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Abstract: Digital Speckle Correlation Method (DSCM) is a useful tool for whole field deformation
measurement, and has been applied to analyze the deformation field of rock materials in recent years. In this
paper, a Geo-DSCM system is designed and used to analyse the more complicated problems of rock
mechanics, such as damage evolution and failure procedure. A weighted correlation equation is proposed to
improve the accuracy of displacement measurement on a heterogeneous deformation field. In addition, a data
acquisition system is described that can synchronize with the test machine and can capture speckle image at
various speeds during experiment. For verification of the Geo-DSCM system, the failure procedure of
a borehole rock structure is inspected and the evolution of the deformation localization is analysed.
It is shown that the deformation localization generally initializes at the vulnerable area of the rock
structure but may develop in a very complicated way.
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1. INTRODUCTION

Deformation measurement is of great
importance to experimental study in rock
mechanics, and aso to further numerica and
theoretical analysis. With the result of deformation
measurement, the basic mechanica constant, the
procedure of damage evolution and failure could be
analysed. The most commonly used technique for
deformation measurement in rock mechanics is the
strain gauge method. Because of the heterogeneity
of the mechanical properties of rock materias, this
point-wise measurement technique sometimes
falled in revealing the globa response of the
specimen to loads, especiadly during loading. In
recent years, optica methods such as holography,
morie metrology and speckle interferometry are
applied to obtain the whole field deformation of
rock materias, eg. Huang e a (1990) and
Berthaud et a (1997). Among these, Digita
Speckle Correlation Method (DSCM), eg. Peters
and Ranson (1981), is a frequently used method.

Several advantages of this method are important to
the experimental study of rock mechanics. Firstly,
the experiment using DSCM could be completed in
a complex environment where the other
interferometry optical methods are impossible to
use. Secondly, DSCM is convenient to use for
experiments with specimens of different sizes,
because its sendtivity is adjustable by changing the
magnification of imaging system. Findly, the
experiment is easy to do and is very cheap. This
alows many repetitions of tests to be done, which
is very helpful for rock mechanics study.

DSCM is dready wused in deformation
measurement of rock and rock-like materials by
some researchers in recent years, eg. Zhao et d.
(2002). Although these studies showed the
advantages, DSCM encounters some new problems
that are always ignored in experiments focusing on
other materids. Firsly, the accuracy of
displacement measurement will decrease greatly at
the location where deformation field is greatly
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heterogeneous, because the currently used
correlation equations treat al the pixels within the
correlation window equally and this must decrease
the gpatia resolution of the displacement
measurement result. Secondly, current DSCM
systems ae not desgned according to the
characteristics of the experiment of rock
mechanics. It is not suitable to inspect the whole
deformation and fallure procedure of rock
materials.

In this paper, a Geo-DSCM system is developed
and redized by improving DSCM on the
consderation of the characteristics of the
deformation measurement of rock materias. A
weighted correlation equation and a speckle image
acquisition system is designed and realized. With
this Geo-DSCM system, the damage evolution and
failure procedure of rock materias could be traced
and analyzed using the deformation field obtained.

2. PRINCIPLE OF DSCM AND THE
WEIGHTED CORRELATION EQUATION

2.1 Principle of DSCM
The principle of DSCM could be smply shown

as Fig.1 (take the displacement measurement of a
point P as an example): the speckle pattern f is
firstly selected from the source image, then the
pattern f is to be matched on the target speckle
image. Theindex point P’ of the matched pattern g
is thought as the position of P after deformation
and the coordinates differences (v, v) of Pand P’
indicate the displacement. The correlation
coefficient of these two patterns is defined as the
criterion to determine the optimum match of the
speckle patterns. Eq.l is a typicdly used
correlation equations.
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The window to crop the source pattern " and
target pattern g is often named as correlation
window. This window is often square, generally
with the size of 20x20 ~ 50x50 pixel square. For
precison measurement, the pixel level search as
shown in Fig.l is not enough and the sub-pixel
level search should be completed by interpolation,
iterative or fitting, eg. Sutton et a. (1988) and
Tian et d. (1986). With the better control of the
quality of the speckle image and the appropriate
selection of the processing agorithm, the accuracy
for displacement measurement is expected to be
0.01 pixels, e.g. Zhou and Goodson (2001).

All the processing algorithms of DSCM, the
correlation-search, the sub-pixel estimation, are
based on the caculation of the correlation
coefficient C. However, as shown in Fig.l1 and
Eq.1l, the cdculation of C is an areabased
operation. The C vaue of one point is not
determined separately by the gray value of that
point, but by the gray values within an area, the
correlation window. This operation is equivaent to
performing a smoothing operation to the randomly
distributed speckle image. The much smoother
distribution of the correlation coefficients
comparing to the distribution of the gray vaue of
speckle image verifies this smoothing operation.
That is, the spatia resolution of DSCM depends on
the gpatial frequency of the distribution of C
(finally depends on the size of correlation window),
which is much lower than the size of pixel.
Therefore, it can be concluded that the resolution
of DSCM is far from the pixel size. Considering of
the low spatia resolution, the accuracy of DSCM
must decrease greatly if a much heterogeneous
deformation field is to be measured.

J}/

2.2 The weighted correlation equation
According to the principle of DSCM, the

speckle pattern represents the information of one
point (generadly the center of the correation
window), it is reasonable that different pixel in
speckle pattern  takes different  weight on
caculating of correlation coefficient C. If an
gppropriate  weighting method is applied, the
resolution of DSCM is expected to be enhanced
and the accuracy of deformation measurement is
improved when non-homogenous deformations
exist.
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One of the smple weghting methods is
distance-related approach. A weighted correlation
equation using distance-related weighting method
is defined as Eq.2.
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is a distance-related weighting function, X,h, the

orthogonal coordinates with origins at the center of
the speckle pattern £, are shown in Fig.2.
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Fig.2 Coordinates of the Yp¢|” "> pattern
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Fig.3 Effect of the weighted correlation equation
(p=0.25)

To verify the improvement of the accuracy on
displacement measurement of the weighted
correlation equation in EQ.2, a sSmulated
experiment (1-D experiment for simplicity) was
completed. A 1-D speckle signa (taken from a
section of a real speckle image) is firstly applied
with homogenous deformation and heterogeneous
deformation respectively with numerical method
and then processed with 1-D DSCM ¢completely
samilar to the 2-D DSCM algorithm expect that 1-
D dggnal is processed), using the ordinary
correlation equation and the new weighted
correlation equation. The result displacement is
compared with the theoretical displacement (Fig.3).
As shown in the Figures, for the homogenous
deformation, the weighted correlation equation has
amogt no effect on accuracy improvement, but it
greatly improves the accuracy on heterogeneous
deformation measurement. Actualy, the spatid
frequency of the homogenous displacement field is
quite low, but the spatid frequency of the
heterogeneous displacement field is relative high.
The difference between the measured displacement
fields is the reason of the difference of the
effectiveness of the weighted correlation equation.

3. DATA ACQUISITION SYSTEM

Speckle image is the foundation of DSCM
processing, so the acquisition of enough images
during the loading of the rock specimen is of great
importance to analysis of the whole deformation
procedure of rock materias. Considering the
characteristics of the deformation and failure of
rock materials, the experimental environment and
the image acquidition, storage and processing
ability of currently used equipment, a data
acquisition system as Fig.4 is designed for Geo-
DSCM.

During experiment, the load signa is led out
from the test machine and obtained by the image-
capturing computer after converting by an A/D
cad. The computer then determines the
deformation stage of the loaded specimen
according to the load signa and adjusts the image
capturing speed according to the previous
arrangement. At the early loading stage, the
deformation is much dower and homogenous, and
the speckle images are captured with a quite lower
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speed. While, at the later deformation stage,
especialy on the event of the catastrophic failure,
the deformation is much faster and heterogeneous,
the speckle images must be captured with much
higher speed, otherwise the information before
failure will be lost. The load signal, the captured
speckle images and the time where the image is
captured are al stored in the computer. When the
loading is completed, the images are analyzed
using DSCM software and its result could be
analyzed corresponding to the result of other
inspection, for example the AE, after synchronizing
with those inspection systems by the time-load
curve. The control of the image capturing speed
ensures that the system can capture enough
“useful” images with the current image capturing

equipment.
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Fig.4 Data acquisition system

4. EXPERIMENT

To verify the effect of the Geo-DSCM system,
the deformation procedure of a borehole rock
sructure is measured using this system.
Dimensons of specimen and experiment
arrangement are shown in Fig.5. The specimen is
made of marble, with the eastic modulus of
30Gpa, Possion’s ratio of 0.25. Before experiment,
the surface of the specimen is processed to bear the
random speckle pattern. The specimen is
compressed on a MTS 810 test machine with the
load speed of 0.02mm/min. The loading curve
(load-displacement curve) is shown as Fig.6. The
speckle images are captured with the time interval
of 10s when load is less than 10KN, interva of 1s
when load is between 10KN and 20KN, 500ms
when load between 20KN and 25KN, and 80ms
when load is larger than 25KN. Totdly 4
experiments are completed, about 800 speckle
images are captured per specimen. The length-pixel
ratio of the imaging system is 0.0568mm/pixel.
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Fig.6 Load curve of the specimen

After experiment, the speckle images are
andyzed with DSCM and the displacement field
and strain field during al the loading procedure are
obtained. Fig.7 shows 3 stages (indicated in Fig.6)
of the evolution of the deformation of No.2
specimen (results of the other 3 specimen are
similar). Thanks to the whole field and throughout
loading deformation result from Geo-DSCM
system, the complicated evolution procedure could
be clearly reveaed.
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Fig.7 Deformation field during loading (Unit for
the displacement, X and Y axis is pixel, i.e.
0.0568mm)

5. CONCLUSION AND DISCUSSION

The Geo-DSCM system is designed and
realized. A weighted correlation equation was used
to improve the accuracy on the measurement of
heterogeneous deformation field, which is common
to rock materials, especially on the event of failure.
A data acquisition system, that is cepable of
capturing enough speckle images during specimen
deformation and failure was constructed. The
system was then used in a falure inspection
experiment of a borehole rock specimen and the
complicated failure procedure was revealed.

In this paper, the correlation equation was
weighted according to a distance-related function.
As an extenson to this work, other weighting
methods can be used to modify the correlation
equationin the future work. If the spatia resolution
of DSCM is analyzed profoundly and all these
weighing methods are tested and compared, a
better correlation equation may be found. However,
using a weighted correlation equation is necessary
for enhancing the spatial resolution of DSCM and
can improve the accuracy of displacement
measurement in the heterogeneous field.

In this paper, the image capturing speed is
adjusted by a previous determination of the load
stages. Although the stages could be determined
through some preliminary test, it is still not
accurate. The more appropriate way is to determine
the deformation stage dynamically during loading.
To redlize this, it is necessary to design a rea-time
DSCM processing system, which anayses the
deformation of rock materials and offers rough
deformation information (but enough to indicate
the deformation stage) during loading, using a
much smpler but very fast processing agorithm.
Actualy, this is possble when some specid
techniques and a relatively fast computer are used.
With this system, the image capturing speed can be
adjusted dynamically during loading, and even a
second image capturing system can be trigged to
concentrate on a small but more important area to
obtain measurement with much higher sensitivity.
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