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1 INTRODUCTION 

The development of material models and calculation procedures, 
to predict the mechanical behaviour of non-cohesive packed 
particle assemblies is still in full swing. In particular, 
numerical calculations based on the finite element method have 
proved very powerful. Contrary to the calculation techniques, 
however, little progress has been made in the development of new 
measuring principles. Sensoring and data collection have indeed 
been improved and more accurate devices are developed to 
investigate the behaviour of a sample of granular material. The 
measuring principle, however, is in general still based on the 
same concept as many years ago, namely: measurement of boundary 
loads or stress and displacement of boundary segments. The 
stresses and strains in the interior of a sample have to be 
estimated from the boundary conditions in this case, which is 
possible, only, if the stress distribution and deformation field 
are uniform. The information obtained by convential measuring 
methods is therefore very restricted if a granular material is 
subjected to complex boundary conditions. The boundary conditions 
in model tests relating to practical problems are in general too 
complex to yield useful information about the conditions in the 
interior of the granular material, so that it is not possible to 
analyse such problems in detail. 

Because the actual mechanisms cannot be visualised in most 
tests, it is not properly possible to verify the results of 
calculations. Although the numerically calculation techniques 
that have been developed are highly advanced, the quality of the 
results greatly depends on the stress-strain relations used. The 
stress-strain relations are mainly based on the behaviour of 
samples of granular material which are subjected to a known 
uniform stress condition. A typical device for material testing 
is the triaxial apparatus, in which a sample can be subjected to 
very well defined boundary stresses. This good control over the 
boundary stresses, however, restricts the scope to simulate 
conditions which are more realistic in practice, such as stress 
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rotation and continuous deformation. 
It is well known that the behaviour of a packed particle 

assembly depends greatly on the stress history and stress path in 
the material. It is therefore not sufficient to investigate a 
sample under simple loading conditions only; but it is also 
necessary to know the mechanical behaviour of a sample when it is 
subjected to a stress path similar to the one occuring in 
reality. In the first instance, this requires knowledge about the 
stress path to which a granular material is subjected in a 
specific practical situation and, secondly, a device is required, 
which can simulate this stress condition. Several devices have 
been developed in which more realistic stress conditions can be 
simulated. Examples are the simple-shear apparatus (e.g. 
Roscoe, 1970) torsional-shear apparatus (e.g. Symes et al., 
1982), directional-shear apparatus (Arthur et al. 1981) and 
multiaxial cubic test cell (Mould et al. 1982). For a particular 
problem a choice has to be made as to which material testing 
device gives the most useful results. Because clear information 
about the expected stress path is. often not available, many 
assumptions have to be made before the carefully measured 
material properties can be used in calculations. 

To obtain more information about the stress-strain behaviour 
in practical problems and to verify the results of calculation 
procedures, a more advanced measuring method is required which 
would enable stress and strain components in the interior of the 
granular material to be visualised. 

Up to now it was possible only to obtain detailed information 
about the strain in the interior of the granular material. Two 
methods are available for the strain measurements. The first 
method, developed by Roscoe et al.(1963), uses marked particles 
which are distributed in the granular material, such as lead 
shot. Because the density of lead is much more than, for 
example, that of sand the position of the lead shot in successive 
stages of a test can be located on a photograph by means of X-
rays. This method has been used by e.g. Bransby et al. (1975) 
to investigate the flow of granular material in model tests of 
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hoppers. The second method, which was developed by Butterfield 
et al., (1970), uses stereo-photogrammetry to determine the 
relative displacements in a granular material. In this method 
two successive photographs of the surface of a sand sample are 
used. The texture of the particle surface in combination with a 
non-uniform deformation show a mountainous area in a stereo 
viewer. The difference in altitude can be converted into 
displacements by means of a stereoscopic plotting machine. The 
strain tensor at a material point can be derived from the 
relative displacements of three points in a representative 
region. 

The measurement of the stress distribution in the granular 
material, however, proved to be more complicated. As contrasted 
with elastic materials, there is no unique relation between 
stress and strain which can be used to determine the stress 
increment in a region with a known deformation. A more direct 
method is therefore required to obtain information about the 
stress distribution. It is not possible to realise this by means 
of electrical strain gauges because the large number of sensors, 
which would have to be distributed within the granular material 
to perform systematic measurements, would unacceptably disturb 
the behaviour. 

At present only the optical method of stress analysis known as 
photoelasticity is available for investigating in detail the 
state of stress in a granular material. The fundamentals of this 
technique were established by Brewster, who in 1811 discovered 
the law which describes the phenomenon of polarisation by 
reflection. Another important step was achieved in 1852, when 
Herapath discovered that crystals of a complex salt containing 
quinine, hydriodic acid and sulphuric acid, possess the ability 
to absorb light which oscillates in a specific plane. The 
needle-shaped crystals, with a girth diameter which is 
considerably smaller than the wave-length of visible light, could 
be used to produce synthetic polarisation sheets. This technique 
was developed in the first decades of 1900. The production of 
large polarisation sheets has opened up the possibility to 
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visualise double refraction in models of transparent materials. 
In 1930 Colter and Filon, both of the University of London, 
demonstrated that the doubly refractive property could be 
utilized to visualise stresses in elastic materials. Since then, 
photoelasticity has increasingly become a useful tool for solving 
problems in structural engineering practice. The theory of 
photoelasticity and many applications thereof are for example 
described in Frocht's book (1946). In the last ten years the use 
of the photoelastic method has declined dramatically because many 
complex boundary value problems in structural engineering can now 
be solved with powerful computers and numerical calculation 
procedures. 

In 1957 it was demonstrated by Dantu as well as by 
Wakabayashi, that photoelasticity could be used to visualise the 
transmission of force in a packed particle assembly. The optical 
phenomenon in a granular material, however, had to be interpreted 
in a quite different way than was usual in elastic materials. It 
was not possible to create sharp isoclinics and isochromatics for 
analysing the stress distribution. Instead of isochromatics a 
pattern of clear stripes could be observed, which were assumed to 
represent major principal stress trajectories. 

The transmission of force in a granular material was analysed 
in detail by De Josselin de Jong and Verruijt (1969). They 
performed tests with cylindrical disks of photoelastic material 
to simulate a two dimensional assembly of a granular material. 
The isochromatics were used to determine the magnitude and 
direction of the contact forces between the disks. This 
technique was later used by Drescher and De Josselin de Jong 
(1972) to investigate aspects of a mathematical model for the 
flow of granular material. They described a method for 
transforming the distribution of the discrete contact forces and 
displacements in a region into a second-rank tensor, so that the 
test results could be expressed in terms as usual be employed in 
soil mechanics. They found experimentally that a tensor 
describes the distribution of the contact forces in a region 
fairly satisfactorily. Much research on the distribution of the 
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contact forces and the fabric structure in two-dimensional 
analogues of disks was performed by Konishi, Oda and Nemat-Nasser 
(1982). They used, for example, elliptical disks of photoelastic 
material to investigate the anisotropic behaviour of a granular 
material. The test technique with disks is not suitable for 
investigating the stress distribution in model tests of practical 
problems because an assembly of disks has a very discrete 
character and is restricted to two-dimensional assemblies only. 

In 1976 , Drescher published an experimental study on 
flow rules for granular material in which he again used crushed 
glass as the optically sensitive material. Because attempts 
undertaken by Wakabayashi (1959) and De Josselin de Jong (1960) 
to determine the magnitude of stress in crushed glass, by means 
of compensators, did not yield satisfactory results only 
information about the stress direction could be obtained in 
samples of crushed glass. It was shown in a qualitative way by 
Wakabayashi (1957,1959), Drescher and De Josselin de Jong (1972) 
and Oda and Konishi (1974) that the average direction of the 
light stripes visible in circularly polarised light approximately 
coincide with the lines of action of the major principal stress. 
Manual measurement of the directions from photographs, however, 
was rather subjective and very time consuming, and the direction 
of the stripes established in photographs appeared to be 
dependent on deviations in the optical filters, on the wave­
length distribution of the light source and on the sensitivity of 
the film to a particular wave-length. Because very realistic 
scale models can be prepared with crushed glass, it would be very 
'useful if more information about stresses and strains could be 
obtained by using the optical properties of glass. 

The main purpose of this study was to develop optical methods, 
for determining stresses and strains in assemblies of 
photoelastic granular material and to design a device for 
performing systematic measurements in scale models of practical 
problems and material testing devices. In the first instance a 
connection was established between the distribution of the 
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contact forces at a material point and the optical phenomenon in 
the granular material. This resulted in D a method for 
determining two stress components in a three-dimensional plane 
strain sample, 2) a calculation procedure for determining 
absolute stresses, and 3) a prototype of a device for performing 
the measurements (Allersma, 1982a). At a later stage a 
computer-controlled optical device was developed which was 
equipped also with a digital camera. Stresses and displacements 
can now be measured simultaneously. The measuring method has been 
applied to analysing the mechanical behaviour of granular 
materials in several tests, which simulate practical problems and 
material testing devices. 

The theoretical background of the photoelastic measuring 
method, the determination of the deformation and the data 
processing are described in Chapter 2. In Chapter 3 the layout, 
control and operation of the automated optical measuring device 
are described, and the production process of the crushed glass 
and the preparation, loading and sensoring of a model are 
explained. Some applications of the optical measuring method are 
presented in Chapter 4. The stress-strain behaviour under large 
shear deformations has been investigated, and several 
measurements of penetration tests are presented and discussed. 
Finally it is shown how the stress distribution changes in a 
hopper if some material flow has been taken place. In Chapter 5 
the possibilities, accuracy and limitations of the measuring 
method are discussed, and suggestions for further development of 
the measuring method are proposed. 
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2 THEORY OF MEASUREMENT 

2.1 STRESS TENSOR 

2.1.1 Contact forces 

If a large number of particles are brought together there will 
be contact points between the particles. At each contact point 
there acts a force due to gravity and/or external loads. The 
direction of the forces and the friction and cohesion between the 
particles determine whether particles move with respect to each 
other or not. At micro scale the distribution of the contact 
forces is very inhomogeneous. Besides body forces and external 
load there are several other factors which influence the 
magnitude and distribution of the contact forces, such as; 

- the density of the particle assembly, 
- the strength of the particles, 
- the shape of the particles, 
- the elasticity of the individual particles, 
- the particle size. 
The first four items influence the number of contact points 

between the particles. If the assembly is packed more densely, 
more contact points between the particles are to be expected. If 
the averaged force transmission is the same, the magnitude of the 
individual contact forces will be smaller. The strength of the 
particles is responsible for the amount of crushing at the 
contact points, which results in a redistribution of the contact 
forces. The number of contact points between the particles is 
directly influenced by the shape and the elasticity of the 
particles. The magnitude of the contact forces is more or less 
inversely proportional to the particle size. If the particles are 
very small, the magnitude of the contact forces comes closer to 
that of the atomic forces. This explains, for example, why an 
initially non-cohesive granular material shows a cohesive 
behaviour when it is moulded to a fine powder. 

It is usual in soil mechanics to describe the distribution of 
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the contact forces with a second-rank tensor, because it is then 
possible to apply the fundamentals of continuum mechanics. It has 
to be realised, however, that a second-rank tensor gives a 
simplified image of reality. The discrete character of granular 
material and information on, for example, the number of contact 
forces and the magnitudes of the individual contact forces is not 
included in a tensor. At present, however there is no better way 
to symbolise the force distribution. Therefore the optical 
measuring method has been so designed, that parameters are 
obtained which can be used to derive the components of a tensor, 
so that the distribution of the contact forces is described in a 
similar way, as is usual in soil mechanics. 

2.1.2 Stress tensor in granular material 

In continuum mechanics, stress is defined as the resultant 
force acting on a unit area. This definition is based on 
homogeneous materials, which means that the elementary particles, 
i.e. atoms, are very small in comparison with the stress 
gradients. If continuum mechanics is applied to granular 
material, areas have to be considered which contain sufficient 
particles. On the other hand, it is not permitted to consider 
too large area units, because in that case information on the 
stress gradient is lost in samples with a non-uniform stress 
distribution. A unit area can be assumed to be representative if 
a small deviation in surface does not significantly change the 
average stress. However, it is not always suitably possible to 
define a representative area in a granular material, because 
large gradients in stress and strain may occur. The thickness of 
a shear band, for example, is about ten particle diameters, so 
that the contact forces of only a few particles are 
representative of the stress state. This is of course very little 
in comparison with homogeneous materials and it is not quite 
clear how such phenomena have to be interpreted. 

If the macro stress in a region is not very inhomogeneous, the 
averaging procedure, which is described by Drescher and 
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De Josselin de Jong (1972) can be used to transform discrete 
contact forces into stress compcAaents. If a region with volume V 
is considered with a non-uniform stress state o. ., which is in 
equilibrium, then the average stress o. . is defined by 

«ij = è fv °ij d v ( 2 : l ) 

which, by using Gauss's divergence theorem, can be written as 

*ij = hi x i ( m ) T j ( m ) ( 2 : 2 ) 

m=l 
in which 

u = number of discrete forces intersected by 
the boundary of V 

x. = i-co-ordinate of the intersection point of 
the m-th contact force (■ i=l,2,3) 

T (m)= j_component of the m-th force ( j=l,2,3) 
Eq. 2:2 was used by Drescher and De Josselin de Jong to 
determine the stress tensor in a region of a two dimensional 
assembly of photoelastic disks. The contact forces were 
determined from the isoclinics in the disks, using a procedure 
developed by De Josselin de Jong and Verruijt (1969). Contrary to 
usual photoelastic measuring techniques, it was possible in this 
way to determine the complete stress tensor in a representative 
region. Since the distribution of the contact forces was known, 
it was possible to plot a Maxwell diagram of the forces which 
intersect a hypothetical circular boundary. An example of such a 
diagram is presented in Fig.2:1. The more closely the diagram 
approaches an ellipse, the better the force distribution can be 
described by a tensor. Taken into account that a relatively small 
number of particles were considered, fairly good agreement with 
an ellipse is observed. 

The analysis of Drescher and De Josselin de Jong has 
demonstrated that the distribution of the contact forces can be 
described fairly well with a second-rank tensor, and agreement 
can be expected to be better if the region under consideration 
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Fig.2:1 Maxwell diagram of a circular region in a two-
dimensional assembly of 150 disks (from Drescher and De Josselin 
de Jong, 1972). 

contains more particles. 
Because the contact forces create stresses in the disks, the 

stress tensor which describes the distribution of the contact 
forces in a region can also be derived by averaging all the 
internal stresses of all the disks in a region considered, as is 
shown by eq.2:l. It was found possible to determine two 
components of the average stress tensor in a body of photoelastic 
material by optical means. Because the whole volume of the body 
is considered in this method, the body may be of any shape. 
Since the optical averaging procedure is also valid over the 
thickness of a sample, the average stress components can also be 
derived in three-dimensional assemblies of arbitrarily shaped 
particles of photoelastic material. Because the optical averaging 
can be performed automatically, systematic measurements can be 
performed in scale models with more realistic particles. 

2.1.3 Stress distribution in a particle 

The particles play an important role in the optical measuring 
technique. In fact, they are used as gauges which translate the 
discrete contact forces into tensor components and they make 
these components measurable. In the optical measuring method 


