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ABSTRACT: Digital Image Correlation (DIC) is a non-contact measurement method that identifies surface
changes on a specimen by analyzing a sequence of photographs taken before, during, and after the loading process.
DIC determines contour deformation, strain, and stress values by examining variations in the speckled pattern
created by the random addition of black dots. In this research, DIC was used to visualize the graphical presentation
of a uniaxial tensile test. To obtain stress and strain values, the study employed two methods: the conventional
experimental uniaxial tensile test and the DIC method. Tensile steel specimens with five different thicknesses,
ranging from 6 mm to 16 mm, were fabricated and tested. The specimens were cut at a 15-degree angle from the
rolling direction from the same plate sheet for each thickness. It was discovered that the orientation of the applied
forces can affect the changes in Young's modulus values, which are higher when the load is applied parallel to the
direction rather than perpendicular to it. The open-source image correlation software package Ncorr, integrated
with MATLAB, was used for DIC analysis. The results showed that both methods provided close values for tensile
strength and Young’s modulus. The DIC method produced slightly lower values than the conventional technique
but was still considered accurate for predicting tensile properties. The DIC models also demonstrated good
agreement with the experimental findings, suggesting its suitability as a straightforward evaluation method for
predicting tensile properties.

Keywords: Tensile test, Tensile properties, Digital image correlation, Ncorr, Strain fields

1. INTRODUCTION Numerous studies have examined the tensile
properties of various materials using the DIC
Digital image correlation (DIC) is a non-contact technique. For example, Tambusay et al. [19] DIC
optical measurement method that provides full-field was applied to determine crack propagation in
deformation and strain fields at various scales. It engineered cementitious composite concrete under a
quantifies surface changes on a specimen using visual four-point bending test. Cerbu et al. [21] Used DIC to
measurement techniques [1]. DIC determines the evaluate Poisson’s ratio for composite materials and
deformation of the specimen by analyzing a sequence an aluminum alloy under tensile testing. This
of photographs taken before, during, and after technique has also been advanced to predict the
applying a load [1-3]. The analysis relies on a uniaxial stress-strain response of numerous stainless-
speckled pattern created by randomly applying black steel specimens, highlighting its versatility and
dots (typically in a black-and-white combination). potential for gauging full-field deformation under
The changes in this pattern due to loading are tracked thermo-mechanical loading. Chevalier et al. [22]
through a series of photographs captured with a Explored the multiaxial characteristics of rubber-like
digital camera over time [4]. DIC enables the materials using DIC, discerning heterogeneous strain
evaluation of strain, stress, and displacement across fields under biaxial loading conditions. This research
an object’s entire surface without using instruments underscores the DIC method’s applicability across
such as strain gauges, transducers, or linear variable diverse material types and loading scenarios, offering
differential transformers. Since its introduction in the valuable insights into their mechanical responses. In
1980s, this technique has been applied to various addition, Oh et al. [23] and Roudsari et al. [24]
fields beyond engineering. [5,6]. In recent years, it conducted studies to clarify the DIC process, while
has been increasingly used to measure stress-strain Brillaud et al. [25] and Harilal et al. [26] used a
deformation behavior [7-9], residual stress [10—12], sequent to capture proper images using a low-cost
lifespan [13], integrity, and durability [14], and approach.
cracks [15,16]. For example, the DIC technique has While previous studies have explored the tensile
been applied to bone specimens to understand the properties of various materials, limited research has
surface strain under compressive loading [17]. Other compared and analyzed the accuracy of different
applications have revealed the response of residual measurement techniques. This paper is part of
interfacial stress, which approximates the uniaxial extensive research aimed at identifying the behavior
stress state of thermal barrier coatings [18]. of steel sections with varying thicknesses of steel
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segments, using a variety of stiffeners as support. The
specimens were obtained from the same plate sheet
for each thickness and cut at a 15-degree angle from
the rolling direction, ensuring consistent conditions
across varying thicknesses. The purpose of this
uniaxial tension test was to examine the material’s
plastic anisotropy in different directions. The study
aimed to comprehensively understand the tensile
properties using two distinct methods: experimental
and DIC techniques.

The study focused on steel materials with a
thickness of 6 to 16 mm, examining parameters such
as maximum stress and Young's modulus. The stress—
strain response of the specimens tested was captured,
and the effect of thickness on these parameters was
analyzed based on the test results. Furthermore, a
monitoring system based on DIC was integrated to
determine the failure mechanisms of the specimens.
Consequently, positive correlations were expected
among the research analysis outcomes, including
experimental testing and monitoring systems.

2. RESEARCH SIGNIFICANCE

The study aimed to examine the fundamental
parameters and composition of steel properties by
evaluating the material’s behavior. Although prior
research has investigated the -characteristics of
various materials, few studies have assessed the
precision of measurement methodologies using
specimens of different thicknesses and the plastic
anisotropy behaviors of materials in multiple
directions. Critical insights into the failure
mechanisms can be obtained by monitoring
specimens and employing intelligent data analytics
for evaluations. The findings of this research will
contribute to the development of an advanced yet
straightforward DIC-based monitoring system,
thereby facilitating further investigations.

3. EXPERIMENTAL PROGRAM
3.1 Fabrication Process and Preparation

A series of steel materials, classified as grade 41,
were used to study tensile properties and served as
stiffeners on the beam—column joint segment. The
dimensions of the tensile specimen are illustrated in
Fig. 1 in accordance with ASTM ES8/ESM [27].
Specimens with five different thicknesses were
prepared for testing under the uniaxial tensile test.
The steel for each specimen was cut using a grinding
cutting machine, with different cutting edges
employed for various thicknesses to achieve
consistent dimensions. A paper plot was also added
to the specimen before the cutting process to ensure
uniform dimensions.
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After obtaining the dimensions, the specimen was
painted using white Pylox spray paint. The spray was
applied lightly to create a layered pattern before
adding the random black dots. These dots are crucial
for the DIC technique, which requires dividing the
object into small subsets to obtain the full
deformation field of the specimen. The subsets are
created from the black dots. To ensure the dots or
speckle patterns were random, two sizes of permanent
markers were used.

f L {
B — A

Fig.1. Tensile test specimen — ASTM E8/ESM

Table 1. Detail dimension of tensile test specimen

Dimension mm

Gauge length, G 200+0.2
Width, W 40+2.0
Radius of fillet, R 25
Overall length, L 450
Min. length of reduced 225
section, A
Min. length of grip section, B 75
Width of grip section, C 50
Thickness of material, T

Specimen 1 6

Specimen I1 8

Specimen 111 10

Specimen IV 12

Specimen V 16

To ensure that each subset has its own distinctive
characteristics, it was necessary to implement a
speckle pattern with identifiable, irregular features
throughout its region [28]. Key parameters include
speckle dimension [29], pattern contrast [30], edge
sharpness of the speckle [31], and speckle density
[32]. For a pattern to be identified as non-repeating
and isometric, there must be sufficient contrast
between its light and dark portions to detect every
distinctive feature. The contrast of the pattern is
influenced by factors such as the intensity of the
lighting source, the size of the lens aperture, the
exposure time of the camera, and the type of paint
applied for the speckle [33,34].

To identify a pattern as non-repeating and
isometric, there must be sufficient contrast between
the pattern’s light and dark portions for every
distinctive feature to be detected. This contrast is
influenced by factors such as the intensity of the
lighting source, the size of the lens aperture, the
exposure time of the camera, and the type of paint
applied for the dots [33].

3.2 Uniaxial Tensile Test

The tensile test was performed using a universal
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Fig.3 The DIC technique step by step analysis

testing machine (Shimadzu UH-500) with a
maximum load of capacity 500 kN and a
displacement rate of 0.6 mm/min, in accordance with
ASTM 638. The specimen was gripped on both sides,
and tensile strain was measured in the central part of
the specimen. A displacement transducer was also
mounted at the back of the central neck of the
specimen (see Fig. 2). The stress—strain data were
obtained during the test using Shimadzu software
developed by the Laboratory of Concrete, Advanced
Materials and Computational Mechanics ITS. The
tensile test was recorded using a Canon M50 Mark II
digital camera to support the DIC, capturing a series
of images. Fig. 2 illustrates the tensile test
experimental setup using the low-cost DIC technique.

To identify several parameters, basic engineering
property equations were inputted into the calculations,
such as tensile stress—strain (o0—¢) and Young’s
modulus (E). These equations demonstrate the
stiffness of steel materials under the stress—strain
relationship in the linear elastic deformation stage,
which follows Hooke’s law. The equation is shown as
follows:

P 1
U—AO (M
AL Li—L
g=—=T_° @)
Lo Lo
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E= 3)
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The stress value, o, is determined by dividing the
axial load during the tensile test, P, by the cross-
sectional area of the specimen, Ao, as represented by
Equation (1). The tensile strain, &, is calculated by
dividing the change in length, AL, by the original
length, Lo, as expressed in Equation (2).

3.3 Digital Image Correlation (DIC) Technique

The step-by-step DIC technique is illustrated in
Fig. 3, including image capture with a low-cost digital
camera, image processing, the Ncorr platform, and
the computation process. The images were captured
at a resolution of 4608x3072 pixels using a Canon
M50 Mark II digital camera. The camera position
needed to be steady and properly aligned to provide
clear, non-blurry images. Due to the fixed position of
the UTM, the camera was placed 500 mm away on a
steady tripod. The first image was captured as the
control before loading, with subsequent images taken
at loading increments until the specimen failed. The
total duration of the tensile test and the expected
number of images defined the capture intervals.
During image processing, the acquired digital images
were automatically enhanced using image editing
software to improve quality and clarity. This step was
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Fig.5. Graph of tensile stress vs. tensile strain under different thickness

performed to ensure sufficient contrast between the open-source software that graphically analyzes the
light and dark parts of the pattern, allowing the DIC images and converts them into stress—strain and
algorithm to accurately identify each distinct displacement data. In this study, Ncorr 1.1.2 and
component. MATLAB R2021 were used. During this stage, the

The next step involves using the Ncorr platform, graphical presentation of DIC parameters is designed
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to meet specific conditions. The platform uses an
image registration technique to map both local and
global displacements, allowing for the derivation of
strains.

Fig. 4(a) presents the Ncorr main user interface,
illustrating its primary layout. To initiate the DIC
analysis, users must first upload a reference image of
the specimen before loading, which will then be
displayed in the left-hand side window of the main
terminal. Subsequently, a sequence of images
captured during testing should be uploaded. Each
collection of small subsets is governed by two
parameters: subset radius (r) and subset spacing (s).
When r equals half of s, the subsets take the shape of
contiguous circles with a radius of ». Within Ncorr,
deformation within each subset is assumed to be
uniform.

32

The displacement field of a subset is initially
determined by evaluating a cost function, mainly
through normalized cross-correlation, providing an
initial estimation of the displacement. To enhance the
accuracy of this estimation, the inverse compositional
Gauss—Newton method is applied. This method
iteratively adjusts the displacement field by
minimizing the difference between the observed
subset and the reference subset, resulting in a refined
displacement field [35]. This iterative refinement
process ensures a more precise alignment between
corresponding subsets in the reference and target
images, leading to improved accuracy in the overall
deformation analysis. Afterward, users must define
the region of interest (ROI), as illustrated in the right-
hand side window in Fig. 4(b), delineating the area
for the DIC analysis.
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To capture the complete deformation field, the
object’s image must be partitioned into small subsets
(see Fig. 4(c) for illustration). Each subset requires a
distinct pattern to enable the algorithm to differentiate
accurately between them, facilitating the matching of
target and reference subset blocks.

Using the center-point locations of subsets in both
the reference and target images, a local displacement
vector is generated, and deformation within each
subset is calculated. This iterative process is applied
to all subset blocks across the entire surface of the
object, resulting in a comprehensive displacement
map. From this map, strains can be derived [17].

In Ncorr, digital images are depicted as a
collection of small subsets governed by two
parameters: subset radius (r) and subset spacing (s).
When r equals half of s, the subsets take the shape of
contiguous circles with a radius of ». Within Ncorr,
deformation within each subset is assumed to be
uniform. The displacement field of a subset is initially
determined by evaluating a cost function, mainly
through normalized cross-correlation, providing an
initial estimation of the displacement.

Subsequently, to enhance the accuracy of this
estimation, the inverse compositional Gauss-Newton
method is applied. This method iteratively adjusts the
displacement field by minimizing the difference
between the observed subset and the reference subset,
resulting in a refined displacement field [35]. This
iterative refinement process ensures a more precise
alignment between corresponding subsets in the
reference and target images, leading to improved
accuracy in the overall deformation analysis. In
addition to these functionalities, Ncorr can execute
multi-thread computations and manage tasks
involving large deformation, rigid-body deformation,
and strong discontinuities. Fig. 4(d) provides an
example of the identified strain response obtained
from a DIC analysis.

4. RESULTS AND DISCUSSION

Tensile tests with different steel thicknesses were
conducted using uniaxial tensile tests and the DIC
technique. The results are discussed below.

4.1 Tensile Test Result

Fig. 5 shows the tensile test results for different
thicknesses, along with failure illustrations,
compared to the DIC analysis. Each specimen was
observed to exhibit a similar trend. The maximum
tensile stress for the experimental test was 460 MPa,
while the DIC technique measured it at 473 MPa for
the 8 mm thick specimen. The stress vs. strain curve
for the DIC technique showed a slightly higher trend
compared to the conventional technique during the
elastic phase.
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For the 10 mm specimen, the maximum stress
decreased to 454 MPa, with further decreases
observed for the 12 mm and 16 mm specimens. The
DIC technique confirmed the experimental test
results, showing similar trends. This decrease in
tensile strength may be attributed to the higher cross-
sectional area, which significantly affects tensile
strength. The tightness of the grip during the test also
plays a crucial role in determining tensile strength, as
a secure grip is essential for accurate measurements.

In such cases, increasing the thickness of the
specimen may not proportionately enhance the tensile
strength. Factors such as material ductility, flaws, and
structural design significantly influence the overall
strength. Finding the right balance between thickness
and these other considerations is crucial to achieving
optimal strength and performance.

Young’s modulus was analyzed and compared to
better comprehend the stiffness in this study. The
results of Young’s modulus for each material
thickness are summarized in Fig. 6. All testing
methods yielded similar values for Young’s modulus.
It was determined that the orientation of applied
forces can impact the variations in Young's modulus
values, which exhibit larger values when the load is
applied in parallel with the direction, as opposed to
perpendicular to it. The Young's modulus, E, for steel
is supposed to be 210 GPa, as shown by comparisons
to theoretical reference. Consequently, the average
value of Young's modulus of the steel under
experimental and DIC method was determined to be
206 + 2 GPa and 201 + 2 GPa, respectively, which
deviates from the reference value of the Young’s
modulus by 1.58% and 3.51%. Regarding the testing
technique, the DIC method yielded slightly lower
values than the experimental results. Overall, it was
concluded that the DIC method is adequate for
evaluating the tensile properties under tensile loading
conditions.

4.2 DIC Techniques Results

The contour plot image was generated using the
DIC Ncorr within MATLAB software, applied under
tensile loading conditions. Fig. 7(b) shows the
contour plot of measured strain during tensile
loading, illustrating parameters such as analysis type,
subset criteria, and step analysis. Color coding
represents the stress—strain criteria. The same figure
also displays the contour plot of strain values for the
8 mm thick tensile steel specimen, highlighting the
trend in strain development. Both the experimental
and DIC methods detected and observed the necking
area, as shown in Fig. 7(a) and Fig. 7(b). In addition,
the maximum strain value (shown in red) was 0.43,
while the minimum strain value (shown in blue) was
approximately 0.
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5. CONCLUSIONS

The DIC technique has gained increasing attention
for its ability to map strain and displacement
effectively. In this study, tensile steel specimens of
varying thicknesses were used to explore their tensile
properties using two methods: conventional uniaxial
testing and DIC. The conventional technique
generated an average Young’s modulus measurement
of 206 + 2 GPa, while the DIC method obtained an
average value of 201 + 2 GPa. These values deviate
from the theoretical reference value of the elastic
modulus by 11.58% and 3.51%, respectively. From a
methodological standpoint, the DIC technique
yielded results comparable to those of the
conventional test, with slightly higher values.
Furthermore, it demonstrated reasonable agreement
with the experimental findings, indicating its
suitability as a straightforward method for predicting
tensile properties.
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