bearing the sample, is fixed on the structure of the biaxial
apparatus using wedges (Fig. 2 12©). Because of residual air
leakages and long duration experiments, the pump and the
pressure control system are active during the whole loading
experiment. To achieve plane strain conditions, the back plate
and the bottom plate are brought in contact with the sample
using a translation stage (Fig. 2 7©). The loading is applied
using a plate larger than the sample in the σ3 direction (more
than 55 mm, see Fig. 1b), and slightly smaller than the sample
thickness in the other direction (<25 mm, see Fig. 1c). The
distances between the glass plate and the loading plate on one
hand and between the back plate and the loading plate on the
other hand are approximately of 1 mm. Our apparatus does
not give the position of the granular material with respect to
the motorized translation stage 2©.

3.2 Mechanical stiffness of the system

Several tests have been conducted to characterize the appa-
ratus. The range of the force sensor is limited to 500 N
and its calibration has been made using known loads. Its
stiffness has been investigated and the spring constant of
the sensor has been measured in two different ways. First,
using a stiff micrometer stage we have imposed a known
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A biaxial apparatus for the study of heterogeneous and intermittent strains 5

deformation to the sensor, and have measured the force on
the sensor. We obtained a stiffness for the sensor of ksens =
(4.3 ± 0.2)× 106 N m−1. We have also tracked the deforma-
tion of the sensor by following the displacement of markers
above and below the sensor using a method described in [14],
and have measured ksens = (5±1)×106 N m−1. Other tests
were conducted to measure the stiffness of the bottom plate
and the stiffness of the whole loading device. The stiffness
of the whole system has been tested in a Hertz contact con-
figuration and is found to be ksys = 7.3 × 105 N m−1. The
stiffness of a block of material of section S, length L and of
Young modulus E is kmat = SE/L . For S ≈ 1.4 × 10−3 m2

and L ≈ 85 mm, ksys = kmat for E = 44 MPa. This gives
an estimation of the limit value of the Young modulus above
which the correction due to the apparatus stiffness must be
taken into account. The motorized linearized stage is lim-
ited to a maximal loading of 250 N. Tests confirm this value,
with an activation of security around 240 N. Estimation of the
membrane rigidity from the values of latex elastic modulus
show that the elasticity of the membrane is negligible.

3.3 Optical protocol and sensitivity

The first optical issue is to acquire a suitable speckle pattern.
The focal length of the lens and the distances between the
sample, the lens and the camera have to be in agreement with
the magnification allowing to image the whole surface of
the sample on the camera. Then the diaphragm aperture (see
Fig. 3) allows adjustment of the size of the speckle spots. This
size is determined from the Fourier transform of the image of
intensity. The size of the speckle spot is fixed to ≈ 2.3 pixels
which is a good compromise between the necessity to have
the maximum number of speckle spots, and the need for the
speckle spots to be at least few pixels.

Concerning the time resolution, the stepper motor fre-
quency is limited to one step per second, the acquisition rate
of the images to 4 frames/s, and we acquire 1 image per
motor step. The correlation maps are calculated between 2
images using Eq. (1). These two images can be spaced out
by a specific time interval.

The spatial resolution of the deformation map that we
obtain is dependent on both the camera used and of the gran-
ular material. As for the camera, the correlation functions
must be calculated on large enough areas in order to mini-
mize the statistical error when evaluating Eq. (1). In practice,
the noise on the correlation function is kept to an acceptable
level if the size of a meta-pixel is at least 16 × 16 pixels.
With a speckle size of 2.3 pixels, this corresponds to ∼50
speckle spots per meta-pixel. Concerning the material, the
resolution is limited by the light scattering process inside the
granular media. Photons that enter the granular material at a
given point typically exit the media at a distance smaller or
of order l∗ and have mainly probed zones inside the material

of size l∗. So, as shown on Fig. 3, a photon that emerges
from a given point of the material have explored a volume
of order (l∗)3. The information about the deformation of the
material is thus naturally averaged over this volume as shown
in Fig. 3. The spatial resolution is thus limited to l∗ by the
scattering process. The optimal choice of the optical setup is
when a meta-pixel on the camera is the image of an area of
order l∗ × l∗ on the object. If we call L the largest dimen-
sion of the material sample, the optimum of resolution is
attained with our 2,352 pixel width camera when L/ l∗ =
2352/16 � 150. For a sample size of L = 85 mm, this cor-
responds to an optimal value of l∗ � 0.6 mm. For spherical
glass beads, model of light propagation into granular mate-
rial [12] and experiments [11,12,15] show that l∗ � 3.3 d,
with d the mean bead diameter. For Fontainebleau sand, we
measured l∗ � 2.0 d [15]. So optimal value for grains
diameter is typically d = 200–300µm depending on the
material.

It should be stressed that those resolution considerations
hold for the best spatial resolution. With this resolution, one
meta-pixel corresponds to deformation that are averaged on
typical sizes of l∗ i.e. of few d. Larger beads may be also
used: we made DWS studies with glass beads of diameter
d = 500 µm in a different experimental geometry [16,17].
Smaller beads may also be used but with a spatial resolution
larger than l∗. Keeping the same spatial resolution may how-
ever be achieved by zooming on a smaller part of the sample,
or with an image acquisition device with better spatial reso-
lution such as high resolution camera.

4 A demonstration experiment

In order to show the potential of the apparatus that we built,
we propose here a demonstration experiment where we com-
press a model granular system made of cohesionless nearly
spherical glass beads.

4.1 Settings

We used for this experiment glass beads of 200–300µm
diameter in a membrane of dimension 85 mm height, 55 mm
width and 25 mm depth. Concerning the preparation of the
sample, the grains are poured inside the membrane and then
softly shaken by hand for a regular compaction before the
depressurization. The confining pressure is fixed to a value
σ3 = 30 kPa. Using the mean value of the grains diameter, the
transport mean free path can be estimated to l∗ ≈ 0.66 mm.
The obtained image is divided in squares of 16 × 16 pixels
which correspond to squares of (0.64 × 0.64) mm2 on the
sample. The typical noise of the correlation function gI is
0.03. For a quasi-static loading we chose for the velocity of
the top plate 1µm/s which is approximately a vertical strain
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6 A. Le Bouil et al.

Fig. 5 a Loading curve: Difference of stresses q = σ1−σ3 versus verti-
cal strain ε for a confining stress σ3 = 30 kPa and associated correlation
maps computed for an incremental vertical strain of Δε � 1.2 × 10−5.
b Zoom of the beginning of the loading process. The offset position for
the displacement is defined from the extrapolation at zero applied force.

c Different maps of correlation showing deformation bands with differ-
ent angles of inclination (see text). d Successive snapshots of deforma-
tion showing the intermittency of the deformation map (see text) and
the correlation function gI colorscale

of 1.2×10−5 between 2 motors steps. We acquire one frame
per second.

4.2 Stress strain curve

The loading curve showing the difference of stresses ver-
sus the vertical strain is presented on Fig. 5a. The vertical
strain is obtained as ε = (δ − δ0)/L , with L = 85 mm
and δ the loading plate displacement. The value of the off-
set of displacement δ0 for which the vertical deformation ε

is null is determined by the linear extrapolation of the force-
displacement curve at zero force (see Fig. 5b). The difference
of stresses q = σ1 − σ3 is obtained using q = F/S, with
F the measured force, and S = 1.37 × 10−3 m2 the section
of the material. The stress versus strain curve of the material
is typical of soil mechanics experiments, with first a quasi-
linear part. Then the slope decreases until a maximum of the
curve is reached, followed by a slow stress relaxation. We
also observe small stress drops during the loading process.
Such stress drops are not systematically observed. In some
similar experiments not shown here, we do not observe them

during the loading. Such drops are reported in the litera-
ture [18], they correlate typically with an instability in part
of the force network. This is in agreement with the fact that
we do not observe them during the compression of a bulk
elastic material of same Young modulus value.

4.3 Strain maps

Some typical maps of correlations between two successive
images (corresponding to an vertical strain increment of
Δε � 1.2 × 10−5) are shown on Fig. 5d.

These are roughly representative of the three distinct ways
to deform. At the beginning of the loading, we first observe
a background of deformation with some isolated reorgani-
zations already observed and described in another experi-
ment [18]. At a vertical deformation of order ε � 0.02, we
begin to see some decorrelated areas that occur in the form of
small bands. Such bands are intermittent: they appear and dis-
appear as the loading proceeds. The positions of such bands
seem to be arbitrary: the ending points may be on the bound-
aries of the sample or not. Those bands may cross each other,
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A biaxial apparatus for the study of heterogeneous and intermittent strains 7

or a band may start from another one. We observe several ori-
entations (see Fig. 5c1, c2) from � 45◦ to � 68◦. A 45◦ angle
corresponds to the Roscoe angle θR for non dilating mater-
ial. Those bands share some analogies with the micro-bands
described by Kuhn [19] or Tordesillas et al. [20] in numerical
discrete element method (DEM) simulations. More inclined
bands with a angle � 68◦ are also observed. This angle is
in agreement with the angle of shear bands predicted by the
Mohr–Coulomb criterium θC = 45◦ + φ/2 � 68◦, with
sin φ = (σ1 − σ3)/(σ1 + σ3) � 0.733 at the maximum load.
At the end of the loading, we observe two permanent sym-
metric bands which start from the corners of the sample, and
form the shape of the letter X. Their inclination is � 57◦ (see
Fig. 5c3). We note θG this geometric angle. Such symmetric
bands are widely reported in the literature. Near the loading
peak the situation is confused, displaying intermittent bands
at θR and θC but also some parts of the future permanent
bands at θG .

4.4 Intermittency

In conventional biaxial test experiments, the map of strain
is measured during axial (vertical) strain increments of typi-
cally Δε ∼ 10−3. The great sensitivity of our optical method
for strains measurement allows the determination of strain
for vertical deformation increments as small as typically
Δε ∼ 10−5. As a consequence we are able to investigate
the instantaneous micro-deformations of the sample. This is
an important difference with more conventional setup. The
instantaneous deformation seems to show important tempo-
ral fluctuations during the loading. Figure 5d shows six con-
secutive instantaneous maps of deformation around the mean
vertical strain ε0 = 3.74 × 10−2. The deformation maps
correspond to successive vertical strain increment, i.e. the
image di , for i = 1 to 6 corresponds to map of deformation
between vertical strain ε0 + (i − 1)Δε and ε0 + iΔε with
Δε � 1.2 × 10−5. As it can be seen in Fig. 5d the areas
of instantaneous deformation fluctuate strongly. The typical
size of the heterogeneities and the inclination of the bands of
localized strain are roughly the same during the snapshot
sequence. However the positions of these zones fluctuate
strongly from one image to the other. This seems to indi-
cate that this part of the loading is associated to some kind
of intermittent deformation of the granular material. In con-
trast, the shear bands observed after the load peak are rather
permanent, and do not show very important fluctuations.

5 Conclusions and future work

We presented in this paper a biaxial apparatus that has been
designed to measure tiny deformations in granular samples.
By analysing the evolution of the scattered light, we are able

to obtain a map of the deformation of the granular material.
The level of correlation is related to the local affine defor-
mation of the material and to the fluctuations of positions
around this affine deformation. Finally a test experiment on
a granular material composed of glass spheres shows that
deformation modes during an increment of vertical deforma-
tion are very various.

The obtained information about the deformations of the
material is different from similar experiments using more
conventional DIC methods see e.g. [21,22]). We do not track
individually the positions of the particles. Moreover, infor-
mation on the separate component of the strain tensor are
not obtained: we are not, for example, able to distinguish
between small dilatation or shear of the material. However,
the ability to measure small incremental deformations allows
to obtain a very different information on the material defor-
mation. The emergence of localization may be tracked at the
early stages of the deformation where conventional DIC is
limited to deformation during large strain increment near the
load peak, though evolutions are in progress with very high
resolution cameras. If necessary, the tracking of individual
particles on a part of the front face may be obtained to com-
plement the DWS interferometric imaging. For this, images
in white light have to be recorded by the same or by another
camera.

We focused in this paper on the description of the appa-
ratus and on the experimental methods. Our demonstration
experiment shows a very complex road leading to the fail-
ure, with numerous regimes of shear bands inclinations. In
future work, we will investigate experimentally the evo-
lution of those intermittent micro-failures toward the final
rupture in a simple nearly mono-disperse and non cohe-
sive granular material made of glass beads. Studies on
cohesive material or on the nucleation of failure from a
defect inside the material may also be considered with our
apparatus.
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