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Foreword

It gives me immense pleasure to write this foreword to the “Lecture notes in
Civil Engineering” containing the selected papers presented during the International
Virtual Conference on Developments and Applications of Geomatics (DEVA—2022)
held during 29th-31st August, 2022. The conference was held to coincide with the
superannuation of Prof. Deva Pratap.

NITW has been running an M.Tech. course in Remote Sensing and GIS, in the
Department of Civil Engineering, since 2000 and has established itself as a pioneering
institute in the field with its alumni occupying key positions. Many Ph.D. level
research work and sponsored R&D works are in progress.

I am happy to note that 38 peer-reviewed papers are part of this volume covering
various topics where Remote Sensing and GIS can be applied. The National and
International Advisory Committee consisted of experts who have been recognised
for their contribution.

I am sure the wealth of information contained in this volume will be useful for
the Geomatics engineers who use a wide range of technologies for application in
various fields like Civil Engineering, Computer Engineering and Software engi-
neering covering a wide range of topics like land development and planning, satellite
and information technologies, advanced surveying etc. The topics in Geoinformatics
are interdisciplinary in nature. I am confident that this volume will be very useful
and add to the knowledge in the interdisciplinary area of Geoinformatics. I convey
my appreciation to the Organizing Secretaries of the Conference for the excellent
work done.

Warangal, India Prof. Bidyadhar Subudhi
Director



Preface

National Institute of Technology Warangal, the first among the chain of erstwhile
Regional Engineering Colleges has a well established Department of Civil Engi-
neering which runs an undergraduate and 8 Master degree programs besides Ph.D.
One of the specializations is the Remote Sensing and GIS, started in the year 2000.
Over the years, this programme has grown in stature and attracts many research
projects.

A conference was organised to coincide with the superannuation of Prof. Deva
Pratap, who initiated the starting of the Master degree program at NIT Warangal, and
Shashi Mesapam, Keesara Venkatareddy and Manali Pal being the Organizing Secre-
taries. The conference attracted researchers from all parts of India as well as other
countries. The conference had to be conducted in a virtual mode due to Covid. The
papers covered various areas of application of Geomatics like water resources, envi-
ronmental engineering, ecosystem management, structural health monitoring, trans-
portation engineering, web GIS etc. The selected papers presented in the conference
form the contents of this Lecture Note Series.

We are sure the contents of this volume will be useful for researchers working in
the area of Remote Sensing and GIS.

Hanamkonda, India Shashi Mesapam
Varanasi, India Anurag Ohri
Blacksburg, USA Venkataramana Sridhar

Bangkok, Thailand Nitin Kumar Tripathi
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Abstract Nowadays, Digital Image Correlation (DIC) has become a frequently used
optical technique for testing lab materials due to its nature of non-contact method,
allowing for full-field displacements and strains to be accurately measured. The
purpose of this study is to examine the potential employment of DIC in performing
the standard direct shear test by using a modified box to observe and measure the
shear properties of a soil sample. Accessible tools (e.g., a consumer grade DSLR
camera) and DIC open-source software were employed in this study in order to
monitor every portion of the speckled pattern during deformation and tracking the
relative displacements. While it is often difficult to separate the relative contributions
of individual error sources in any optical technique, we propose the use of two
different validation methods for assessing the accuracy of DIC: the noise-floor and
the direct comparison with a second trusted source, like transducers. The results of
the conducted study demonstrate that the DIC technique implemented on a properly
prepared direct shear laboratory setup opens up new possibilities for the effective
and accurate analysis of deformations in soil materials under direct shear loading
conditions. The calculations of the noise floor of the setup and speckled pattern
in terms of the mean and distribution of the displacements showed validated results
with STD of 0.001 and 0.0012 mm for the horizontal and vertical planar components,
respectively. The displacements measured by DIC showed good agreement with the
results of the transducer with an average error of 0.1 mm.
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1 Introduction

In recent years, Digital image correlation (DIC) has become one of the preferred
optical techniques for the analysis of close-range displacements in several lab and
in-field experiments, being able to capture the shape, motion, and deformation of
object surfaces. Since the development of these DIC methods over the past decades,
numerous applications have been found in many fields and areas of research, due to
its ease of use. Hence, this technique has found a particularly interesting application
niche in those fields related to civil engineering.

The basic principle of DIC is to track a speckle pattern in a sequence of images and
to calculate the displacements of small portions of this pattern (often called subsets)
between one reference image and the other (deformed) images. The variations of
coordinates between the original and deformed subset centers provide the required
displacement vector of the targeted point. Similarly, the full-field deformation of
other interrogated points could be acquired. For this purpose, DIC usually requires
an artificial speckle pattern to resolve unique issues [1]. Nonetheless, the pattern can
also sometimes be naturally present over the surface of some materials (e.g., rocks,
sand, etc.).

In general, there are now multiple software solutions, both commercial and open
source, to perform the correlation between the images. Among others, we can find
commercial systems like Aramis (GOM) or VIC-3D (Correlated Solutions), that are
normally provided with their own specialized hardware and optical components. As
the use of DIC becomes more and more widespread, diverse open-source projects
are also emerging (e.g., nCorr [2], py2DIC [3], etc.) making this technique more
accessible, even for small companies and laboratories with more limited resources.
At alevel of hardware, also industrial high-speed cameras have proven to be replace-
able—at low cost—by consumer grade cameras in certain experimental setups where
the frame rate is not a decisive issue [4]. The affordability of the approach and the
simplicity of its implementation have democratized to some extent the use of DIC,
bringing it closer to all practitioners.

DIC is currently considered a simple but reliable technique for analyzing surface
displacements and deformations. However, the analysis of the results and their accu-
rate assessment can be technically challenging. The main problem is a general lack
of control over the final quality of the output, as the users are sometimes more fasci-
nated by the detail of the full-field maps rather than aware of the metric quality
of the results obtained. It is important to remark that DIC measurements, as many
other optical techniques, are affected by different types of errors. Among others, the
results can be affected by the stationary noise from camera sensors, errors related to
the illumination or temperature, errors associated with speckle pattern, errors asso-
ciated with the processing, external biases (e.g., vibrations), etc. [5, 6]. Therefore,
the accuracy of every experiment requires careful verification.
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1.1 DIC Applications in Lab Testing of Materials

The experimental technique of imaging correlation has gained widespread accep-
tance as a reliable tool for strain measurements. Thus, DIC has been appealing to
researchers in various engineering applications as a non-destructive testing (NDT).
Many studies have examined the use of the DIC technique to analyze the concrete
behavior, such as the distribution of deformation and crack propagation of concrete
[7], quantification of the fracture properties [8] and fatigue behavior [9] of rein-
forced concrete beams. Besides, the DIC optical method was employed to assess the
behavior of road materials [10-12].

Furthermore, geotechnical engineering investigation relies greatly on DIC prac-
tices to determine subpixel displacements in the soil, through which strain is esti-
mated [13]. P1é, Tourabi and Abuaisha [14] have investigated the strain deformation
during a direct tensile test performed on a clayey soil by applying 3-D DIC technique.
They stated that this method could be adapted for the strain determination of the cap
cover in landfills composed of compacted clay. A modified consolidation mold has
been developed to monitor the micro-structure behavior of unsaturated soil with
axial drainage conditions. By using this half mold oedometer apparatus, Liu et al.
[15] studied the deformation field of silty clay soil by applying digital image analysis.
They declared the importance of this study in terms of understanding the correlation
between micro and macro mechanical properties of the soil. Ko et al. [16] conducted
an experiment of a small-scale retaining wall by reproducing the collapse behavior
of the structure and measured the deformation and displacement of the whole surface
of the wall by using 3D-DIC. Tong and Yoo [17] discussed the application of DIC
technology on geotechnical small-scale models such as a retaining wall, trapdoor,
shallow footing, and tensile test on geogrid. They revealed the effectiveness of DIC
in monitoring the deformation and strain field during these laboratory tests.

1.2 Direct Shear Test

The direct shear test is one of the oldest experimental procedures implemented in
geotechnical engineering practice, and it is the most widely used geotechnical shear
device due to its simplicity. This experimental procedure is conducted in order to
determine the shear strength and shear parameters of soil materials. The accurate
determination of these parameters represents a key issue in the design of various
structures, e.g., retaining walls, earth buildings, dams, and roads, as well as the design
of foundations beneath any architectural and/or engineering structure. However, one
of the demerits of the direct shear test could be the non-uniform distributions of stress
and strain on the failure plane.

Accordingly, numerical methods have been employed to analyze the details of
stress and strain occurrence within a shear box, that would be difficult to measure in
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the experimental study. Dirgeliené, Skuodis and Grigusevicius [18] carried out exper-
imental and numerical investigations of the direct shear test performed under constant
vertical stress and constant sample volume. The results of the finite element method
showed that the vertical stress and displacements were non-uniformly distributed in
the sample in both conditions. Zhang and Thornton [19] simulated the direct shear
test by using the discrete element method and illustrated the heterogeneous distri-
butions of stress and strain. In addition, they demonstrated that the shear strain as
well as the dilation concentrated in the mid-height of the specimens (within the shear
zone). To study the soil behavior at the microscopic level, Yan [20] presented a 3-D
numerical model of granular soil with elongated particles in a direct shear test. It was
observed that a localized dilative shear zone was revealed along the failure plane and
the change in particle orientation was clearly noticed.

While these non-uniform distributions of stress and strain can be numerically
modelled, the employment of a full-field measurement NDT method like DIC could
be very useful for tracking experimentally the changes in displacements on the lateral
surface of the sheared samples and for validating the models [21]. The main limitation
for applying DIC in the direct shear test is that the mold used in the test apparatus
is a metal closed box, which makes it impossible to monitor the real behavior of
the soil. Kong, Cheng, and Hua [22] applied digital image technique to direct shear
test by employing a modified shear box and determined the displacement and strain
fields as well as the particle orientation. They concluded that the maximum shear
strain occurred at the interface between the upper and lower shear boxes and the
formation of shear band could be clearly detected. However, in their research they
did not consider any method to validate the accuracy of DIC.

The review of the mentioned studies enlightens the benefits of DIC application in
the direct shear test to monitor the strain field and displacement instead of assuming
uniform distribution of stress and strain during shearing. Despite this, the usage of
the DIC technique in the direct shear test of soil has not been fully investigated
yet, especially when it comes to quantify the precision of this technology in this
experimental test. Hence, the main objective of this research is to study the potential
application of DIC in conducting the direct shear test on soil. Accordingly, a modified
shear box and mold were designed for this purpose and accessible tools (e.g., a
consumer grade digital single-lens reflex (DSLR) camera and open-source software)
were employed. The relative contributions of individual error sources are hardly
separated in any optical practice. Therefore, we suggest the use of two different
validation methods to quantify the accuracy of DIC: the noise-floor, and the direct
comparison with a conventional contact measurement device.
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Fig. 1 Shear mold and box
in 3-D model

2 Materials and Method

2.1 Shear Mold

In order to monitor the soil grains displacement and the deformation during shearing,
the original shear box must be modified by cutting one of the sides of the upper and
lower molds. For experimental purposes, and to prevent the damage of the original
metal mold, a new cost-effective one was produced by applying Fused Deposition
Modeling (FDM) printing. A 3-D printed mold was manufactured with a Prusa i3
(BQ, Spain) 3-D printer by using a bioplastic filament material, namely, Polylactic
Acid (PLA). The original dimensions of the shear box (60 x 60 mm) were maintained.
Moreover, the open sides of the upper and lower boxes were replaced with two
plexiglass plates of 3 mm thickness, as illustrated in Fig. 1.

2.2 2D-DIC Fundamentals

To be able to analyze displacements with 2D-DIC in the image series, the first stage
consists in selecting a subset or portion of the speckled pattern to be tracked. The
subset size should be chosen in a way that allows to distinguish every subset in
the region of interest from all other subsets. There is no one-size-fits-all rule in this
sense, but it is commonly accepted between DIC practitioners to choose a subset size
that allows facets containing at least 3 speckles. Larger subsets typically result in
lower displacement noise, but often at the cost of increased spatial smoothing [23].
A process of image correlation is performed to detect homologous subsets between
the reference image and the deformed ones.
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As illustrated in Fig. 2, the coordinates of the central point of every initial subset
can be mapped in the target subset by using the computed image displacement and
first-order shape functions, representing translations, rotations, normal and shear
strains (Egs. 1 and 2).

¢l =u+ (dudx)dx 4 (duav)dy @))

nl = v+ (dvdx)dx + (avady)dy 2)

where ¢1 and n1 are the displacements of the subset; u and v represent the translations;
au/ox and dv/dy represent the normal strains; du/dy and dv/dx represent the shear
strains; and dx and dy represent the distances from the subset center to an arbitrary
point within the same subset in the x and y directions, respectively.

As DIC software works with pixel units, the displacement maps resulting from
processing all the points of interest do not have an inherent scale. For this reason, DIC
requires a calibration procedure to establish the image scale, relating pixel units with
real units (what can be even done with a simple known distance). However, at the
same time, the calibration procedure can be also used to correct for lens distortions
if a calibration plate is used. In this study, we performed the 2D-DIC calibration by
taking images of a special calibration plate (i.e., symmetric dot grid target) prior to
the experiments. By tracking the displacements of the points of the grid in along the
images of the plate, the parameters of the camera can be calibrated. If the intrinsic
and extrinsic parameters of a 2D, single camera system are calibrated, then an out-
of-plane tilt of the test piece can be determined and corrected. In any case, when
only one camera is used for DIC (2D-DIC) is crucial to ensure that the translation
remain strictly perpendicular to the optical axis; otherwise, false displacements due
to out-of-plane motion will be produced.

Fig. 2 Schematic t=0s + dt (deformed)
illustration of the basic
principles in 2-D DIC




