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Optical Analysis of Stress around a Penetrating Probe in Granular Material
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ABSTRACT: A series of tests was carried out to visualise the stresses that develop during the penetration of a
cone into a cohesionless granular medium. Different initial stress states were induced in the samples, in order to
model vertical as well as horizontal cone penetration. Optical techniques, based on the photoelastic properties
of glass, were used to obtain detailed field information on the shear stresses in the plane strain models. The
same techniques have also been used to digitise the stress field. The obtained discrete stress distribution has

been used to visualise stress paths in the models.

1 INTRODUCTION

Model tests are often used in the laboratory to ex-
amine the behaviour of granular materials. They can
yield insight into the behaviour of the material in gen-
eral, and into the stresses and strains occurring in spe-
cific situations, such as the flow of material through a
hopper or around the tip of a cone penetrating into
the material. Knowledge of the stress and strain dis-
tribution in granular assemblies can be used to valid-
ate the results of the increasingly complex calculation
methods used to predict material behaviour in such
situations. With most test methods, the quantity that
is directly observable is the displacement of the ag-
gregate. Advanced techniques, such as computerised
X-ray tomography, make it possible to obtain a three-
dimensional view of the deformation of a granular as-
sembly. The measurement of stresses, on the other
hand, is generally restricted to a few point measure-
ments of normal or shear stress at the boundaries of
the model. The stresses in the interior of the sample
can only be estimated from these boundary measure-
ments if the stress field is uniform and the principal
stress directions are known. In case the stress field
is non-uniform, additional stress measurements inside
the sample are needed.

There are, however, a number of difficulties associ-
ated with the use of mechanical stress gauges, placed
inside the sample, to obtain reliable stress measure-
ments. A rather complex sensor would be needed to
obtain all stress components at a given point. Such a
sensor would most probably have a different stiffness
than the aggregate, and react differently to deform-
ations, resulting in changes to the stress distribution
around the gauge. Also the placement of the gauge in
the sample often leads to stress concentrations around
the gauge. Furthermore, the sheer number of sensors
needed to obtain a detailed stress field is not only im-
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practical and costly, it would also influence the overall
behaviour of the model.

It is possible to obtain detailed field information
on the stress distribution in granular materials using
the photoelastic measuring method. In this technique
glass particles, or a similar photoelastic material, are
used as a substitute for the grains. Crushed glass ex-
hibits similar mechanical properties as sand, and can
therefore be used to study the behaviour of sands and
sandy soils in model tests. To eliminate the scattering
and create a transparent sample, the assembly of glass
particles is immersed in a liquid whose index of re-
fraction is equal to that of the glass. Then the sample
is subjected to a load and the transmission of forces in
the sample can be made visible with a circular polari-
scope (Dantu, 1957, Wakabayashi, 1957). Although it
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Figure 1. A) Distribution of contact forces at the surface of
acylindrical volume in a particle assembly. B) Determina-
tion of the averaged stress.



[image: image2.jpg]is possible to obtain a three-dimensional stress visual-
isation with some additional measures, the technique
is most suited for samples subjected to plane strain
conditions.

An automated circular polariscope has been de-
veloped at Delft University of Technology (Allersma,
1987) to digitise the stress distribution in plane strain
samples of crushed glass. The glass grains themselves
act as a sensor in this technique; they transform the
contact forces into optically measurable stress com-
ponents. With this technique the stress components
can be measured at any point within the sample. An
integration procedure has been developed also in or-
der to visualise the stress patterns, based on the dis-
crete stress measurements. As the sample is transpar-
ent, the displacement of a number of non-transparent
markers can be easily tracked during the test. This in-
formation can be combined with the stress measure-
ments to analyse the stress-strain behaviour in more
detail.

2 THE MEASURING TECHNIQUE

In most theoretical analyses of granular material it is
assumed that the material behaves as a continuum,
where the stress and strain at a material point can be
described by a second rank tensor. In general gran-
ular material do not exhibit an elastic deformation
behaviour, and as such there is no unique relation
between stress and strain. Therefore it is not possible
to derive stress increments from deformation meas-
urements alone.

In detail, the behaviour of a granular material is de-
termined by the contact forces between the individual
grains. Since these forces cannot be used in con-
tinuum mechanics, it is assumed that the distribution
of contact forces in a small region can be described
by a tensor. The averaged stress in region ¥, caused
by contact forces at the boundary (see Figure 1) can
be described by

& s

5= > altlrty 0
where

p# = the number of force vectors intersected by

the boundary of ¥/,

the i-th coordinate of the m-th contact force
(i=1,2,3),

the j-th component of the m-th contact
force (j =1,2,3).

The conventional method of obtaining information
on the stresses at a material point of a granular mater-
ial is to use a stress gauge with a large sensitive sur-
face. This measurement automatically integrates the
contact stresses over the surface. As the stress tensor
at a point cannot be determined completely from such
a measurement, it yields relatively poor information
on the stress state.

Use of the photoelastic properties of glass particles,
however, effectively yields an extremely large number
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Figure 2. Optical filter system, used to measure the aver-
aged retardation in a cylindrical volume in a photoelastic
granular material,

of sensors. Normally, in a three-dimensional plane
strain sample of reasonable thickness, there will be a
large number of grains in a given cross-section of the
model. Therefore, if a measurement is taken through
the model, as sketched in Figure 2, the stress com-
ponents along the light path are integrated. If it is
assumed that the average stress at a material point can
be described by

= il

=7 /V oy dv
the circular polariscope can be used to measure the
direction of the principal stress, , and the principal
stress difference, (o) — 03), averaged along the light
path.

When the sample is illuminated with circular polar-
ised light, the exiting light beam is generally elliptical
polarised. The relative retardation of the light waves
that gives rise to this elliptical polarisation is caused
by the fact that in a double refractive medium the in-
dex of refraction in two perpendicular planes differs.
In a photoelastic material this double refractiveness is
caused by the stresses acting on the grains, and it has
been established that the resulting light retardation &
is proportional to the maximum shear stress in a point
(Frocht, 1946).
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Figure 3. Test setup for penetration in a horizontal direc-
tion.
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and maximum of light intensity / during rotation of
the polarisation filter (see Figure 2) are known. Using
the fact that Tmax = (0] — 03)/2, it can be established
that

Tmax — Imi

—03) = k8 = karcsin M) 3
i <1mlx + Imin 2
In this relation & is the optical constant for crushed
glass, incorporating the average index of refraction,
the light speed and the model thickness. Furthermore
the principal stress direction, \, can be derived from
the rotation B of the polarisation filter at maximum
and minimum light intensity.

The optical filter system has been mounted on a
computer-controlled x-y scanner, so that field inform-
ation on (o) —03) and W can be obtained. A di-
gital camera has been used to obtain information on
the displacement of the probe and an overview of the
stress pattern in the model.

If some normal stresses at the boundary of the
model are also known, the equations of equilibrium
of stresses can be integrated to determine the abso-
lute value of the components of the stress tensor at
every point inside the plane strain sample. These nor-
mal stresses could, where possible, be obtained using
mechanical stress gauges.

3 TEST SETUP

One of the ongoing research efforts in soil mechan-
ics concerns the determination of the forces acting
on the probe used in a cone penetration test. In this
test a 60° tipped probe is pushed into the soil and
the force acting on the cone tip is measured. Numer-
ous models have been developed over the years to de-
rive soil properties from these measurements. More
recent, promising, models need the stress and strain
field around the cone tip during penetration as input
(Baligh, 1985).

Normally the cone penetration test is executed in
a vertical, downward, direction, i.e. parallel to the
direction of the initial principal stress in a normally
consolidated material. Recent research efforts con-
cern the execution of the test in a horizontal direction,
i.e. perpendicular to the initial direction of the prin-
cipal stress. None of the existing models can deal dir-
ectly with the theoretical differences between the two
penetration directions (Broere, 2001). In order to con-
struct a model specially suited for the interpretation of
the horizontal cone penetration test, information on
the stress field around the tip would be required. A
plane-strain approximation of the stress field around
a penetrating tip can easily be obtained using the pho-
toelastic method.

The vertical penetration model tests were carried
out in a cell of 280x250 mm. The thickness of the
sample was 50 mm. Crushed glass with a particle size
between 2 and 3 mm was used as granular material. A
6 mm diameter collimated laser beam was used as the
light source. A diagram of the test setup is shown in
Figure 2. Since the optical sensitivity of glass is relat-
ively low, some additional surface load was required
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to assure sufficient shear stress. Therefore a surface
load was applied using spring-loaded plates, resulting
in an average vertical stress of 150 kPa. In this test
setup it was possible to install pressure gauges at the
top boundary, in order to measure the normal stress at
two boundary points.

The horizontal penetration model tests were per-
formed in a 200x210 mm cell. The thickness of the
model in this case was 50 mm and the particle size
of the glass was again 2 to 3 mm. Figure 3 shows a
side view of the test setup. In this test the pre-loading
of the model was obtained using two screw-loaded
plates, at the top and bottom of the model. This test
setup did not provide room for pressure gauges at the
boundaries, but did allow the probe to penetrate a rel-
atively large distance into the sample.

4 TEST RESULTS

Figure 4A shows the visible phenomenon when the
vertical penetration model is illuminated with circu-
lar polarised light. Grains with large shear stresses
appear brighter, and they seem to form a pattern of
paths along which the stresses are transmitted. The
difference between the two tests, A and B, is that in
test B the shear stress between the granular material
and the probe surface has been eliminated by pushing
the probe in between two thin metal sheets. The prin-
cipal stress trajectories, based on the optical measure-
ment, are plotted in Figures 4C and 4D. Especially
in Figure 4D it is clear that near the tip of the probe
the major principal stresses are perpendicular to the
surface of the probe.

The isotropic points () = 03), indicated by the
white patches in the plot where the principal stress
trajectories are broken, are a common feature of these
tests. These areas are required to interconnect two
stress fields with different origins. There is a trans-
ition between the major and minor principal stress in
the isotropic regions. In Figures 4E and 4F the abso-
lute values of the principal stress are derived from the
optically measured parameters. The normal stresses
at two measuring points at the boundary of the model
were used to determine the absolute values of the
stresses in the interior of the model. As was expec-
ted, the stresses were largest close to the tip of the
probe. A result of the elimination of friction around
the probe is that the stress trajectories close to the tip
are less curved, so that the resulting principal stress
direction is closer to the horizontal.

In Figure 5 the stress distribution around the wedge
shaped tip is visualised in more detail. In this case the
initial stress state was obtained by use of dead weights
at the surface. The derived stress distribution in the
area below the tip is presented in Figure 6. In this fig-
ure the plotted lines are not the actual boundaries of
the model. As no boundary stresses could be meas-
ured in this test, the friction angle of the material was
used as additional information, The maximum value
of 33° at failure was derived from previous tests.

Figures 7A to 7H show the stress pattern around the
probe in a horizontal penetration test for various pen-
etration lengths. The undisturbed initial stress field



[image: image4.jpg]Figure 4. Stress during vertical penetration of a probe into
a granular material, with and without friction. (1 scale di-
vision = 100 kPa or 10 mm)

Figure 5. Stress pattern under a wedge shaped tip, viewed G
in circular polarised light.

Figure 7. Stress patterns during horizontal penetration of a
probe into a granular material, various stages of penetration
(penetration length: A 1 mm; C 3 mm; E 10 mm; G 23
mm)

has its principal stresses aligned parallel to the vertical
direction and perpendicular to the penetration direc-
tion of the probe. In this first test series the initial
stress level was chosen relatively low, in order to al-
low a large penetration length of the probe into the
sample, which led to some disturbances in the stress
field in the upper part of the model. In Figures 7A
and 7B the stress field in circular polarised light and
the principal stress trajectories are plotted for a small
Figure 6. Stress distribution under the tip, based on the (1 mm) penetration of the probe. This stress field is a
optically measured data. combination of the initial stress field and the stresses
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[image: image5.jpg]Figure 8. Stress patterns during horizontal penetration of a
probe into a granular material, various stages of penetration
(penetration length: A 0 mm; C 1 mm; E 3 mm).

generated by the penetration of the probe. It is char-
acterised by a single isotropic point in front of the
probe, as opposed to the two isotropic points next
to the probe in vertical penetration. If the penetra-
tion distance is increased (to 3, 10 and 23 mm in re-
spectively Figures 7C, 7E and 7G) the stress field is
quickly dominated by the stresses generated by the
probe. This stress field moves along with probe, as
can be seen in Figures 7D, 7F and 7H.

If the initial stresses in the model are larger, they
are overshadowed less by the stress field generated
by the penetration of the probe. This can be seen
in Figures 8A to 8F. In Figure 8A and 8B the ini-
tial stress field can be seen, with the predominantly
vertical principal stresses. In Figure 8C the probe is
inserted 1 mm into the model and the combined stress
field can be observed. Figure 8D shows clearly the
single isotropic point in front of the probe. The stress
field generated by the probe, and thereby the isotropic
point, moves along when the probe is penetrated fur-
ther into the model, as can be seen from Figures 8E
and 8F for a 3 mm penetration into the model.

Even though the penetration length in Figure 8E is
equal to that in Figure 7C, in this case the stress field
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originating from the probe does not dominate the ori-
ginal stress field yet and an isotropic point is still vis-
ible. This difference is due to the larger initial stresses
in the model.

These tests show the complex stress fields that de-
velop during the penetration of a probe into a non-
cohesive granular material. The observed stress fields
are superpositions of the initial stress field and the
stress field originating from the penetration of the
probe. In order to connect those stress fields one or
more isotropic points are needed. Only at relatively
large penetration lengths, i.e. large stress changes,
the stress field originating from the probe overshad-
ows the original stress field within the confined space

of the model.

5 CONCLUSIONS

The measurement of boundary stresses alone does not
actually yield sufficient information to estimate the
stress distribution in a sample. Also the magnitude
of the stress rotation inside the sample cannot be ob-
tained from boundary measurements alone. As a res-
ult it is not generally possible to obtain detailed in-
formation on the stress-strain behaviour of granular
materials in complex geometries.

The photoelastic measuring method is an optical
stress measuring method that can be used to visualise
thz stress distribution in plain-strain samples of non-
cohesive granular material. This technique makes it
possible to perform model tests on complex geomet-
ries and obtain field measurements of the stress distri-
bution inside the sample. These tests can be used to
investigate the influence of various initial and bound-
ary conditions.

In model tests on vertical and horizontal penetra-
tion of a wedge-tipped probe the differences in the
resulting stress fields have been shown. In vertical
penetration the stress field shows two isotropic points,
as opposed to a single one in horizontal penetration.
These isotropic points are needed to connect the stress
field generated by the probe to the initial stress field.
If the probe is penetrated further into the material the
stress field generated by the probe moves along with
it.

The optical test technique offers detailed informa-
tion on the stress field around a penetrating probe in a
non-cohesive granular material. This information can
be used to improve the models used to interpret cone
penetration tests.
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