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Abstract

The investigation of the behaviour of granular material in practical problems requires
Isnowledge of the stress distribution and strain in the granular material. In particular,
since calculation methods produce more detailed output more details about stress and
strain have to be measured in tests to be able to validate the results. Currently only
tests with optically sensitive granular material can be used to visualize stresses and
strains simultaneously in a granular material.

This test technique is applied to the investigation of the stress distribution in several
systems with non-cohesive granular material. The stresses around a conical probe
penetrated into a granular material can be visualized and it can be shown how the
stress distribution and flow can be manipulated by inclusions in a flowing hopper.

Introduction

The investigation of the behaviour of granular material in practical problems requires
knowledge of the stress distribution and strain in the granular particle skeleton. In
particular since calculation methods produce more detailed output, more details about
stress and strain have to be measured in tests in order to be able to validate the results.
Since stresses and strains cannot be measured systematically in situ in the interior of a
granular assembly, model tests are often the only way to investigate a problem under
better defined conditions. However, even in model tests the information about stresses
and strains is restricted because the stresses in the interior of the granular material
have to be estimated from the boundary. In particular when systems with a complex
stress distribution have to be studied a method is required which yields more local
details about the stress conditions in the interior of the model.
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Measuring techniques based on load cells cannot be used because the large number of
sensors needed to obtain a clear picture of the stress distribution will disturb the
behaviour of the granular material too greatly. The most nearly ideal case would be
achieved if the particles in a granular material could themselves be used as gauges.
This principle can be realized if grains of photoelastic material are used, such as, for
example, glass (Dantu, 1975). If an assembly of photoelastic particles is loaded, the
overall stress produces contact forces between the particles. These contact forces
create some stress distribution in the particles, from which two stress components can
be measured by optical means. Averaging these measurements over a number of
adjacent particles in a representative region gives the average effective stress in a
material point of the grain skeleton. The grains have two functions in this method:
firstly, they convert discrete forces into tensor components and, secondly, they make
the stress components measurable. A computer controlled device has been developed
(Allersma, 1987) which enables automatic digitization of the stress components and
the co-ordinates of black markers. The stress and strain can now be measured
simultaneously.

This test technique is applied to the investigation of the stress distribution in several
systems with non-cohesive granular material. The stresses around a conical probe
penetrated into a granular material can be visualised and it can be shown how the
stress distribution and flow can be manipulated by inclusions in 2 flowing hopper.

Test technique

Optical stress measurement in photoelastic granular material opens new perspectives in
research on granular material. The method makes it possible to investigate stresses in
model tests under complex loading including large deformations. To apply the optical
method some demands have to be made on the test technique. Firstly it is necessary to
use a transparent optically sensitive material, such as glass, has to be used which is not
active after unloading. Although glass is transparent, a three dimensional assembly of
glass particles will be opaque due to refraction and reflections of the light at the
particle surfaces. However, if the pores of the assembly are filled with a fluid which
has the same refractive index as glass, the assembly becomes transparent to light. The
fluid-filled assembly with particles of about 2mm is plane strain loaded in a cell with
parallel glass walls spaced 50mm apart. Since glass becomes anisotropic to light as a
result of shear stresses the stress distribution in an assembly can be made visible by
means of cicularly polarized light. An example of a model test with a hopper just after
filling and after a period of flow is shown in Fig.1. Grains with large shear stresses
become the clearest. It is clearly visible that flow causes arching.

Because the assembly is transparent, marks such as beads of black-coloured glass can
be used to observe the deformation by using normal light. The marks are situated
halfway the thickness of the plane model and more or less form the nodes of a matrix,
as shown in Fig.1.
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Fig.1 Visualized stresses in a hopper ; just after filling (a) and after some flow (b).

Stress and strain measurement

Stress

The stress measurement is based on the stress induced optical anisotropy of glass. As a
result of shear stresses, the speed of light in the material becomes dependent on the
direction of the plane of oscillation. The most extreme velocities are found in the
planes which are oriented in the direction of the principal stresses. Normal light has a
very random behaviour so that it cannot be used to visualize this phenomenon.
However, if the light is linearly polarized the oscillation plane is well defined. If
polarized light has been transmitted through optically sensitive material the light will
become de-polarized. The amount of de-polarization can be determined by measuring
the intensity of the transmitted light while rotating a polarization filter. A diagram and
a photograph of the measuring system is shown in Fig.2. In order to make the initial
light neutral with respect to the principal stress direction, circularly polarized light is
used as the incident light. Well defined circularly polarized light is obtained by means
of a HeNe-laser, a polarization filter and retardation plate. After the light has passed
through the plane model with crushed glass, the circular light will be elliptically
polarized. The difference between the axes of the ellipse is dependent on the shear
stresses in the glass grains. The ratio between the axes can be measured by rotating a
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Fig.3 Computer plot of the measured principal stress directions; just after filling (a) and
after some flow (b).
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Fig.4 Calculated stress distribution; just after filling (a) and after some flow (b).

po.hnznu(.m filter and measuring the light intensity e.g. at one degree intervals. By
using a simple physical model for light the relationship between the extreme light
intensities / and the principal stress difference (01-02) in a material point can be
described with

ool b
0'l —0'2 = Marcsm(f‘—'i—f-"l"—)

max min

where M is a material constant.

The principal stress direction in a material point can be deduced from the rotation
angle of the polarization filter at maximum and minimum light intensity. The optical
measuring system can be moved in the x-y plane by a computer controlled manipulator.
Field information about the stress distribution during a test is obtained by measuring
the stress components in several material points. An example of the measurement of
the major principal stress directions before and after flow in a hopper is shown in
Fig3. If the local normal stress in some points at the boundary is known the field
information can be used to determine the stress distribution in the plane strain model
(Allersma, 1987). In Fig.4 the processed data is visualized graphically. It can be seen
that flow has a significant influence on the stresses. Large shear stresses can be
expecter in the zone close to the transition of bin and cone.
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Fig5 Measured displacements during  Fig 6 Transport system to simulate flow
flow in a hopper. in a hopper.

Strain-rate measurement

For a uniformly deforming region the strain-rate tensor follows from the displacements
of the particles. The components of this tensor €an be derived from the displacements
of three marked particles during a deformation step. To obtain information with
reference to a material point and to a particular stress condition, small distances
between the observed particles have to be taken into account and a small deformation
step has to be considered. For these reasons a device is required which can measure
small displacements with sufficient accuracy. For this purpose a camera is mounted at
the computer controlled x-y manipulator. Since the camera has a window of 6x6mm
the position of a black mark of 2 mm diameter can be derived accurately by processing
the image. The co-ordinates of the marks are used in the subsequent measurement for
global search of a mark. It is assumed that the displacement steps are so small that the

mark is always within the search area. An example of the displacement of several
marks in a flowing hopper is shown in Fig.5.

Stresses in hoppers
The optical measuring technique is applied to the examination of the stress distribution

in scale models of hoppers. The tests are performed in a hopper with a cone angle of
60 degrees. The surface of the bin was 200x400 mm, where the thickness of the model
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Fig.7 Visl..lalizef‘.l stress distribution in a Fig.8 Visualized stress distribution in a
hopper with a single inclusion. hopper with several bars.

was 70mm. Since the own weight was not sufficient to mobilize the optical anisotropy
an additional load was applied at the free surface by means of a pneumatic device and a
metal plate, in order to simulate a larger depth. The optical measurement of the stress
components takes too much time to allow a continuous flow. Therefore the hopper
was equipped with a simple flow control system, consisting of a spring in a tube
(Fig.6). Material is extracted from the hopper by rotating the transport system by
hand. Since the granular material is saturated with liquid special precautions were
taken to store the discharged particles. The first step in the test procedure was the
preparation of the sample by carefully sprinkling crushed glass into the scale model of
the hopper, which was previously filled with a liquid of the same refraction index.
During preparation black marks are placed halfway the thickness of the plane model
and form more or less the nodes of a matrix. The distance between the marks is about
20mm. The preparation method results in a loose packing of the granular material.
Next the additional load was applied at the free surface via a rigid plate, and the first
optical measurement could be performed in order to measure the initial stress
distribution and to initialize the co-ordinates of the marked particles. To investigate the
behaviour of granular material during flow an amount of granular material was
extracted from the hopper by means of the transportation system. The amount of
discharge per step was so much that the displacement of the fastest mark was
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Fig.9 Calculated stress distribution in a Fig.10 Measured displac.ements in a
hopper with a single inclusion. hopper with a single inclusion.

approximately 2mm. In order to visualize the stress fluctuations and the displacements
of the marked particles during flow, measurements are performed over more than 40
steps per test case. In Fig.1b, 7 and 8 the stress state during flow at some stage is
made visible by means of circularly polarized light. In Fig.1b it is shown clearly that
arching occurs in a normal hopper during flowing. The intensity of the transmitted light
and the calculated stress distribution in Fig. 4b show that the largest shear stresses
concentrations can be observed at the transition of bin and cone. If particles are
sensitive for damage, crushing will occur mainly in that regions. Due to variations in
the stress distribution the boundary stress at the cone vary in time and in place. This is
for example measured by Bransby et al., 1974 in real scale hoppers. This variation
makes the design of the cone difficult. In Fig.7 it is shown how, in principle, a better
control can be obtained over the stress distribution by means of an inclusion. The
inclusion attracts the stresses, so that the cone is not loaded so heavily. If the stresses
are observed in time it can be noted that the stress state at a particular point is not
constant. During the several flow steps, stress rotation of 10 to 20 degrees could be
observed in some regions, where the principal stress difference can vary more than
10%. In a small scale hopper it can be shown that an inclusion as suggested in Fig.7
increases the flow rate. As may be expected, large shear stresses can be observed near
the inclusion (Fig.9), so that crushing of the grains can take place in that region. In
Fig.8 it is attempted to spread the stresses more uniform over the surface of the
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Fig.11 Measured displacements in a hopper with several bars

hopper. Thls is achieved by means of bars, which are arranged more or less in an arch
.a( the 'transmon between bin and cone. As can be seen, the stress distribution above the
inclusion is much more homogeneous than in the previous cases. Furthermore, in this
case the cone is loaded in a more controlled way. In principle, the stresses caused by
the weight of the material can be transferred to the foundation of the hopper via the
bars. It can be observed that close to the bars there are still stress concentrations.

In Fig.5, 10 and 11, the flow pattern is made visible by plotting the measured co-
ordinates of the black markers during flow. The horizontal lines in Fig.5 and 10
represent the position of the plate used for additional loading. The average distance
between the lines is approximately 1mm. It can be seen that the displacements in the
bin section are uniform. As can be seen the difference in flow pattern between the
hoppers with and without bars is not so great. It seems that only the flow pattern in the
cone is somewhat different. In Fig.11 the particles close to the boundary at the top of
the cone did move less parallel to the boundary than in Fig.5 and 10. That the grains
can move in this way indicates that the interaction between cone and grains is not so
ridged as in the case of Fig.5. In Fig 10 the influence of the inclusion is clearly visible.
A small proportion of grains above the inclusion did not move at all and acts as a cone.
Below the cone a free space is bounded by the natural slope of the grains. Below this
area the grains become packed less densely, which is perhaps the reason why a hopper
with this type of inclusion has a larger flow speed than a normal hopper.

nclusio

The optical measuring method gives unique information about stresses and
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deformations in deforming non-cohesive granular material. Stress concentration can
be made visible in model tests and methods can be investigated which reduce peak
shear stresses in hoppers. The influence of modifications on the flow behaviour can be
deduced from the displacement measurements. Currently the optical measuring
technique is the only method of obtaining detailed field information about the mesm
in systems with a complex stress distribution. A disadvantage of the test technique is
that the own weight of the granular material is not sufficient to visualize the stresses.
Therefore in the near future it will be investigated if this test technique can be made
operational in a geotechnical centrifuge. In principle it is possible to measure the stress
components by using image processing techniques (Allersma, 1991, 1995).
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