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ABSTRACT: A series of tests was carried out to visualize stresses and strains in a number of characteristic shear de-
vices. Since there is no unique relationship between stress and strain in granular material, information about stress-strain 
behaviour can be obtained only by measuring stresses and strains independently in the interior of a sample. Currently, 
only optical techniques, based on the photoelastic properties of transparent granular material, are available for acquiring 
field information on stresses and strains. The optical technique is used to digitize the stress distribution and strains in 
plane strain models with non-cohesive granular material, simulating simple shear, direct shear and continuous shear. 

1  INTRODUCTION 
 
In the laboratory model tests are often used to examine 
the behavior of real scale soil structures. Advanced tech-
niques are available, e.g. centrifuge modeling, to obtain a 
better simulation of the field conditions concerning the 
stress level. However, the information obtained from 
laboratory tests is mainly concerned with deformations. 
The stress measurements are in general restricted to some 
point measurements of the normal and shear stress at the 
boundary of the sample. Only in samples with a uniform 
stress distribution with known principal stress directions 
can the boundary measurements be used to estimate the 
stress in the interior of the sample. In the case of a non-
uniform stress, field measurements have to be performed 
in the interior of the sample. Knowledge of the stresses 
contributes to a better understanding of the problem. Fur-
thermore, calculations are predicting ever more detail of 
the behavior of granular materials, which implies that 
more details have to be measured in tests to enable valida-
tion. 

Several methods are available for measuring the defor-
mation of a granular material. By using advanced tech-
niques such as x-ray computer tomography, it is possible, 
in principle, to obtain detailed three-dimensional informa-
tion on the deformation in a particle assembly in real 
time. The detailed measurement of the stresses in the inte-
rior of a granular material, however, is still rather diffi-
cult. Point information can be obtained by using me-
chanical pressure sensors. However, a complex sensor 
would be needed to enable the digitization of the stress 
components in a given point. Furthermore, the quantity of 
sensors needed for detailed information would be so high 
that they would considerably influence the behavior of 
the granular material. 

Currently, the photoelastic measuring method is the 
only way to obtain field information on the stress distri-
bution in plane strain tests with granular material. In this 

technique, sand is replaced by crushed glass. The me-
chanical properties of random shaped glass particles are 
similar to those of sand. The assembly of crushed glass 
can be made transparent by submerging the pores in a 
liquid with a refractive index equal to that of glass. The 
transmission of the forces through the sample can be 
made visible with a circular polariscope (Dantu, 1957). 
An automated optical device and a calculation procedure 
have been developed at the University of Delft (Allersma, 
2001) to digitize the stress distribution in plane strain 
tests with crushed glass. In fact the grains themselves are 
used as a sensor in this technique. They transform the 
contact forces into optically measurable stress compo-
nents. Thanks to this technique two stress components 
can be measured in any point of a plane strain sample. If 
the normal stress at some points at the boundary is known 
the equations of equilibrium can be used to calculate the 
stress distribution in the sample. Because the sample is 
transparent, normal light can be used to digitize the co-
ordinates of black markers during a test.  

The measuring technique can be used to simulate sev-
eral practical problems, such as pile penetration, anchors 
and hoppers. Furthermore the method is a tool to analyze 
the stress and strain in soil testing devices. In these de-
vices total loads and the displacement of a boundary seg-
ment are used to estimate parameters describing the me-
chanical behavior of the granular material. For the 
interpretation it is assumed that the distribution of the 
stress and strain in the sample is known. The optical 
measuring method, however, shows that the real stress 
state and strain may be more complicated.  

2  SHEAR DEVICES USED  

The characteristic behavior of granular material is that de-
formation occurs in shear zones. The rupture failure of a 
slope is well known, but the failure around a penetrating 



probe in non-cohesive material also shows localized shear 
zones. Almost all soil testing devices are based on shear 
failure of granular material. In a triaxial test on sand, 
shear can occur spontaneously, whereas in devices such 
as a simple shear cell and a direct shear cell, shear is spe-
cifically forced in a particular plane. The disadvantage of 
a shear cell, however, is that the stress distribution is less 
well defined than in a triaxial sample. Some tests with op-
tical sensitive granular material have been performed to 
visualize stresses and strains in shear devices. Three dif-
ferent types of shear cells are used, as follows: Simple 
shear with initial major stress direction perpendicular or 
parallel to the shear direction; Continuous shear with ini-
tial major stress direction perpendicular to shear motion 
and Direct shear device 

measured normal stresses at the boundary are shown by 
arrows. Due to the stress rotation during shear it is actu-
ally not possible to estimate the stress in the interior of 
the granular material by only measuring the normal and 
shear stresses at the boundary. Moreover, the major prin-
cipal stress direction after maximum shear appeared to be 
not 45 deg. to the shear direction, but still 60 deg.  

  

1  Simple shear 
In this device two u-shaped segments are connected by 
two plates. Thanks to hinges, the u-shaped segments can 
move parallel to each other, which causes a well defined 
shear zone between the parallel plates. An initial stress 
with major direction perpendicular to the shear motion 
was applied by means of plates and springs. In some 
points at the boundary the normal stress was measured by 
means of strain gauged cantilevers. In Fig. 1  the digitized 
principal stress directions before and after 7 degrees of 
shear are plotted, respectively. It is clearly visible that the 
principal stresses rotate anticlockwise during shear. The 
pattern appeared to be quite straight in the shear zone, 
which indicates that the stress distribution is uniform. In 
Fig. 2a the calculated stress distribution is plotted after 
applying the initial vertical load. In Fig. 2b the stress dis-
tribution is given after a shear deformation of 7 deg. The 
calculated normal loads at the boundaries are also plotted, 
where the 

Fig.3  Strain rate tensor versus principal stress directions. 
 

The displacements of black markers were measured dur-
ing a shear step between 3 and 7 deg. The strain rate ten-
sor is calculated and the principal directions of stress and 
strain are compared with each other. The major direction 
of strain was close to 45 deg. to the shear direction. It ap-
peared, however, that the major directions of stress and 
strain do not coincide. This provides an extra complica-
tion in the analysis of the test results. 

               
                   a                                            b Fig.1 Principal stress, before and after shear. 
Fig.4  Simple shear with horizontal (a) initial major 
stress. b) Stress direction visible in circular polarized 
light.  

 

   

 
In Fig. 4 the distribution of the principal stress direction 

in another simple shear test is shown. The difference with 
the previous shear test was that the initial direction (Fig. 
4a) of the major principal stress was parallel to the shear 
direction. The stress was applied to the sample by means 
of a plate at the left-hand side of the sample. The curva-
ture of the principal stress direction at the top and bottom 
shows that there was some boundary friction during load-
ing. In Fig. 4b the clockwise rotation of the principal 

                    a                                          b  
Fig.2 a) Initial vertical stress, b) stress rotation after shear. 



stress direction is shown after shear over approximately 4 
deg. It appeared that the distribution of the principal 
stress difference and principal stress direction was very 
uniform. This indicates that the major principal stress is 
also uniform in the sample. Although still a difference can 
be observed, there appeared to be a better agreement with 
major directions of stress and strain (Fig. 5), and the prin-
cipal stress directions are close to 45 deg. relative to the 
shear direction.  

 
Fig.5 Simple shear with initial horizontal major stress. 
 

A disadvantage of simple shear tests is that the geome-
try of the sample changes significantly at large deforma-
tion, where the volume is also decreases. This means that 
sufficiently large deformations cannot be performed to 
examine what happen in continuous shear at a constant 
stress and strain rate. Therefore, a special device has been 
developed to examine the behavior at large shear.   

2  Continuous shear 

In this device it is made possible to subject a sample to 
more or less unlimited shear deformation. In simple shear 
devices, shear deformations of 7 deg. can already be 
considered large. In the continuous shear device, shear of 
more than 45 deg. is possible, so that the state of shear 
under constant stress can be achieved. A diagram of the 
device is shown in Fig.6a. The granular material is con-
fined to a space formed by a caterpillar and glass walls. 
The sample was subjected to a constant load in vertical 
direction by a plate, which was able to move in the verti-
cal direction only. The total load caused an averaged ver-
tical pressure of 160 kN/m2. The sample was subjected to 
shear by displacing the bottom plates in a horizontal di-
rection at a constant speed of 0.25mm/hr. The required 
horizontal load was also measured. The measured pa-
rameters over 60% shear were visualized graphically in 
Fig.6b. The measured loads are represented by F/P, where 

the optically measured data are the principal stress differ-
ence (σ1−σ2) and the principal stress direction ψ. A strong 
stress rotation can be observed in the first 10 % of defor-
mation. The principal stress direction in steady-state is 60 
deg. The similar progression of the optical and mechani-
cal measured parameters show that there is good agree-
ment between the different measuring methods. In Fig.7 
the displacement of markers during shear over 40 deg. is 
shown 

   
                    a                                             b 
Fig.6 Diagram of continuous shear apparatus and meas-
ured parameters. 

 
Fig.7 Measured displacement of markers during shear 
over 40 degrees. 

 
Fig.8 Comparison of the major direction of stress and 
strain in two different steps (scale units 10mm). 
 
in more detail. The displacement field was very character-
istic. In the first instance there was some contraction, fol-
lowed by dilation. The deformation appeared to be uni-
form over the height of the sample. In Fig.8 the strain rate 
tensor is plotted and the direction is compared with the 
measured major principal stress direction, before and after 
a deformation step. In Fig.8up a shear step is shown in the 
first stage of the test (after initial shear of 1.5 deg.), where 
the rotation of the principal stress was significant (approx. 



10 deg. after shear of 2.5 deg.). It is clearly visible in this 
figure that on average there is an angle (approx. 18 deg.) 
between the principal stress direction (66 deg.) and major 
direction of the strain (48 deg.). In Fig.8bottom a shear 
step over 3 deg. is shown, after an initial shear of 25 deg. 
In this stage the steady state mode is almost reached. As 
can be seen, the principal stress does not rotate and the 
principal strain direction is at an angle of 44 deg. to the 
shear direction. However, it appeared that there is still a 
deviation (15 deg.) between the major directions of stress 
and strain. It is interesting that a similar deviation can be 
found in a triaxial test, if it is assumed that the main di-
rection of the shear is 45 deg. to the shear direction in the 
shear band. It was found that in the case of reversal shear, 
about twice the amount of shear deformation was required 
(40%) to traverse the same stress rotation as was the case 
in Fig. 6b (20%). This phenomenon shows the strong in-
fluence of stress history.  

In Fig. 10 the strain rate tensor is presented and the ma-
jor direction of strain is compared with the major direc-
tion of stress. It appeared that there is only a small zone 
with uniform strain. However, the principal directions of 
stresses and strains are in good agreement in this zone. 
The tests show that direct shear seems not to be very suit-
able for examining the stress-strain behavior. 

4  CONCLUSION  

Until now, the optical stress measurement has been the 
only method for visualizing the stress distribution in non-
cohesive granular material. This technique makes it pos-
sible to perform laboratory tests, which under normal cir-
cumstances would yield no information. Since stresses 
and strains can be measured independently, more detailed 
observations can be made on the behavior of the material.  
 The measured boundary stresses in a shear test did not 

yield sufficient information to estimate the stress distribu-
tion in the sample during shear. An extra handicap is that 
the magnitude of stress rotation is not known.  

3  Direct shear 

Since direct shear tests are still used in several areas it is 
interesting to examine the behaviour of stress and strain 
in this device. Two ridged U-shaped segments are con-
nected by a dovetail, so that the segments can move only 
parallel to each other. A plate in one of the segments is 
used to apply an initial in which the major principal stress 
direction is perpendicular to the shear direction. In Fig. 9 
the stress pattern is shown after shear. It can be seen that 
the stress distribution is not very uniform, so that there is 
no simple relationship between the applied normal stress 
and the stress distribution in the sample 

Since the major directions of stresses and strain do not 
coincide, a formulation of a stress-strain relationship 
seems to be less than easy. It was found in model tests on 
penetration probes that also in practical situations a devia-
tion in direction could be observed between stresses and 
strains.  

The independent measurements of stress and strain 
show that the results of shear tests have to be interpreted 
with great care. In the simple shear tests it is doubtful 
whether sufficiently large deformations can be achieved 
to reach steady state conditions. This means that the prin-
cipal stress is still rotating during the deformation step 
considered. Furthermore, the geometry of the device 
changes significantly. This will change the boundary 
conditions and so the stress distribution in the interior of 
the sample. 

 

    

The stress distribution in the simple shear tests was 
rather uniform. In the direct shear tests , however, a non-
uniform stress distribution was measured. It seems that 
the interpretation of these shear tests has no strong theo-
retical background. 

The optical test technique yields valuable information 
for an improved understanding of the behavior of granu-
lar material. Although problems are not directly solved, 
the insight makes better interpretation of test results pos-
sible. 

Fig.9 Stress pattern in a direct shear test. 
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 Fig.10  Strain rate tensor distribution. 
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