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Abstract: A developed stereo particle image velocimetry (stereo-PIV) system was proposed to measure three-dimensional (3D) soil 
deformation around a laterally loaded pile in sand. The stereo-PIV technique extended 2D measurement to 3D based on a binocular 
vision model, where two cameras with a well geometrical setting were utilized to image the same object simultaneously. This system 
utilized two open software packages and some simple programs in MATLAB, which can easily be adjusted to meet user needs at a 
low cost. The failure planes form an angle with the horizontal line, which are measured at 27°–29°, approximately three-fourths of 
the frictional angle of soil. The edge of the strain wedge formed in front of the pile is an arc, which is slightly different from the 
straight line reported in the literature. The active and passive influence zones are about twice and six times of the diameter of the pile, 
respectively. The test demonstrates the good performance and feasibility of this stereo-PIV system for more advanced geotechnical 
testing. 
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1 Introduction 
 

Particle image velocimetry (PIV) was an optical 
method to measure instantaneous flow displacement 
vectors by tracking seeded particle movement. The PIV 
technique was well known as different names in other 
fields, such as digital image correlation (DIC), surface 
displacement measurement, and computer vision. The 
PIV technique was to obtain two-dimensional (2D) 
displacement field by correlating two consecutive images. 
Because of its simple implementation, PIV had been 
used in many fields after its first application reported in 
1980s [1]. At present, PIV is utilized in various fields, 
including aerospace engineering [2], biology [3–4], and 
geotechnical engineering [5–8].  

Stereo particle image velocimetry (stereo-PIV) was 
a more advanced optical measurement method compared 
with traditional PIV. This technique can overcome the 
limitation of the traditional PIV, which can only provide 
planar information. The stereo-PIV technique was 

developed to measure three-dimensional (3D) 
deformation using two cameras instead of one camera in 
a regular PIV system. However, limited case studies of 
stereo-PIV applications had been reported in 
geotechnical engineering because of its complicated 
implementation. TAYLOR et al [9] used a method 
similar to stereo-PIV to determine planar and 3D 
deformation induced by tunneling through tracking target 
markers embedded in clay. VIKRANT et al [10] used 
this technique to quantify dynamic specimen 3D 
response during buried blast loading.  

The pile foundation not only transmitted vertical 
loads to the soil, but also resisted horizontal loads in the 
soil. The problem of a laterally loaded pile had been 
investigated for more than a half century. Many methods 
such as BROMS’ method [11], the p-y curve approach 
[12], and the strain wedge method [13], had been 
developed to analyze the laterally loaded pile. All these 
methods were adopted to simplify heterogeneous 
characteristics of soil and non-linear soilpile interaction. 
Additionally, these methods focused on the load and 
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deformation relationship of the pile where only limited 
information was available on soil surface movement 
around the pile. The field experiments may be considered 
as the best way to provide exact soil deformation around 
a pile under lateral load. However, these field 
experiments needed high costs for experimental setup 
and labor. 

A scaled model test was presented to measure the 
3D soil deformation on the ground surface around a 
laterally loaded pile in sand using an in-house developed 
stereo-PIV system. The stereo-PIV system utilized two 
open software packages composed of some simple 
programs in MATLAB. This developed system can be 
easily adjusted to meet researcher needs at a much lower 
costs as compared with commercially available systems. 
The displacement and strain fields were obtained through 
the model test using the stereo-PIV system. This simple 
test demonstrated the good performance of this system 
for more advanced geotechnical laboratory testing. 
 
2 Principle of stereo-PIV 

 
Visualization and quantification of soil deformation 

may be considered as the best way to understand 
geotechnical engineering problems. The PIV technique 
had been used to visualize and quantify soil deformation. 
This technique was a classic pattern recognition 
technique where two consecutive images were correlated 
to obtain the particle displacement vectors. The 
stereo-PIV technique was a developed optical 
measurement technique based on the PIV technique and 
a binocular vision model. Two cameras were set up in 
different locations to capture images, from which the 3D 
displacement field was calculated. 
 
2.1 Particle image velocimetry 

The PIV technique was to divide the entire image 
area into many smaller interrogation windows, and to 
correlate these interrogation windows to obtain the 
displacement vector of each interrogation window. In 
this technique, a cross-correlation method was used to 
match each interrogation window. The standard 
cross-correlation function of two continuous real 
functions h(m, n) and g(m, n), denoted as L, was defined 
as 
 

( , ) ( , ) ( , )d d
A

L m n h m n g m m n n m n            (1) 
 
where m and n are dimensions of the interrogated images; 
h and g are gray scale intensities of the two images being 
interrogated. 

The cross-correlation function was applied 
repeatedly while shifting the images by distances ∆m and 
∆n. If L(∆m, ∆n) had a peak value, then the best match of 
h(m, n) and g(m, n) occurred when g(m, n) was shifted 

by the distances ∆m and ∆n. More details of the 
correlation function of the PIV technique can be found in 
Refs. [14–15]. 
 
2.2 Calibration of cameras’ parameters 

In the stereo-PIV system, two cameras were utilized 
to capture images based on a binocular vision model. In 
order to contain 3D deformation from the paired images 
by the two cameras, the parameters of each camera were 
needed to calibrate with respect to the region of interest 
(ROI). A series of paired pictures, which were 
simultaneously taken by the two cameras, were used to 
calibrate the camera parameters. There were three 
coordinate systems, the image coordinate system (x, y), the 
left and right camera coordinate systems (Xl, Yl, Zl) and (Xr, 
Yr, Zr), and the global coordinate system (Xw, Yw, Zw), 
which were important to calculate the cameras’ 
parameters, as shown in Fig. 1. The point P in the global 
coordinate system was separately projected to two points 
PR and PL onto the right and left camera images. The 
point mapping relationship between the image coordinate 
and the global coordinate can be described in the 
following equation:  
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where fx and  fy are the focal lengths in pixels along 
the X and Y axes; (x0, y0) are the coordinates of the 
principal point; R=r11, , r33, is the rotation matrix; 
T=t1, t2, t3, is the translation vector. 
 

 
Fig. 1 Sketch of coordinate systems 

 
The focal lengths, principal point coordinates, 

rotation matrix, and the translation vector of each camera 
system were calculated using Eq. (2), the known global 
coordinates, and image coordinates, which were 



J. Cent. South Univ. (2013) 20: 791798 

 

793

provided by a series of images.  
 
2.3 Composition of 3D displacement field 

Composition of 3D displacement vectors utilized 
the parameters of the two cameras and the corresponding 
2D displacement vector pairs. One particle movement in 
the global coordinate system was separately projected to 
two 2D movements onto the left and right camera images. 
On the contrary, the image coordinates of the two paired 
points can determine the global coordinate of the particle. 
ZHANG and YAU [16] used a similar method to construct 
3D shapes with two cameras. By combining Eq. (2) of the 
two-camera system, the global coordinate (Xw, Yw, Zw) of 
the particle can be calculated as 
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where superscript “l” and “r” represent the parameters 
from the left and right cameras; and k1 and k2 are the 
image distortion coefficients, which were obtained in the 
first step. 

During the particle movement from ( 1
w ,X  1

w ,Y  
1
wZ ), to ( 2

w ,X 2
w ,Y  2

wZ ), the displacement vector (U, V, 
W) of the particle was calculated as 
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                          (6) 

 

3 Experimental setup and procedures 
 

3.1 Developed experimental setup 
The optical test setup included two complementary 

metal-oxide-semiconductor (CMOS) cameras, a load cell, 
a linear differential variable transformer (LDVT), a 
loading frame, an acrylic model pile, and a computer, as 
shown in Fig. 2. The cameras had a resolution of 1 280 

1 024 pixels. They were controlled to synchronously 
capture images by an in-house developed software driver 
using MATLAB commands. The time difference 
between two cameras was limited to 0.1 s. The load cell 
and LDVT were utilized to measure the lateral loads and 
pile movements of the pile laterally loaded. The data 
were acquired by a developed data acquisition (DAQ) 
system, which included a NI-6011E PC card, a SCB-68 
shielded connector and an in-house developed driver in 
LabView. The Plexiglas mould had dimensions of 220 
mm (wide)420 mm (long)310 mm (height). An acrylic 
model pile with a diameter of 14.5 mm and a length of 
150 mm was used in this work. A black and white grid 
patterns with grid spacing of 20 mm was printed for 
calibration of the cameras’ parameters. The loose sand 
with a dry unit weight of 14.86 kN/m3 was used in this 
work. The friction angle of loose sand was measured at 
38.4° through direct shear tests. 
 

 
 
Fig. 2 Experimental setup 

 
3.2 Experimental procedures 

The first step was to calibrate the parameters of two 
cameras. The two cameras were set up in two optimal 
locations in order to have a large common field. The 
black and white grid pattern with grid spacing of 20 mm 
was printed and pasted on a flat and thin panel. The panel 
was targeted on the sand surface and a pair of pictures 
was taken from the two cameras. The two pictures were 
named C11 and C21. By changing the panel positions, 
another three pairs of pictures of the panel, shown in  
Fig. 3, were obtained to calculate the parameters of the 
cameras. The camera calibration toolbox for MATLAB 
[17] was used to calibrate the camera system in this work. 
This toolbox included reading images, extracting the grid 
corners, calibration, and analyzing reprojection error. 
When extracting the grid corners, it was important to 
determine the clicking order. More details can be found 
on their webpage [17]. Through this calibration 
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procedure, the focal lengths, principal point coordinates, 
distortion coefficients, rotation matrix, and the 
translation vector of each camera were obtained. 
 

 
 
Fig. 3 Four pairs of pictures taken by left and right cameras: 

(a1–a4) Four pictures taken by left camera; (b1–b4) Four 

pictures taken by right camera 

 

The second step was to capture a series of paired 
soil images and to calculate the 2D displacement vectors. 
The model pile was embedded 120 mm deep and located 
about 30 mm above the sand surface. The pile was 
connected to the loading frame through a string at the 
loading point, which was about 10 mm below the pile 
head, as shown in Fig. 2. The load was applied through a 
screw mechanism by manually rotating a handle. The 
load cell and LDVT were used to measure the load and 
deformation at the loading point. The load versus 
displacement curve is shown in Fig. 4. The 2D 
displacement vectors were calculated through two 
consecutive images by the demo PIVview2C analysis 
software [18], as shown in Fig. 5. This software had 
features to allow users to select the window size, 
correlation algorithm, peak detection, etc. Through this 
image correlation procedure, the 2D displacement 
vectors of the left and right cameras were obtained. 
 

 

Fig. 4 Load and slope of load versus displacement curves from 

model pile 
 

 
 
Fig. 5 2D displacement vectors calculated by PIVview2C: (a) 
2D displacement vectors in left camera (b) 2D displacement 
vectors in right camera 

 
The last step was to reconstruct the 3D 

displacement field using the parameters of two cameras 
calculated in the first step and the corresponding planar 
displacement vector pairs from the second step. One 
particle in the global coordinate system was separately 
projected to two points onto the left and right camera 
images. Inversely, the image coordinates of the two 
points can determine the global coordinate of the particle. 
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The global coordinate of the particle can be calculated by 
Eq. (3). The global coordinates before and after 
deformation were separately calculated using the 2D 
coordinates. The 3D displacement vector was calculated 
by Eq. (6). Through this step, the 3D displacement 
vectors of the sand surface were obtained. 

 
4 Results and analysis 

 
4.1 Load versus displacement curve 

The load and displacement of the model pile at the 
loading point were acquired during the whole test. The 
typical points captured during the pile movement were 
labeled in Fig. 4. The load versus displacement curve is 
similar to the typical curve reported for a laterally loaded 
pile in loose sand. The slope of load versus displacement 
curve, also shown in Fig. 4, represents the soil resistant 
behaviour under laterally loading. At the beginning, the 
load increases almost linearly with the pile displacement 
increasing, which represents the elastic behaviour of soil. 
The slope of load gradually decreases with increasing the 
displacement, which represents the plastic behaviour of 
soil.  
 
4.2 Two-dimensional displacement field 

The planar displacement field of the sand surface is 
the basic information to analyze the sand movement. The 
2D displacement field can be calculated by setting up a 
camera, whose optical axis is perpendicular to the 
horizontal plane, using the PIV technique as well [19]. 
Figure 6 shows the planar displacement field at different 
loading stages. The first displacement field shown in Fig. 
6(a) is between Images 1 and 2. The second displacement 
field shown in Fig. 6(b) is accumulated by two 
displacement fields: the first displacement field between 
Images 1 and 2, and the other between Images 2 and 3. It 
is assumed that superposition principle is applicable in 
this small displacement problem studied here. The 
horizontal displacement, U, is also shown in the contour 
in Fig. 6, whose shape resembles the contour lines from 
LIU et al [20]. As expected, the 2D displacement 
increases with the lateral pile movement. The 
displacement within the mobilized block implies a 
significant shearing occurring in the sand. The region 
mobilized by the pile movement is curved first from the 
edge of the pile. 
 
4.3 Vertical displacement field 

In addition to the 2D displacement field shown in 
Fig. 6, the vertical displacement, W, out of planar field, is 
also obtained by stereo-PIV. Figure 7 shows 3D view of 
the vertical displacement field at different loading stages: 
The first displacement field shown in Fig. 7(a) is 
between Images 1 and 2. The second displacement field  

 

 
 
Fig. 6 2D soil displacement field at different loading stages: (a) 
2D displacement field between Images 1 and 2; (b) 2D 
displacement field between Images 1 and 3 

 

 
 
Fig. 7 3D view of vertical displacement field at different 
loading stages: (a) Vertical displacement field between Images 
1 and 2; (b) Vertical displacement field between Images 1 and 3 



J. Cent. South Univ. (2013) 20: 791798 

 

796 

 

shown in Fig. 7(b) is between Images 1 and 3. It is worth 
noting that there are some errors on vertical 
displacements around the pile head. The reason is that 
the displacements of the pile head are mistaken as the 
soil movement in this area from image processing by 
PIVview2C, which causes minor errors in the progress of 
composition of 3D displacements. 

Figure 8 shows the contours of the vertical 
displacements at different loading stages of testing. The 
displacement field shown in Fig. 8(a) is between Images 
1 and 2, and the displacement field shown in Fig. 8(b) is 
between Images 1 and 3. The planar displacements are 
represented by the vectors and the vertical displacements 
are represented by the color contours. As expected, the 
soil moved not only on the plane, but also in vertical 
direction during lateral pile movement. Figures 6 and 8 
demonstrate that the passive influence zone ahead of the 
pile is larger than the active influence zone behind the 
pile. 
 

 

 
Fig. 8 Contours of vertical displacement field at different 
loading stages: (a) Contours of vertical displacement field 
between Images 1 and 2: (b) Contours of vertical displacement 
field between Images 1 and 3 

 
4.4 Soil displacements along loading direction  

In order to see the change of soil horizontal and 
vertical direction displacements along loading direction, 
U and W, the soil displacements curves along the section 

A–A in Fig. 8 are shown in Fig. 9, where the distance 
from the pile center is normalized by the pile diameter. 
As expected, the soil displacements along loading 
direction and vertical direction both increase while the 
pile is pulled. The values of U and W between Images 1 
and 2 are smaller than those between Images 1 and 3. 
From Fig. 9, it is also demonstrated that the position of 
the peak vertical displacement is almost coincident with 
that of the peak horizontal displacement. In the passive 
influence zone, the displacements decrease with the 
distance away from the pile after the peak value. 
Between Images 1 and 3, the most significant influence 
zone of the horizontal and vertical displacements is 
limited to a distance approximately six times the pile 
diameter from the pile center. Beyond this zone, the soil 
displacements are less than 10% of peak values, which 
are almost ignored. Based on Figs. 68, the active 
influence zone is only about twice the diameter of the 
pile; the passive influence zone is approximately six 
times the diameter of the pile. 
 

 
 
Fig. 9 Soil movement along section A–A' in Fig. 8 

 
4.5 Shear strain field 

The shear strain can be calculated from the planar 
displacements. A similar method had been used by other 
researchers [20]. The failure plane can be delineated by 
linking the maximum shear strain points, since soil 
normally fails by shearing. It is worth noting that the 
shear strain field, as shown in Fig. 10, corresponds to the 
displacement field in Fig. 6(b). It can be seen that the 
failure plane was almost linearly extended from the pile 
and formed a shear strain wedge. The straight lines can 
be used to delineate approximately the failure planes. 
The angles between the failure planes and the horizontal 
plane are measured at 27°–29°, which are approximately 
three-fourths of the internal friction angle of soil. The 
asymmetrical angles are caused by the test layout where 
the lateral force is applied with an angle from the 
horizontal plane. 
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Fig. 10 2D shear strain field between Images 1 and 3 

 
4.6 Change rate of vertical displacements 

The change rate of vertical displacements is shown 
in Fig. 11, which is the subtraction between the vertical 
displacements of two adjacent points along the loading 
direction. It is demonstrated that the change rate of 
vertical displacements around the pile is larger than that 
in other place. With the distance away from the pile, the 
change rate decreased obviously. The change rate of 
vertical displacements was limited to a distance 
approximately six times the pile diameter ahead of the 
pile. Based on Figs. 8, 9, and 11, the edge of the strain 
wedge was an arc, as shown in Fig. 10, which is slightly 
different from the straight line as stated in previous work. 
 

  
Fig. 11 Change rate of soil vertical displacements 

 
5 Conclusions 
 

1) A stereo-PIV system is developed to measure the 
soil displacement and shear strain fields around a 
laterally loaded pile. This system utilizes two open 
software packages and some simple programs in 
MATLAB, which can be easily adjusted to meet 
researcher needs at a lower cost.  

2) The load versus displacement curve is similar to 
the typical load versus displacement curve for a laterally 

loaded pile in loose sand. The planar and vertical 
displacement fields are calculated during the pile 
laterally loading. The active influence zone is about 
twice the diameter of the pile, and the passive influence 
zone is about six times the diameter of the pile. The 
angle between the failure planes and the horizontal plane 
is measured approximately three-fourths of the internal 
friction angle of soil. The edge of the strain wedge 
formed in front of the pile is an arc, which is slightly 
different from the straight line as stated in the literature.  

3) The depth of the strain wedge could not be 
identified from the current test setting due to missing 
information on soil inside deformation. This will be 
investigated in the future using transparent soil to capture 
the inside displacement field as well as the surface 
displacements. In addition, this study uses scaled models. 
The scale effect will be considered in future study in 
order to relate the research findings to real practice. 
However, this study helps to better understand the soil 
surface behavior around a laterally loaded pile. The test 
demonstrates that the optical setup and the stereo-PIV 
method are suitable for modeling soil-structural 
interaction problems.  
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