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Speckle photography for measuring 3-D deformation inside a transparent soil model
La photographie de moucheture pour mesurer la déformation de 3-D dans un modèle de sol
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ABSTRACT
This paper addresses the needs for non-intrusively measuring 3-D internal soil deformation for various geotechnical engineering
problems. In this study transparent soils are used to model a soil profile of sand overlying soft clay. Transparent soils are made of
either transparent amorphous silica gels or powders with a pore fluid having the same refractive index. Conventional geotechnical
tests showed that transparent soil exhibited macro-geotechnical properties similar to those of natural soils. A comparison study also
showed that transparent soils can be used to simulate natural soil in model tests. An optical system consisting of a laser light, a CCD
camera, a frame grabber, and a computer was developed to optically slice the transparent soil model. A distinctive laser speckle
pattern is generated by the interaction between laser light and transparent soil. Speckle photography was used to calculate the 2-D
displacement field by cross-correlating two consecutive images captured during footing settlement. A 3-D displacement field under a
model footing was obtained in Matlab® by combining multiple slices of 2-D displacement fields. Test results showed that the
developed optical system and transparent soil are suitable for studying 3-D soil-structural interaction problems
RÉSUMÉ
Cet article adresse le besoin de mesurer non-envahissement la déformation interne du sol 3-D pour les divers problèmes d'ingénierie
géotechnique. Le sol transparent est utilisé dans cette étude comme modèle. Le sol transparent est composé des gels ou poudres de
silice amorphes et transparents avec un liquide de pore ayant le même indice de réfraction. Les testes géotechniques conventionnels
ont démontré que le sol transparent manifeste des propriétés semblables à ceux des sols naturels. Des études comparatives ont aussi
montré que le sol transparent peut être utilisé pour simuler le sol naturel dans des testes modèles. Un système optique composée de la
lumière laser, une appareil-photo CCD, une carte d'acquisition d'images et un ordinateur a été développé pour optiquement couper la
terre transparente. Un motif de laser mouchetée est produit par l'interaction entre la lumière laser et le sol transparent. Un modèle de
moucheture laser distinctif est produit par l'interaction entre la lumière laser et le sol transparent. La photographie de moucheture a été
utilisée pour calculer le champ de déplacement de 2-D par croix-correspondre deux images consécutives capturées pendant le
fondation de règlement. Un champ de déplacement 3-D sous une fondation de modèle a été obtenu dans Matlab® en combinant des
tranches multiples des champs de déplacement de 2-D. Les résultats du test montrent que le système optique développé et le sol
transparent sont des méthodes convenables pour étudier les problèmes d'interaction sol-structurels de 3-D.
Keywords: speckle photography, transparent soil, optical test, digital image cross-correlation, internal 3-D displacement field

1 INTRODUCTION
Many methods and techniques have been used to visualize
deformation inside natural soils over the last half century.
Radiography has been implemented to visualize information
inside soils for many years (Roscoe et al 1963). These
investigations are intrusive measurements using lead shots,
which also can’t follow soil movement under excessive
movement conditions. Computerized Axial Tomography and
Magnetic Resonance Imaging have also been utilized over the
last three decades for experimental modeling of geotechnical
problems. Routine applications of these techniques are limited
by their high cost and technical difficulties. Transparent
materials have also been used in model studies in investigating
stress and flow field inside photoelastic material or opaque
materials in their model study (Konagai et al 1992). These
studies are limited by material capability in accurately modeling
soil behavior and their poor quality of transparency.
Visualization of 3-D internal deformation or strain field can
significantly improve the interpretation and understanding of
geotechnical engineering problems and help in solving these
problems. Non-intrusive measurement of deformation inside a
transparent soil model is presented and analyzed in this paper. A
3-D displacement field under a model footing is obtained by
combining multiple slices of 2-D displacement fields. The tests

showed that the optical system and transparent soil developed
for this study are suitable for studying 3-D soil-structural
interaction problems.
2 TRANSPARENT SOIL
Two kinds of transparent soils were developed to model natural
soils; silica gel for modeling sand and silica powder for clay.
The developed materials are transparent, not merely translucent,
thereby permitting the use of simple optical techniques to
visualize 3-D flow paths and spatial deformation patterns within
a soil mass. The transparency of this material is demonstrated in
Figure 1. Silica gel is a colloidal form of silica. It is inert and
porous, and is available in sizes ranging from 0.5 mm to 5 mm.
The most common shapes are rounded beads and angular
particles. The typical stress strain behavior for both fine and
coarse silica gels is consistent with typical stress strain behavior
of sands. Dense specimens of fine silica gel exhibited typical
strain softening and dilatancy behavior, particularly at low
confining pressures, as shown in Figure 2. The angles of
friction ĭ and Young’s Modulus are similar to the values
reported for natural sands. More details can be found in
Iskander et al (2002a). Several different sizes of amorphous
silica powder were used for modeling clay. Amorphous silica
powders exhibited typical stress-strain behavior in conventional
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Two matching liquids resulted in sufficiently clear samples.
The first is a 50:50 blend by weight of colorless mineral oil and
a normal-paraffinic solvent to have a refractive index of 1.447
at 25˚C. The second is a brine mixture blended from calcium
bromide and water to have a refractive index of 1.448 at 25˚C.
These two fluids are not miscible which permits studying multiphase flow problem, such as contamination of aquifer with
petroleum products.
3 DIGITAL IMAGE PROCESSING
3.1

Digital image cross-correlation (DIC) is a pattern recognition
technique where two images are compared to obtain the relative
displacement between them. DIC is widely used in many
engineering fields to obtain spatial deformation patterns, albeit
with several names (Sadek et al 2003). The discrete form of
standard cross-correlation function, C, given by Huang and Tsai
(1981), is as follows:

Figure 1. Demonstration of the transparency
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triaxial compression tests. The measured behavior of amorphous
silica powder appears to generically represent clay whose
properties depend on the size of silica and consolidation history.
Shear strength of transparent clay is compared with other wellknown clays in Figure 3. More details can be found in Iskander
et al (2002b) and Liu et al (2003).
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Where f and g are the average intensities of the two images.
3.2

Figure 3. Shear strength of transparent clay (Iskander et al.
2002b)
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Figure 2. Typical stress-strain curves of transparent sand
(Iskander et al. 2002a)
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where M and N are the dimensions of the interrogated images, f
and g are the intensities of two images being interrogated. The
correlation function given in Eq. (1) is sensitive to the average
intensity of f(m, n) and g(m, n). Therefore, the zero normalized
cross-correlation function (ZNCC) is normally used in the
analysis, which is given by Giachetti (2000) as
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Adaptive cross-correlation

Adaptive cross correlation (ACC) is an iterative procedure that
is used to increase the accuracy of DIC (Scarano and
Riethmuller 1999). In ACC, the position and size of
interrogation window, which is the area being cross-correlated,
is continuously refined to obtain the optimal prediction. At the
beginning, the image is divided into larger interrogation
windows. First, conventional DIC is performed on these
windows and the deformation is obtained for each window. The
second step of the analysis involves dividing the original
window into four smaller windows that are shifted from their
original positions by the integer value of deformation calculated
from the first step. This procedure is repeated for each of the
smaller interrogation windows, until the final window size is
reached. ACC is implemented in Flow Manager Software
(Dantec 2000), which is intended for particle image velocimetry
(PIV) to measure the flow distribution by tracing the flow of
embedded markers. This software was adapted for this research
to study soil deformation in a transparent soil model.
The parameters of ACC used in this paper were the
following. The interrogation window sizes were 128×128
pixels, 64×64 pixels, to the final window size of 32×32 pixels.
No window overlapping was used in the analyses. More details
on this method of analysis are available in Liu and Iskander
(2004).
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2-D DEFORMATION MEASUREMENT

4.1

Experimental set-up

The set-up, as shown in Figure 4, consists of a CCD camera, a
laser light source, a loading frame, a precision stage, and a PC
for image processing. An intense laser-light sheet was used to
illuminate the cross-section of interest. The laser was 35mW
Melles Griot He-Ne with a wavelength of 632.8 nm. A Cohu
2622 black & white CCD camera with a resolution of 640×480
pixels was set 20 cm away from the laser sheet with its optical
axis perpendicular to the laser sheet plane. A macro-zoom lens
with a focus length variable from 18 to 108 mm was used to
adjust the size of the captured area. The images were captured
and imported to a PC through a Matrox Meteor II/4 frame
grabber.
Figure 5. Typical laser speckles generated in transparent soil
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5.1

3-D DEFORMATION ANALYSES
Displacement field analyses

The displacement field was calculated by cross-correlating two
consecutive images at the same cross-section in different
loading stages. A typical 2-D displacement field is shown in
Figure 6. The displacement pattern along the footing was
consistent. Similar displacement fields were obtained for
different loading stages.
The magnitude of total displacement was calculated as
follows:

Figure 4. Test set-up for slicing a transparent soil model
A Plexiglas mold with a dimension of 50×150×300 mm was
used in the model tests. A model footing with a plan dimension
of 50×25 mm was used to simulate a continuous footing with a
width of 25 mm. Load was applied vertically through a
mechanism that consists of a linear stage and a load cell. A
precise linear stage was used to move the mold in the direction
perpendicular to the light sheet, which allows for slicing the
model. The linear stage moves 0.635 mm per roll with a
precision up to 0.01 mm.
A footing on sand overlying soft clay was simulated using
silica gel over consolidated silica powder. The pore fluid was a
50:50 blend by weight of the blend of mineral oil and paraffinic
solvent. Silica powder was Flo-Gard SP (FGSP) from PPG
Industry Inc. with an average aggregate diameter of 25 μm.
Silica gel (SG1) was angular fine silica gel from Multisorb
Technologies Inc. with an aggregate diameter of 0.5-1.5 mm.
Both materials consisted of small particles on the order of
0.02 μm.
4.2

Laser speckle from transparent soil

The interaction between laser light and transparent soils
produces a distinctive speckle pattern, as shown in Figure 5.
Typically, a speckle pattern created by a coherent light beam,
such as a laser, scattered from a rough surface, has a welldefined spatial structure (Goodman 1975). The speckle
properties typically depend on both the roughness and
reflectance of the surface. Laser speckle techniques have been
applied extensively in many engineering fields (Erf 1978). The
laser speckle photography technique is used here to nonintrusively measure soil deformation inside transparent soils.

(3)

M = u 2 + v2

where u and v were horizontal and vertical displacement
components. The image plane was treated as a plane in the x
and z axes. The distance between cross-sections was treated as
the y axis. The 2-D displacement magnitude fields from four
different cross-sections were combined into a 3-D displacement
magnitude field. Slicing the 3-D displacement magnitude field
details the distribution of displacement inside the field in Figure
7, where the unit in y direction was the number of cross-section,
the units in the x and z axes were the numbers of the
interrogation windows used in the analyses.
5.2

Strain field analyses

Strain fields can be obtained by differentiating the predicted
displacement field. Green’s strains were used regardless of the
magnitude of the displacement. The maximum shear strain was
calculated as follows.

γ max = (ε x − ε y )2 + γ

2

(4)

xy

Where ε x and ε y are the axial strain in horizontal and vertical
directions and γ x y is the shear strain. The failure envelope was
assumed to coincide with the peak maximum shear strain. The
failure development was then studied by locating the peak
maximum shear strain. The out-of plane displacement
component was not obtained by the optical system, because
only one camera was used. The modeled problem in this paper
was a typical plane strain problem. Therefore, the influence on
the strain field from out-of plane displacement was assumed
insignificant in this study.
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A punching shear failure mode occurred in the top “sand”
layer and extended downward to the surface of the lower clay
layer. In the bottom “clay” layer, the shear strain developed
along the envelope assumed by Terzaghi (1943) and Vesic
(1973). The failure model was similar to that reported by
Meyerhof (1974) for a footing on thin sand layer overlying a
clay layer, which is the problem being simulated in this study.
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It shows that the maximum shear strain is mainly located around
the base of footing. The failure plane punches into clay layer
below and spreads to both sides, which again agrees with the
failure envelope proposed by Meyerhof (1974).
6

CONCLUSIONS

In this paper, a 3-D displacement field under a model footing
was measured non-intrusively using transparent soil and laser
speckle photography techniques. A distinctive laser speckle
pattern generated by the interaction between the laser light and
transparent soil was used in this study. Speckle photography
was used to obtain the displacement field by cross-correlating
two consecutive images captured before and after the
deformation. A soil profile consisting of “sand” overlying soft
“clay” was simulated in the model test. The deformation and
strain field under the model footing were similar to those
published. The results show that transparent soil and developed
optical system is suitable for studying 3-D deformation
measurement in geotechnical engineering.
Figure 6. Typical 2-D internal soil displacement field
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