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Abstract 
As reinforced concrete structures reach the end of their design lives, technology for improving
accuracy and efficiency of inspections and structural health monitoring rapidly progresses. Concrete
cracking and reinforcement strains are two relevant parameters in assessing damage and safety of
these structures. The use of Digital Image Correlation (DIC) systems and distributed Fibre Optic
Sensors (FOS) to evaluate these parameters are two of the technologies that have been gaining
momentum due to their advantages over other approaches. This study presents an experimental
investigation of crack propagation of a reinforced concrete beam specimen through FOS and DIC.
The FOS were positioned inside a groove carved in the rebar and in the concrete immediately
outside the bar for comparison. The results showed a significant difference between both positions,
with more reliable data coming from inside the bar. The addition of the DIC crack propagation
images to the FOS analysis complemented the results, and good visual correlation was identified
between both methods. This study is part of a broader research program, which aims at applying
DIC and FOS for structural health monitoring of a real scale bridge structure.
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1 Introduction 
Many reinforced concrete structures built around
the world are close to reaching the end of their
service lives. Rehabilitation of infrastructure that
has been deemed unsafe is very costly, both
financially and environmentally. As deterioration of
critical infrastructure is a growing concern,
technology to identify and monitor damage has
been advancing rapidly to improve assessment of
these structures. This study is part of a broader
research, which targets improvement of bridge
inspection and assessment through technology
such as Digital Image Correlation (DIC) and Digital
Twins (DT).

DIC is a non contact measurement technique that
uses digital images to obtain surface displacement
and deformation. Concrete cracking is a common
degradation indicator for reinforced concrete
structures, so the evaluation of this parameter is
usually critical during inspections. In visual
inspections, this evaluation is highly time
consuming and subjective. Conversely, the interest
in image based crack detection, such as DIC, is
increasingly growing, due to its rapidity of
implementation and convenience [1].

In addition to concrete cracks, the analysis of
reinforcement strain, especially tensile strain, is
particularly important in evaluating safety of
structures. Reinforcement strain is at its highest at
the location of cracks, which is not easily predicted
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before they occur. Optical methods, such as DIC,
and continuous measurements, such as those
provided by fibre optic sensors (FOS), overcome
the limitations of the common strain gauges (SG).

This paper presents the results of an experimental
program conducted with a reinforced concrete
beam instrumentedwith FOS and analysed through
a DIC system. The tensile strain measured by both
systems was compared for possible correlation and
used to complement each other. The FOS were also
applied in two different positions to have their
efficiency compared: inside a groove carved into
the rebar, bonded with an epoxy glue, and in the
concrete immediately outside the bar. The main
objective was to evaluate both approaches in a
controlled laboratory environment, for later
replication in a bridge structure, as part of a
broader research.

2 Literature review 

2.1 Fibre Optic Sensors (FOS) 

Tension stiffening and cracking behaviour of
concrete are critical characteristics for accurate
structural assessment of RC structures [2]. These
characteristics, however, are very hard to predict,
which limits the effectiveness of assessment
models and techniques [2]. Instruments such as
strain gauges, accelerometers, fibre optic sensors,
and displacement transducers are becoming more
common in structural health monitoring.

Experimental programs, such as those performed
by Scott and Gill [3] and Kaklauskas [2], measuring
full reinforcement strain profiles within reinforced
concrete (RC) elements have provided critical
insight for developing an understanding of both
tension stiffening [3] and concrete cracking
behaviour [2]. Both programs employed the
method developed by Mains [4] in 1950, which
uses strain gauges along the length of the
reinforcement to capture the full strain profile. The
experiments then were too costly to perform on
multiple lab specimens or on structures in the field
� a single specimen tested by Scott and Gill [3]
required 84 strain gauges within a longitudinal
groove in the middle of the reinforcement.

The use of distributed FOS is a promising method
of measuring full reinforcement strain profiles, as

demonstrated by Davis et al. [5]. Upon testing a
series of RC specimens, Davis et al. [5] found that
FOS could be used to determine the effects of
tension stiffening while significantly reducing the
cost and labour hours when compared to strain
gauges. Barrias et al. [6] evaluated strain
measurements from distributed FOS embedded in
RC beams and strain gauges, and found good
correlation between both technologies prior to
cracking.

2.2 Digital Image Correlation (DIC) 

Digital Image correlation (DIC) is an optical and
non contact measurement technique that uses
digital images to visualize surface deformation and
strain. DIC is able to measure areas for both small
and large objects (from1mm to 2000mm)with the
same sensor. Deformations of an element can be
measured in a range of 0.01% up to several times
its original size. According to Hoult, et al. [7], DIC
has the potential to be a new alternative for
traditional sensors.

In 2006, Küntz et al. [8] were among the first to use
DIC to assess a bridge under operating conditions.
McCormick & Lord [9] presented a number of in
situ applications for DIC for large structures,
including bridges. Brault et al. [10] presented a
model for correlation of crack width to
reinforcement stress. Fayyad & Lees [11]
investigated crack propagation using DIC, and
Berrocal et al. [12] compared strain profiles from
high spatial resolution FOS and a DIC system. This
comparison revealed that determining the location
of cracks and tracking the evolution of crack width
over time were both feasible, with most errors
below ±30 mm for crack location and ±20 m, for
crack width [12].

Gencturk et al. [13] presented a study on the use of
DIC in full scale testing of pre stressed concrete
structures. However, the transition between DIC in
the laboratory and in situ tests is quite large, and
research on the latter is still limited. The
uncertainty of the final results is heavily dependent
on the care taken during image acquisition.
Therefore, McCormick and Lord [9] presented
different strategies to compensate for in situ
effects. Mirzazade et al. (2021) [14] proposed a
semi empirical equation to predict strain in
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embedded reinforcement based on surface
deformations monitored by DIC. Strain gauges
were installed on rebars to investigate the
correlation between strains on embedded
reinforcement and concrete surface under pure
tension. A good correlation was identified, but
authors recommended that installing FOS instead
of SG can enable researchers to monitor the
tension stiffening effect resulted by bonding
deterioration around the cracks thus achieving
more precise predictions.

3  Materials and methods 
This section presents information related to the
instruments, the test set up, materials and other
relevant data related to the execution of the
experimental program.

3.1 Instrumentation 

An experimental program was carried out to
evaluate the crack propagation of a reinforced
concrete beam tested under a three point bending
scheme. The beam was instrumented with linear
variable differential transformers (LVDT), FOS and
DIC system.

The LVDT was positioned in the centre of the lower
beam surface to measure the displacement at that
location. Figure 1 presents the dimensions of the
beam specimens, and Figure 2 presents the
reinforcements. The position of the strain gauges
and LVDT is illustrated in Figure 3.

The fibre optic system used was ODiSI 6, from Luna
Innovations Inc. [15]. The fibres were applied to
both tension and compression reinforcement bars
to measure the strains along the length of the
rebars. One single five meter sensor was applied to
each beam, including loops in the ends to allow
them to exit the formwork and return to cover all
the necessary length. For each rebar, the fibre was
applied in two different ways: inside a longitudinal
groove carved into the bar, bonded with an epoxy
glue, and outside the same bar, fixated with plastic
strips. The goal of measuring strain in twowayswas
to compare the difference in measuring strain
directly in the reinforcement bar (which implies
more time to cut the grooves and bond with epoxy)
and in the concrete near the bar. Figure 4 presents
a schematic drawing illustrating how the fibres

were positioned, and Figure 5 is a photograph of
the fibre positions in the rebars.

Figure 1. Beam dimensions (mm): elevation (left)
and section (right).

Figure 2. Reinforcement scheme for the beams:
longitudinal (left) and transversal (right) sections.

Figure 3. Test set up.

Figure 4. Position of fibre optic sensors in
transversal section of the beam specimen.

Figure 5. Position of the fibres: inside the groove
and outside the bar.

ARAMIS 5M [16] was the chosen DIC system to
analyse the specimens. To prepare the front
surface of the beams for DIC, any holes were filled
with wall putty, the surface was fully painted using
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white contrast spray paint and then a black speckle
pattern was applied using a proper roller. An
appropriate surface structure is imperative for the
system to work as intended. According to Küntz et
al. [8], a quality surface preparation requires
mainly that the surface is smooth and has a speckle
pattern. It should also have good contrast and a
dull finish, since any reflections can prevent facet
computation. According to Reu [17] the four most
important attributes of speckle patterns are:
speckle size, contrast, speckle edge and speckle
density. Furthermore, Reu [17] also states that
speckles should not be smaller than 3 pixels. More
details about this process and motivation behind
the procedure can be found on Reu [17]. In sum,
the set up for the ARAMIS system consisted of a
tripod with two 5 MegaPixel cameras with a 25o

angle finely aligned with the embedded laser
pointer towards the centre of the specimen. The
calibration of the cameras was performed using a
Calibration Cross CC20/700x560, and the camera�s
tilt angle, focus, aperture, illumination and shutter
speed were also adjusted to the standards of the
test. The facet size used was of 30px, with a point
distance of 10px. The facet size was larger than the
default value of 15 px, which improved the
accuracy of the resulting measuring points.

shows the prepared beam surface with the
speckle pattern and Figure 6 shows the ARAMIS
camera set up.

3.2  Materials 

B500B ribbed hot rolled bars were used as
reinforcement, with 500 MPa Yield Strength, 1.08
tensile/yield strength ratio, and 200 GPa Young�s
modulus.

In order to measure the material properties of the
concrete, two concrete cubes were also casted and
later submitted to a compression test. From the
compression test, the average compression
strength was .

Table 1. Concrete recipe

Item Weight [kg] 

Water 4.27

Cement 11.18

Superplasticizer 0.106

Air entraining admixture 0.0307

Aggregates 0 8 mm 45.14

Figure 6. ARAMIS system set up.

Figure 7. Beam surface with speckle pattern.

4 Results and discussion 
The results from the FOS and ARAMIS system for
the beam specimen, subjected to the three point
bending test are presented and analysed in this
section. All the results correspond to the
measurements for the reinforcement bar in
tension, referred to as S1.

4.1 Load stages: FOS in the rebar x FOS in 
the concrete 

In order to compare the strain measurements from
the FOS located inside the rebar and in the nearby
concrete, Strain vs. Position graphs in two loading
levels were extracted. The maximum load
registered for Beam 1was 55.2kN, so 20kNwas the
load level selected to contemplate the beginning of
the test, and 50kN to be close to failure. Figure 8
presents both graphs accompanied by a drawing
scheme of the beam to represent its position.
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Figure 8. Strain vs. Position for FOS in the
rebar and in the concrete, in two different

loading levels.

Upon analysing the graphs presented in Figure 8
Error! Reference source not found.in regards to
the differences between measurements in the
rebar and the concrete, the following can be
observed:

There is a significant difference in
measuring strain inside the rebars and in
the concrete, both in the strain values and
the steep/flat shape of the curves. The loss
of bonding between concrete and steel in
the cracks causes the strain values for the
material in these points to be higher. The
curve for the rebar represents the ductile
behaviour of steel while the curve for the
concrete follows its brittle behaviour.
The measurements in the concrete are not
as reliable as the ones in the rebar, as seen

by the lack of points in several positions of
the concrete curve. The cracks damage the
fibre in the concrete thus affecting its
ability to take measurements. This
increases with the load level, which is
impractical if the points of interest
concentrate towards the end of the test.
For the loading level of 20kN, five peaks
can be easily identified in both curves; for
50kN only 4 peaks are visible for the FOS in
the rebar, although one small peak might
be present between 10 and 0cm.

4.2 Load stages: FOS x DIC 

The aim of comparing the measurements from the
FOS and the ARAMIS system was twofold. Firstly,
analyse if deformation in the reinforcement
(measured by FOS) can be inferred from surface
deformation (measured by the DIC system) or vice
versa. Secondly, to evaluate how surface
deformation data can improve the analysis of strain
in the rebars. Figure 9 and Figure 10 present these
comparison graphs for loading levels of 20kN and
50kN, respectively, accompanied by an image from
ARAMIS at the corresponding loading levels.

Figure 9. Strain measurements from DIC, FOS in
the rebars and in the concrete for load of 20kN
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Figure 10. Strain measurements from DIC, FOS in
the rebars and in the concrete for load of 50kN.

Upon analysing Figure 9 and Figure 10, the
following can be observed:

The peaks in the FOS curves correspond to
the location of the cracks on the surface. As
the cracks are not perfectly vertical, there
is a slight misalignment between the peaks
in FOS and DIC curves.
Different values for strains inside the rebar,
in the concrete next to it and in the
concrete surface are expected, due to their
placement in the beam [2] [14].
The ARAMIS curve presents more noise
between cracks than the FOS curve, which
could be clearer by improving the contrast
in the speckle pattern.
With the occurrence of cracks, the strain
increase in the concrete occurs in peaks
(both for FOS and DIC), reflecting the
energy absorbed by the concrete and its
brittle behaviour. As for the rebar, the
strain increase reflects the ductile
behaviour of the steel.

4.3 Beam positions: FOS in rebar x DIC 

In order to compare the evolution of strain with the
load, Load vs. Strain graphs were also extracted for
analysis. Considering the lower reliability of FOS
measurements in the concrete, the comparison
was made only with the FOS in rebar values. The
measurements in two positions are presented
here: middle of the beam, or in Figure
11, and in Figure 12.

Figure 11. FOS inside rebar and ARAMIS Load x
Strain comparison for .

Figure 12. FOS inside rebar and ARAMIS Load x
Strain comparison for .

The following observations can be made from
analysing Figure 11 and Figure 12:

In ARAMIS, and
were taken instead of and

because cracks were identified in
those positions.
The determination of the point where the
cracking starts is clearer for the concrete
surface. For , the first crack on
the concrete surface appears at a 7.24kN
load, and on the rebar at 2.98kN. For

, it occurs at 12.69kN for the
concrete surface and 13.54kN for the
rebar.
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4.4 Crack propagation: DIC 

Six main cracks were identified after the on the
beam. Figure 13 shows the Load vs. Strain curves
from the ARAMIS software for the position of
each crack. Figure 14 presents images of the crack
propagation registered by ARAMIS in different
loading levels: 10kN, 20kN, 30kN, 40kN, 50kN,
55.2kN.

From Figure 13 and Figure 14, it can be observed
that:

Among the observed positions, the first
crack seems to appear at .
The approximate middle ( ) is
set apart from the other sections with the
highest strain per load ratio, as expected
for themiddle region of a beam in bending.
For lower loads, a correspondence can be
noted in the approximately symmetrical
sections. As the cracking and strain
increase with higher loads, this
correspondence is lost.

Four cracks are visible in the loading stage of 10kN
in Figure 14, they correspond to the four curves in
Figure 13 that presented the first cracks before
10kN: . In later load
stages, all six cracks are visible.

Figure 13. ARAMIS Load x Strain curves in the
position of the cracks.

Figure 14. Crack propagation in ARAMIS

5 Conclusions 
From the analysis of the results, the main
conclusions drawn from the study are: 

The results from FOS inside the concrete
are much less reliable than in the rebar, as
the appearance of cracks reduces the
fibre's ability to take measurements. 
The number of cracks and their position
are identified by FOS and DIC quite
similarly in terms of quality and reliability.
The performed crack analysis using
distributed FOS inside reinforcement bar
presented good and reliable results, which
can be proved upon comparison with
images from the crack propagation from
the DIC system.

For future research, the analytical investigation of
the correlation between surface deformation and
reinforcement strain though regression analysis
equations is suggested.
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