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Abstract: The particle image velocimetry (PIV) method was used to investigate the full-field displacements and strains of the
limestone specimen under external loads from the video images captured during the laboratory tests. The original colorful video
images and experimental data were obtained from the uniaxial compression test of a limestone. To eliminate perspective errors and
lens distortion, the camera was placed normal to the rock specimen exposure. After converted into a readable format of frame images,
these videos were transformed into the responding grayscale images, and the frame images were then extracted. The full-field
displacement field was obtained by using the PIV technique, and interpolated in the sub-pixel locations. The displacement was
measured in the plane of the image and inferred from two consecutive images. The local displacement vectors were calculated for
small sub-windows of the images by means of cross-correlation. The video images were interrogated in a multi-pass way, starting off
with 64×64 images, ending with 16×16 images after 6 iterations, and using 75% overlap of the sub-windows. In order to remove
spurious vectors, the displacements were filtered using four filters: signal-to-noise ratio filter, peak height filter, global filter and local
filter. The cubic interpolation was utilized if the displacements without a number were encountered. The full-field strain was then
obtained using the local least square method from the discrete displacements. The strain change with time at different locations was
also investigated. It is found that the normal strains are dependant on the locations and the crack distributions. Between 1.0 and 5.0 s
prior to the specimen failure, normal strains increase rapidly at many locations, while a stable status appears at some locations. When
the specimen is in a failure status, a large rotation occurs and it increases in the inverse direction. The strain concentration bands do
not completely develop into the large cracks, and meso-cracks are not visible in some bands. The techniques presented here may
improve the traditional measurement of the strain field, and may provide a lot of valuable information in investigating the
deformation/failure mechanism of rock materials.
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1 Introduction
The mechanical properties, such as the
displacements and strains, of rock materials play an
important role in practice. In conventional methods,
these properties were investigated using laboratory tests,
and most often, using the uniaxial compression tests in
laboratory. With the development of the computer
techniques in the last 30 years, these properties have
been explored using the digital image analysis and
related techniques.
The digital image processing method is a tool that
permits a fast and accurate acquisition of information of
mechanical properties. There are many approaches in the
evaluation of applicable algorithms that extract the
displacement and strain fields from photographic static

images or video images. DEB et al [1] analyzed the
discontinuity geometry of rock mass exposures, and
recommended a digital face mapping method to
characterize rock masses. XU et al [2] presented the
digital image analysis of fluid inclusions in rocks, and
investigated the characteristics of fluid inclusion lines
using edge-detection techniques and mathematical
morphological analyses. YIN et al [3] utilized the
sequential damage images of geomaterials offered by
computerized tomography (CT) technology to obtain the
locations of cracks. Taking the light intensity pattern
from the scanning electron microscope (SEM), ZHAO
et al [4] performed a correlation computation to evaluate
the deformation field of a fine grain sandstone surface
involving the micro-cracks. Using the colorful video
images and experimental data from the laboratory
uniaxial compression test of a limestone, XU et al [5]
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obtained the displacement field using a digital image
correlation (DIC) technique. WANG et al [6] measured
the strain field of a deforming sheet using the digital
image analysis and argued the key aspects of the grid
recognition. CHEN et al [7] obtained the geometrical
parameters and the strains of a deformed square grids
using digital image analysis. SHAO et al [8] provided a
means with digital image processing technique for
exploring the local deformation process of soil specimen
in triaxial test. WANG et al [9] utilized the moire
interferometry method to investigate the strain
concentration factor of a carbon fiber composite plate
with a central hole.
The particle image velocimetry (PIV) technique has
also been applied in exploring the deformation properties
of geomaterials. ADAM et al [10] monitored the
displacement field in scaled tectonic model experiments
using high-resolution optical image correlation
techniques and obtained much valuable information.
CASTELLUCCIO et al [11] employed an open source
code, MATPIV, to examine the displacements and strains
of SEM images by measuring the position in a regular
grid. WOLF et al [12] utilized the X-ray technique and
the PIV-based method to investigate the formation and
changes of the shear band patterns in a granular structure.
NIEDOSTATKIEWICZ et al [13] investigated the
evolution of shear zones in cohesionless sand for the
earth pressure problem of a retaining wall using PIV, and
the effect of initial sand density on distribution of
volumetric and deviatoric strain. WHITE et al [14]
developed a deformation measurement system based on
PIV and close-range photogrammetry to measure the
movement of a fine mesh of soil patches. BHANDARI
and INOUEN [15] examined the developing and
transiting mechanism of strain localization deformation
inside soft rock specimens using plane strain tests and
finite element simulations. ZHANG et al [16] presented a
microscopic measuring method for observing the
movement of soil particles at sub-pixel accuracy from
the image series during a soil-structure interface test.
Although the PIV-based method has been used in
many fields, the applications in the field of geological
engineering were limited. In the current study, the PIV
method was used to investigate the full-field
displacements and strains on the specimen surface under
external loads from the video images captured in the
uniaxial compression tests. Codes were developed using
the MATLAB software in conducting the digital image
processing.

2 Computation of displacement field
2.1 Laboratory tests and image acquisition
The limestone used in the current study was
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obtained from the Baiheling slope, located in Huzhou
City, Zhejiang Province, China. The rock was sliced and
polished into the cubic specimens with the size of around
50 mm × 50 mm × 50 mm. The uniaxial compression
tests for the specimens were employed using the
YE-2000 type hydraulic machine, produced by the
Zhejiang Jingyuan Machinery Company Limited, China.
The external stress data on the plate were acquired using
the SmartTest Computer-controlled System. Table 1
presents the results of uniaxial compression tests for the
limestone specimen.
Table 1 Results of uniaxial compression tests for limestone
specimen
Specimen
L/
W/
H/
P/
σ/
number
mm
mm
mm
kN
MPa
DY1-1

50.7

50.8

50.6

148.0

57.5

DY2-1

50.6

50.2

50.6

173.8

68.5

DY3-1

50.6

50.6

49.7

140.5

54.8

DY4-1

50.6

50.7

50.7

220.0

85.8

L, W and H stand for the length, width, and height, respectively; P and σ
stand for the load and stress on the specimen surface, respectively.

In this study, digital images from a digital camera
were acquired by leveling it normal to the rock specimen
surface. The distances from the camera to the specimens
were about 5.0 m. The deformation in the experiments
was recorded by the sequential digital images. All
photographs were taken using a Sony Cybershot
DSC-W5 digital camera with a sensor resolution of 5.0
mega pixels. In this study, the above-mentioned camera
was used and placed normal to the rock exposure to be
mapped in order to eliminate the perspective errors and
lens distortion. Table 2 presents the summary of video
images for the limestone specimens.
Table 2 Summary of video images for limestone specimen
Video
S1/
S2/
R
D/s
T
number
kB
kB
DY1-1

16 885

1 743 569

103.26

98.366

2 951

DY2-1

14 681

1 993 017

135.75 112.433

3 373

DY3-1

19 041

2 613 480

137.26 147.433

4 423

DY4-1

89 054

1 891 250

21.24

2 100

69.566

S1 and S2 stand for the occupied space for original and unzipped videos,
respectively; R is the ratio of S2 to S1; D is the duration time of a video; T is
the total of the frames.

2.2 Computation of displacement field
2.2.1 Theory background of PIV technique
To implement the later computations, the original
video images were first converted into ones in a readable
format. The frame images were then extracted from the
readable video images.
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To determine the displacement distributions on the
surface of the limestone specimens, digital pictures of the
specimen were taken and evaluated with an image
analysis technique, called Particle Image Velocimetry
(PIV). PIV is an optical technique for measuring the
displacement fields in fluid mechanics, based on the
pattern matching from the fluid videos with suspended
particles. This technique has been used as a general tool
to measure the displacements and, in essence, does not
depend whether images correspond to fluids or solids.
Hence, it can be a useful tool to analyze the
inhomogeneous deformation of solids. In comparison
with well-known examples of image processing, such as
laser speckle technique, computed tomography and
stereo-photo-grammetry, the PIV-method can be used to
calculate the displacement field of the side of the
specimen. Instead of measuring at only one point in the
solids, PIV has the ability to capture the displacement
distributions for a full-field simultaneously with high
resolution.
In PIV, the displacement in a body is measured in
the plane of the image and inferred from two consecutive
images, separated by a time distance. After dividing both
images into smaller regions or sub-windows, each
sub-window in the first image was compared with a
sub-window in the second image. For every possible
overlap of the sub-windows, the sum of the squared
difference between them was calculated. This is a
criterion to define the position for which sub-window
was the “least unlike”. The local displacement vectors
are calculated for small sub-windows of the images by
means of cross-correlation. The digital cross-correlation
yields an average of the local displacement vector over
the size of the sub-window. The highest value in the
correlation plane can then be used as a direct estimate of
the image displacement. The full-field displacement field
consists of the vectors of all sub-windows.
2.2.2 Computing displacements using MATPIV
The open libraries from the MATPIV project, an
application of the PIV theory using MATLAB scripts,
were adapted for measuring the displacements and
strains on the limestone specimen images. In this study,
the tensile displacements were defined as positive ones,
while the compressive displacements were defined as
negative ones.
In MATPIV, the video images were interrogated in
multi passes using different sizes of sub-windows with
different overlaps. The calculation starts with relatively
large sub-windows and refines the calculation using
smaller sub-windows. In using MATPIV, each frame was
taken using the window shifting technique. We started
off with 64 × 64 images, ended with 16 × 16 images after
6 iterations, and utilized 75% overlap of the sub-
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windows.
2.2.3 Filtering displacements
After the above calculations are completed, it is
usually necessary to filter the displacement data in order
to remove the spurious vectors, which occurs primarily
due to low image quality in some parts of the images.
This was done in modified MATPIV using four filters:
signal-to-noise ratio filter, peak height filter, global filter,
and local filter.
In the signal-to-noise ratio (SNR) filter, all of the
“invalid” displacement vectors (with a SNR lower than a
threshold) were replaced with NAN, or “Not A Number”.
In the peak height filter, unreliable vectors were replaced
by interpolating from the valid neighbors if the ratio of
the largest to the second largest peak exceeded a
threshold. In the global filter, vectors that were
significantly larger or smaller than a majority of the
vectors would be removed. In the local filter, two local
filters were commonly used: a median filter and a mean
filter. They filtered displacements based on the squared
difference between individual displacement vectors and
the median or the mean of their surrounding neighbors.
As for the local filter, the median filter was used in
the current study. In the median filter, if the difference
between the median and the existing magnitude of
vectors was greater than the specified threshold, the
existing displacement would be considered as an outlier
and replaced by NAN. In this case, the displacement Ui, j
does not belong to the interval of [U1, U2], where
⎧U 1 = M + T ⋅ S
⎨
⎩U 2 = M − T ⋅ S

(1)

where M and S are the median and standard variations of
the displacements at the pixel locations between (i−1,
j−1) and (i+1, j+1); T is a threshold specified to be 3 in
this study.
If NAN was encountered, the displacement at the
point was computed using the cubic interpolation. All of
the spurious vectors were sorted based on the number of
their neighbors and started by interpolating the vector
that had as few neighboring outliers as possible, looping
until no NAN remained.
The displacement fields were filtered to remove the
spurious vectors. The missing vector values were
replaced using a cubic interpolation. Figure 1 presents
the displacement fields before and after filtering. It can
be seen that the displacement field was smoother after
filtering than that before filtering.
The displacement was the integral multiple of pixel
values when using the cross correlation technique.
Because the position in the query window after
deformation had occurred was not definitely an integer,
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coefficient matrix with the coordinates i and j; R(i−1, j),
R(i+1, j), R(i, j−1) and R(i, j+1) are the coefficients
adjacent to R(i, j) in the matrix.
After the above-mentioned corrections had been
utilized, the resultant displacements reached a maximum
of 1.750 4 mm and reasonably agreed with that (1.80 mm)
in the measured data.

3 Computation of strain field

Fig.1 Displacement fields before (a) and after (b) filtering
correction

the sub-pixel measurement technique was furthermore
used in this study. This technique cannot improve the
resolution of the studied image but can make the result
displacements better coincided with actual ones. In the
current study, the maximum correlation coefficient was
computed in the sub-pixel level. The correlation
coefficients were distributed in a Gaussian form around a
point having the maximum value, and the Gaussian fit
was used to estimate the displacements in the adjacent
area of the point. The point with the maximum value was
selected as the objective sub-pixel position. By using the
Gaussian fit technique and the correlation coefficients at
the maximum point and its surrounding four points, the
displacement at the sub-pixel position was determined
using the maximum value of the correlation coefficients
computed by
ln R(i − 1, j ) − ln R (i + 1, j )
⎧
⎪ X 0 = i + 2 ln R (i − 1, j ) − 4 ln R (i, j ) + 2 ln R (i + 1, j )
⎪
⎨
ln R (i, j − 1) − ln R (i, j + 1)
⎪Y = j +
0
⎪⎩
2 ln R (i, j − 1) − 4 ln R(i, j ) + 2 ln R (i, j + 1)

(2)

where R(i, j) is the maximum of the correlation

3.1 Computation algorithm
In mechanics, the strain of a material in a direction
is generally represented as the derivative of the
displacement with respect to the coordinate in that
direction. This is not workable due to the discontinuity of
the displacement field obtained using the PIV method. In
this study, the strain field was computed using the least
square method for the discrete displacements. For an
arbitrary point in the displacement field, fit the total m of
the displacements around the point into a line. The slope
of the line was considered as the derivative in the
direction of the line. Considering the continuity, the
weights were applied to these derivatives. The weighted
values were estimated to be the strain at that point. The
full-field strain was obtained after utilizing this process
iteratively for each point.
For example, let u be the displacements in the
X-direction at the neighboring areas of a point (see Table
3). Fit u(−m, 0), u(−m+1, 0), …, and u(m, 0) into a line
and the slope, k0, of the line was obtained. Similarly, Fit
u(−m, −1), u(−m+1, −1), …, u(m, −1) and u(−m, 1),
u(−m+1, 1), …, u(m, 1) into a line, and the slopes, k1 and
k2, respectively, of two lines were obtained. The strain εX
at the point (0, 0) was computed by

εX =

1
(k1 + 2k 2 + k 3 )
4 × dX

(3)

where dX is the distance between two displacements in
the field u in the X-direction.
Table 3 Neighboring pixels of a point
Coordinate

X= −m

…

X=0

…

X=m

Y=-1

u(−m, −1)

…

u(0, −1)

…

u(m, −1)

Y=0

u(−m, 0)

…

u(0,0)

…

u(m, 0)

Y=1

u(−m, 1)

…

u(0,1)

…

u(m, 1)

Similarly, the strain εy was obtained using the
displacements v in the Y-direction; while the rotation γXY
was obtained using the displacements u and v.
In Table 3, the value of m should be appropriate,
which is influenced by the resolution of the image,
distance of two points at the displacement field,
magnitude of the noises, strain value, and so on.
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Generally speaking, the m value should be higher if the
resolution was higher with smaller distance and strain,
and vise versa.
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approaches to the failure, the strain is tensile with the
relatively large displacements at points A and B. This
agrees reasonably with the behaviors of the specimen
failure appearing in Fig.3.

3.2 Interpretation of computation results
Only the specimen DY2-1 is herein taken as an
example to present the results of displacement and strain
distributions.
Three points on the surface of the specimen were
selected as tracked ones to record the strain changes at
different times. Figure 2 shows the location of these
points. Figure 3 presents the frame image when the
specimen was in failure.

Fig.4 Normal strain with time in X-direction for three points

Figure 5 presents the change of the strains εX with
time at point A. It can be seen from Fig.5 that the tensile
strain at this point approaches to the local maximum at
around 5.5 s, then decreases gradually with time as the
cracks propagate, and increases rapidly after 15.5 s.
Fig.2 Schematic diagram of three tracking points

Fig.5 Normal strain with time in X-direction for point A

Fig.3 Frame image of specimen failure

Figure 4 shows the change of the normal strain εX
with time in the X-direction for these three points. From
Fig.4, it can be seen that at point C the compressive
strain occurs at 15.0 s, followed by the tensile strain after
a short interval, and then the compressive strain rapidly
appears until the specimen failure. This process is in
reasonable agreement with the stress enlargement and
crack accumulation at the point C. When the specimen

Figure 6 presents the changes of the normal strains
εY with time in the Y-direction for the points A, B, and C.
It can be seen that the normal strain εY has few changes
between 1.0 and 11.0 s; εY increases with a relatively
large range between 14.0 and 16.0 s. After 16.0 s, there
are relatively large changes in the behaviors and range of
the normal strain at the point A, the tensile strain enlarges
at a short interval followed by a gradual change at the
point B, and a compressive strain continues at the point C.
At 18.0 s, the specimen is in a failure status, and there
are relatively small strains at the points A and B, while
the compressive strain is relatively large at the point C.
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Fig.6 Normal strain with time in Y direction for three points

From Figs.4−6, it can be seen that the normal
strains are dependant on the locations and the crack
distributions. Between 1.0 and 5.0 s prior to the
specimen failure, normal strains increase rapidly at many
locations, while a stable status appears at some locations.
Figure 7 presents the changes of the shear strains γXY
with time at the points A, B, and C. It can be seen that the
shear strains do not occur obviously before the previous
10.0 s. The shear strain γXY then increases gradually as
the external loads increase. Between 15.0 and 18.0 s, γXY
changes rapidly. When the specimen is in a failure
status at 18.0 s, there is a large γXY as increased in the
inverse direction, implying that the clockwise rotation
occurs.

Fig.8 Contour maps of normal strain fields (10−3): (a) At 0.4 s;
(b) At 6.4 s

appearances in the specimen surface, it can be inferred
that all of the bands do not completely develop into large
cracks, while meso-cracks do not exist in some bands.

4 Conclusions

Fig.7 Shear strain with time

Figure 8 presents the contour map of the strain field
of the specimen at 0.4 and 6.4 s. It can be seen that the
normal strain εX is unevenly distributed at 0.4 s; the left
and right parts of the specimen are respectively subjected
to the compressive and tensile stresses. This agrees with
the fact that the right part of the specimen has the
original cracks and failure at first. Several strain
concentration bands exist in Fig.8. As compared with the

1) Using the video images taken in the uniaxial
compression test of a limestone, the full-field
displacements and strains at arbitrary time are obtained
on the surface of the specimens.
2) In computing the displacements, the pattern
matching technique and grayscale images are utilized.
The application of filtering and iteration are also used to
solve the problems involving in the selection of the
window size in the matching algorithm. However, many
factors, such as the instabilities of the surroundings and
illuminants, and the noises in photographing, errors in
computations, may influence the accuracy of the
displacements. In addition, the matching requires much
CPU-consumption. The image behaviors, such as the
invariant momentum and fractal dimension, may be used
as the features to perform the feature-based matching in
the further study.
3) In computing the strain, the number of the
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local displacements is a key value in using the least
square method. If the number is too large, the full-fields
may be relatively smooth and the estimated strains may
be different from the true ones. However, if the number
is too small, the full-fields may not be smooth and the
noises may not be eliminated. In the current study, the
number of the local displacements is selected as 5.
Nevertheless, the determination of this number needs to
be further examined. In the interpolation for the
computation of the sub-pixel displacements, other
methods, such as Lagrange and spline interpolations,
may be used as the alternatives.
4) From the full-field strain obtained in this study,
it is found that the normal strains are dependant on the
locations and the crack distributions as time passes.
Between 1.0 and 5.0 s prior to the specimen failure,
normal strains increase rapidly at many locations, while a
stable status appears at some locations. Although several
strain concentrations occur in the specimen, only a few
of them develope into the visible cracks, resulting in the
complete failure of the specimen.
5) The method proposed herein improves the
traditional method for measuring the strain field. This
improvement may be of great significance in
investigating the deformation and/or failure mechanism
of rock materials.
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