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ABSTRACT: Techniques to monitor deformation and strain fields and crack development in experimental
testing are continuously improved. Digital Image Correlation (DIC) technique that recently developed several
past decades is a powerful tool for measuring object deformation. Using image correlation, this method can
correlate the digital images of undeformed and deformed objects to determine the displacement and strain field.
Compared to conventional techniques (such as strain gauges), DIC has superiority due to computational
accuracy, efficiency, and non-contact measurement. In this study, DIC is applied to analyze the mechanics of
plain and fibrous concrete beams under the 4-point bending test in the laboratory. Four beam test specimens
were made and tested. Displacement and strain fields derived from digital image correlations are analyzed in
crack detection, deflection, and strain of beams. DIC analysis results show good agreement with experimental
measurement and are suitable for early crack detection and crack measurement. Monitoring strain fields and
cracks using DIC confirms the influence of fiber engagement on load resistance, cracking, and flexural
behavior.
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1. INTRODUCTION method can be applied from a small to a large-scale
test. The accuracy of displacement measurement by
Reliable deformation measurement is essential DIC is highly dependent on image texture or
for experimental test measurements in quasi-brittle contrast [4,5], and image resolution [6].
materials such as concrete structures. The most There are numerous concrete material and
common conventional technique to measure element testing that could be carried out in the
deformation and strain field is strain gauges laboratory, e.g., compressive strength, tensile
attached to the specimen’s surface, e.g., concrete or strength, or flexural testing. Those testing may
steel  reinforcements.  However,  measuring utilize DIC technology to measure deformation and
displacement and strain fields to capture the strain fields. For example, Tambusay A. et al. [7]
complete structural behavior requires many gages Sindu B. S. and Sasmal S. [8], Verbruggen S., et al.
and will be expensive. [9], and Lacidogna G.et al. [10] use the DIC
Recently, a method known as Digital Image method for direct tensile and flexural concrete
Correlation (DIC) has been developed to measure testing. Gali S. and Subramaniam K. V. L. [11] also
deformation and strain variation and cracks on an investigate the formation and propagation of a
element's surface plane. This is based on advances critical shear crack of beams using the DIC
in digital technology that capture high-resolution technique.
images supported by an advanced computation that The application of the DIC method to evaluate
can process the data from a digital image correlation fracture mechanisms on various materials was also
[1]. DIC is relatively easy to operate, may reduce conducted by several researchers. Bueno J. A. and
experimental costs, and is considered more accurate Lambros J. [12] investigate the fracture of
in results than conventional measurements. It can nonhomogeneous materials. The DIC method was
also be performed for various potential applications implemented using  bilinear and  bicubic
and in different types of materials [2]. Furthermore, interpolation, and coarse—fine and Newton-
several open-source and non-commercial DIC Raphson optimization algorithms. Crack opening
processing software are available nowadays [3]. displacement fields were well captured using DIC.
DIC uses a non-contact optical measurement Filho J, Xavier J, and Nunes L. [13] use the DIC
technique that can be applied to the specimen's method for crack tip detection of fibrous soft
surface. It requires a continuous digital image that composites. Consistent estimation of fracture
captures during the test. The displacement field is parameters from DIC and visual inspection
determined from the correlation between two approach was obtained.
images, undeformed and deformed images. This Fayyad T. M. and Lees J. M [14] and Bhosale
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A. B. and Prakash S.S. [15] evaluate fracture
properties of reinforced concrete using the DIC
technique. It is found that DIC is effective in
monitoring crack profiles in small-scale reinforced
concrete beams. Meanwhile, Gentruck et al. [16]
use DIC for full-scale testing of the prestressed
concrete structures.

Moreover, the extent of DIC's capabilities and
the accuracy of results still need to be studied and
verified. To have good accuracy and to eliminate
errors e.g., from lens distortion some methods also
have been introduced [17] including the assessment
of speckle patterns [18].

In this study, simple DIC instruments with
available non-commercial DIC software were
introduced to test the specimens under bending
testing. The DIC method was used in the 4-point
bending testing of beams to evaluate deformation
behavior and crack propagation by comparing the
results from the conventional instrument readings.
Four concrete beams were cast using normal (plain)
or fibrous concrete with or without longitudinal
reinforcement. As known, fiber’s addition to
concrete mixture has been known to change the
post-cracking behavior of the concrete elements.
Therefore, this paper aims to demonstrate the
applicability of DIC measurements results to
determine the flexural and crack behavior of various
beam samples, i.e., plain concrete, fibrous concrete,
and concrete with steel bars,

2. RESEARCH SIGNIFICANCE

Digital image correlation (DIC) is a non-
destructive  and  non-contact  deformation
measurement applying optical measurement and
digital image processing technology. It has been
frequently used in laboratory testing for
deformation measurement of quasi-brittle material
such as concrete in recent years. Since the bending
test is recommended as a standard method to study
the tensile or flexural capacity of fiber-reinforced
concrete (FRC) and required deformability
evaluation, in this study, bending tests on concrete
beam specimens with and without fiber addition are
performed, and crack propagation is investigated by
DIC method using simple instrumentations. Crack
and deformability evaluation from the DIC results
shows a good agreement with the conventional
measurements.

3. EXPERIMENTAL PROGRAM
3.1 Specimen Detail

Four concrete beams were cast and tested to
investigate load deformation and crack behavior.

All beams have similar dimensions, specified
concrete strength, and loading arrangement but
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differ in fiber and longitudinal reinforcement
addition. Polypropylene fiber with a 0.5% of
volume fraction was used in this experiment.
Specified concrete strength is 60 MPa, and the
average measured concrete strength  from
compressive testing is 62 MPa for normal concrete
(NC) and fiber concrete (FC).

This study uses a deformed steel bar with a
nominal diameter of 13 mm with a specified yield
strength of 400 MPa (BJD40). All specimens tested
in this study are summarized in Table 1. Fig.1 below
shows the beam dimensions and reinforcement
details.

Table 1 Specimen details

Specimen Concrete type Deformed
steel bars
NC Plain No
FC Fiber No
NC-S Plain 2D13
FC-S Fiber 2D13
- Nomal or Fiber Concrete

—~Reinforcement

® @ | D13(BJTD40)
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Fig.1 Beam dimensions (in mm)
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Fig.2 Strain gages setup configurations
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To evaluate the strain and curvature in concrete
beams, the strain gauges were attached to the
surface of one side of the shaft, and another surface
side was used as a surface object for DIC
measurement. Strain gages configuration is shown
in Fig. 2 for unreinforced and reinforced beam
specimens.

3.2 DIC and Test Setup

All specimens were tested using a four-point
bending test. Each beam was supported at both ends
by two roller supports. The two-roller support was
kept to have a clear distance of 450 mm. The load
was applied at two-point that have a distance of 150
mm from each support. The beams were loaded
using a universal testing machine (UTM) with
displacement control. Three linear variable
displacement transducers (LVDT) were installed
under beams at 1/3, 1/2 (midspan), and 2/3 of the
beam span to measure the deflection. A micro-
camera with the crack width measurement was used
to measure the crack opening.

A DLSR camera with a maximum image
resolution of 5184 x 3456 pixels and a focal length
of 55 mm was used to record the digital images
under loading (Fig. 3). The camera was put on a
tripod dan fixed away from the specimen and has a
perpendicular axis to the surface of interest. Surface
displacements were obtained by DIC using digital
image cross-correlation. The image must have a
particular texture from speckle patterns. To have
speckle patterns, one surface of the beams was
spayed by applying a uniform white paint followed
by a mist of black paint from the spray nozzle (Fig.
4). The speckle patterns were created on the side
without strain gauge attachment.

Digital
camara. | =
of

Fig.3 DIC and loading test setup
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Fig.4 Speckle making and pattern
4. RESULTS AND DISCUSSIONS
4.1 Displacement Fields

Fig. 5 shows the displacement fields of the NC
specimen, plain concrete beam without fiber and
steel bar, at an initial, 27.76 kN, and 31.8 kN of
loading conditions. The color shows the intensity of
displacement.

B g %
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|

Fig.5 Displacement fields of beams of NC at load
(@) 0 kN (c) 27.76 kN (d) 31.8 kN
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From the displacement field contour, as shown
in Fig.5, at the lower load a localized deformation
near the load point is identified and forms a V-
pattern of displacement fields. For larger load
displacement fields, it forms a vertical uniform
intensity over the height of beams and gradually
changes from support to midspan of beams.

Displacement fields for all specimens at failure
are shown in Fig. 6. The displacement fields
contour is almost similar for all specimens except
when a large flexural crack occurred the
displacement fields could not be monitored and
measured near the cracking zone. In addition, when
the shear crack occurred, a drastic color change near
the shear crack was also identified.

K

0.004
0.075

[V

2.600
4,062

—{-2.400 82

g
[

Fig.6 Displacement fields of beams (a) NC (b) FC
(c) NC-S (d) FC-S at failure
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4.2 Load-Deflection Relationship

Beam’s load-deflection responses are shown in
Fig.7. Measured beam deflections shown in the
figure are obtained at the midspan location. Beams’
load capacity increases with the presence of fibers
and longitudinal bars. The load response could not
be controlled after the peak load in a beam without
fibers and steel bars (NC), even with displacement
control. With fiber addition in the concrete beams
(FC and FC-S), there is an increase in load capacity
indicated by a higher peak load. The peak load and
corresponding deflections of all beams are listed in
Table 2. The post-peak load response in fiber
concrete beams showed a larger deflection than in
non-fibers concrete beams. In FC specimens, beam
with fibers and without longitudinal bars, there is a
second peak load after the first peak or cracking
load. This indicates that fibers significantly affect
post-cracking behavior as crack-bridging increases
deformation and toughness capacity. As shown in
Fig.7(b) for FC-S specimens, there is no second
peak load. However, there is a steady decrease,
almost constant, in the load with increasing
deflection. The effect of fibers is also noticed when
comparing the peak load with the beam without
fibers (NC-S).
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Fig.7 Load-deflection responses of beams (a) NC
vs. FC (b) NC-S vs. FC-S
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Table 2 Summary of beam test

Specimen Peak Percent Mode of
Load increase in failure
(kN) peak load
NC 31.8 - Flexure
FC 35.12 27.6% Flexure
NC-S 145.7 - Shear
FC-S 185.08 27% Shear

Note: comparison was made only between non-fiber and fiber
concrete.

0.0099
0.0090
0.0082
—1 0.0073

Exx

Fig. 8  Strain contours of FC-S beam at loads (a)
35.26 kN (b) 77.14 kN (c) 106.05 kN (d) 139.37 kN
(e) 185.08 kN (f) failure.

The images taken wunder different load
conditions were analyzed using DIC software for
each beam  specimen using  cross-image
correlations. The displacement vectors of the DIC
analysis results determined the beam deflection and
crack opening. The displacement value from the
DIC analysis was verified against the displacement
from LVDTs. As shown in Fig. 7, the DIC approach
effectively measures the displacement of beam
elements and does not much differ from the LVDT
measurements.

4.3 Crack Pattern and Crack Progression

DIC was used to evaluate the beam’s crack
pattern and crack progression. Measured strain
fields in the horizontal direction were used to
identify the crack pattern and progression on the
concrete beam surface. To identify cracks in the
surface, a localized swarm of strain contours in a
small region may indicate the crack. The crack
pattern and the cracking sequence can be observed
using this procedure. The DIC analysis results have
more accurate than the visual observation indicated
by the detection of a crack identified at a lower load
compared to visual observation as shown in Fig.8

(b).
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Fig. 9 Strain contours at peak load of beams: (a)
NC (b) FC (c) NC-S (d) FC-S.

The formation and progression of cracks in
beams with fibers and longitudinal bars (FC-S) are
shown in Fig. 8 (a-f).
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A flexural crack was initiated in the middle of
the beam at a load of 35.26 kN (Fig. 8 (a)). Then, a
shear crack located near the support was formed, as
shown in Fig. 8(c). The shear crack was formed at
approximately 45 degrees of the height of the beam.
Then another shear crack that originated from the
flexural crack was also developed. This shear crack
extended to the load point and became a primary
failure mode. The failure mode of beams is a shear
failure due to additional longitudinal bars that
increase the flexural capacity. All beams without
longitudinal steel bars fail in flexure.

Comparing FC-S and NC-S, a beam without
fibers (NC-S) not only exhibits shear cracking but
also experiences bond-splitting cracking, as shown
in Fig. 9 (c). This is also identified in the load-
deflection response in Fig.7 (b) that the beam
exhibits small deformability. This also indicates
that fiber addition significantly increases the bond-
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splitting capacity of beams. DIC results can
generally capture the crack pattern and progression,
which is essential for evaluating structural behavior
and failure mode.

The crack patterns at the peak load for all beams
are shown in Fig. 9. It is demonstrated that the
critical crack patterns, e.g., shear, flexure, and bond
splitting cracks that lead to failure, can be identified
through DIC analysis.

4.4 Crack Opening Measurement

Crack opening of shear and flexural cracks were
measured at several locations in the primary crack,
as shown in Fig. 10. Fig. 10 indicates the beam’s
crack opening calculated using DIC and crack meter
methods under different loading rates. The crack
opening was measured through field displacements
from the DIC analysis. Cracks can be identified
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Fig. 10 Crack opening with manual and DIC measurement (a) NC (b) FC (c) NC-S (d) FC-S.
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accurately from displacement contours after crack
formation and can be observed much earlier than
visual observation. A pair of gauge points were
placed on either side of the crack to evaluate the
displacement across the crack. The line joining the
gauge points should be perpendicular to the crack
lines. The gauge points should be set in fixed
positions in processing digital images at different
loads then the horizontal and vertical displacements
will be obtained. The crack opening was obtained
from relative displacement between two-gauge
points across the crack.

The crack width openings measured across the
primary crack from all beams are shown in Fig. 10.
As shown in Fig. 10 measured crack width using the
DIC method has a good agreement with manual
measurements. With the addition of fibers in
unreinforced beams, there is a delay in flexural
crack formation indicated by a higher load when
compared to a normal concrete beam (NC). It also
shows an increase in crack width opening
throughout the load response. Fiber addition for
reinforced beams that fail in shear affects the crack
opening, which continues to open even in the post-
peak as the load decreases. This indicates that fibers
control the shear crack opening or dilatancy, which
may lead to an alternate failure mode. A normal
beam without fibers (NC-S) leads to bond splitting
failure as a horizontal crack formed at the
longitudinal bar axis near the support.

5. CONCLUSION

Digital image correlation (DIC) in this study is
used to observe deformation, crack patterns, crack
progression and crack opening of all beam
specimens under the bending test. From this limited
investigation, some conclusions can be drawn.

= DIC produces reasonable displacement fields
and closely load-deflection curves compared to

LVDT measurements. The beam’s load-

carrying capacity and ductility increase with

fiber addition, indicated by peak load and post-
peak displacement from load-deflection
responses.

= The DIC method effectively determines the
crack pattern and progression in the bending
test of unreinforced and reinforced concrete
beams with or without fiber addition. Using the

DIC method, the failure mode of beams can be

captured from the crack pattern and crack

progression. Unreinforced beams (NC and FC)
exhibit flexural failure, and reinforced beams

(NC-S and FC-S) produce shear failure.

= The crack opening at selected locations in the
beams extracted from DIC analysis was used to
evaluate the effect of fiber addition and
longitudinal bars as beam parameters. Fiber
addition affects the crack opening, which can
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continue to grow even in the post-peak as the
load decreases. Fibers in concrete seem to play
a role in the crack progression and crack
bridging.
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