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Analysis of Fiber Bragg Grating Sensor for CFRP Beam Crack Growth
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Abstract

This study investigates the use of a Fiber Bragg Grating (FBG) sensor to measure strain in
Carbon Fiber Reinforced Polymer (CFRP)-strengthened concrete beams. Finite element
analysis in Abaqus™ simulates three-point bending tests to compare the behavior of
Reinforced Cement Concrete (RCC) and CFRP beams under mechanical and thermal loading.
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The objective is to evaluate deflection progression until crack initiation. Simulations reveal
that CFRP beams exhibit an 86% reduction in stress and strain fluctuations compared to
conventional RCC beams. FBG sensor data from numerical models show strain sensitivities of
1.81 pm/p€ for RCC and 1.21 pum/p€ for CFRP beams, confirming the sensor’s effectiveness
in monitoring structural response.Thermal strain sensitivity of the simulated sensors is 1.72
nm/°C for RCC beams and 1.19 nm/°C for CFRP beams. CFRP-strengthened beam showed a
significantly reduced displacement of 0.0727 mm. The proposed FBG strain sensor can be used

to measure micro strains with small amplitudes in harsh environments.
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Nomenclature
E Young’s Modulus of the material (kN/m?)

V Poisson’s ratio

Moment of inertia

E Strain

B Breadth of the beam

D Depth of the beam

L Length of beam

wW Load

Kb Bragg wavelength

A Pitch of grating

Nef Refractive index

Pij Pockels’s coefficients of the strain optic sensor

Abbreviations and acronyms

SHM Structural Health Monitoring
RCC Reinforced Cement Concrete
CFRP Carbon Fiber Reinforced Polymer
FEM Finite Element Method

FOS Fiber Optic Sensor



FBG Fiber Bragg Grating
MZI Mach Zehnder Interferometer
BODTA Brillouin Optical Time Domain

Introduction

Structural Health Monitoring (SHM) is critical for determining a structure's safety and integrity
in a cost-effective way. SHM integrates sensing intelligence into the process of identifying
defects and also enables the recording, analysis, localization, and prediction of structure
loading and damaging conditions in such a way that non-destructive testing becomes an integral
part of the structure(Liu et al., 2025). Conventionally single point sensors are deployed to
measure the distress in a structure(Deng et al., 2022; Sourisseau et al., 2022; Ikeda et al., 2024).
However, the challenges involved in those sensors, especially the positioning of the sensors
and the exposure to various harsh environments and reactions have posed difficulty in the
monitoring of the performance of the structure throughout its length(Jovarauskaite et al., 2025).
In this context, the application of fibre optic sensors over conventional strain gauges and
accelerometers have gained significance(Sellami et al., 2025). A recent study reported by
(Sakiyama et al., 2021) gives a concise review of the health monitoring of concrete structures
using fibre optic based sensors. Hence this research focuses on the applications of fibre optical
sensors in structural health monitoring(Tiwari et al., 2025). Generally, structural damage
occurs as a result of ageing, poor construction management and lack of quality control,
continuous harsh environmental exposure or in-service loading(Sellami et al., 2025). These
factors can lead to structural defects on both the internal and external surfaces such as cracking,
shrinkage and corrosion(Anastasopoulos et al., 2022; Benazzo et al., 2022; Harle, 2024).
Cracking is a sign of concrete ageing and pathological changes, which are extremely

detrimental to concrete structures (Bersan et al., 2018).

Cracks are generally considered as the most common manifestation of structural damage (Alam
and Al Riyami, 2018). The propagation of internal or external cracks may result in severe
damage to the structure as time progresses (Sellami et al., 2025). Further research by Bao et al.
(2013), Chen et al. (2015), and Sakiyama et al. (2021) has explored strain transfer mechanisms
in Brillouin sensors, particularly near strain singularities(Bao et al., 2013; Chen et al., 2015;
Sakiyama et al., 2021). Theoretical and experimental results confirm that strain discontinuities

reliably indicate crack locations (Srivastava et al., 2020).



Tan et al. demonstrated that quasi-distributed interrogation of FBG arrays using stepped
IOFDR systems can mask strain discontinuity effects through spatial averaging (Tan et al.,
2021). Fernando et al. (2017) employed FBG sensors to monitor temperature and strain
development in concrete beams during the critical 28-day curing period and subsequent
structural loading(Fernando et al., 2017). Their experimental setup embedded FBG sensors and
thermocouples during casting, followed by combined mechanical (three-point bending) and
thermal (200°C) loading post-curing. These physical tests were complemented by
comprehensive FEA modeling in ABAQUS for both structural and thermal behaviors.
Kaklauskas et al. (2019) developed specialized experimental configurations to obtain high-
resolution reinforcement strain data using FBG sensors, comparing results with optical strain
gauges(Kaklauskas et al., 2019). Subsequent numerical analysis employed stress transfer
methods to calculate strain distribution along reinforced concrete elements (Deng et al., 2020;
Lima et al., 2022; Zhang et al., 2024). The exceptional properties of FRP materials have led to
their increasing adoption in structural rehabilitation in retrofit applications. Research
embedded FBG sensors at the concrete-CFRP interface to study debonding mechanisms in
strengthened structures.

Liu et al. (2017) developed an innovative curvature measurement system combining a Mach-
Zehnder Interferometer (MZI) with Photonic Crystal Fiber (PCF) technology(Liu et al., 2017).
Comparative analysis showed FBG sensors provided more precise but less sensitive
measurements than the MZI system. The compact FBG design proved particularly effective for
structural characterization due to its small footprint (Deng et al., 2021). Mao et al. investigated
BOTDA and FBG, a combined approach based on the mechanical principles of concrete
expansion cracking (Mao et al., 2016). Before cracking, it was observed that there was a similar
variation in fibre strain from BOTDA and Bragg wavelength shift in FBG(Ye et al., 2022).
This implies that the entire corrosion process is monitored solely by FBG, implying that
monitoring costs will be relatively low, given the high cost of BOTDA equipment. As a result,
he concluded that prior to implementing this novel sensor in a specific project, a calibration
experiment should be conducted. The use of a packaged fiber-based in-line MZI for curvature
sensing and crack monitoring in lightweight foamed concrete structural applications (LWFCS).
They have developed polypropylene packaging for the beam's actual sensing environment,
which protects the MZI sensor from harsh conditions. MZI sensors were used to define the
ideal curvature sensitivity in terms of packaging thickness at various operating wavelengths
(Dengetal., 2021). A FBG sensor to investigate Crack Mouth Opening Displacement (CMOD)



in concrete fractures. The FBG-based sensor is used to estimate the CMOD in plain concrete
beams subjected to three-point bending tests using a digitally controlled Universal Testing
Machine (UTM). The results of the FBG are compared to those of the Linear Variable
Differential Transformer (LVDT). Saleem et al. reported experimental studies on the failure
mechanisms on RC beams strengthened with CFRP reinforcements (Saleem et al., 2019). The
crack pattern monitored in this study showed the propagation of cracks along the beam and the
necessity to monitor the crack growth continuously across the beam(Gomes et al., 2025).
Sevillano et al. conducted research on the development of monitoring technologies capable of
being used in conjunction with modern CFRP reinforcement techniques (Sevillano et al., 2016).
FBGs to monitor the damage evolution and successfully predict the appearance of debonding
at the FRP-concrete interface(Wang et al., 2025). However, the results obtained from direct
impedance analysis of the data collected by the FBGs sensors, that can be used to estimate the
location of the multiple decoding sources, are significantly more accurate(Manterola et al.,
2020). Shishkin et al. investigated strain and temperature parameters using FBGs sensors
embedded in CFRP (Shishkin et al., 2016). This technique is based on the two-fiber technique,
in which two FBGs are nested together and function as a single sensing element embedded in
different fibres with varying strain and temperature sensitivities(Wang et al., 2025). FOSs,
specifically distributed strain sensors, represent a powerful new sensing technology that is
particularly well suited for monitoring strain in concrete structures(Liu et al., 2022). They are
compact yet robust, capable of measuring properties within the interior of a structure without
disturbing the concrete(Holmes et al., 2020). The fibre optic sensors are a promising sensing
technology for civil (Structural Health Monitoring) SHM systems(Mandal and Sidhishwari,
2025). A system by integrating the technologies of (Brillouin Optical Time Domain) BOFDA
and FBG to identify the cracks formed internally or externally in reinforced concrete structural
elements and determine the width of the surface cracks. The results indicate that the BOFDA
is very effective in detecting the location of internal cracks by placing BOFDA at different
locations. The propagation of the cracks and its widening to surface cracks were studied using
FBG sensors(Ye et al., 2022).

Rousan et al. (2024) conducted a nonlinear finite element analysis to assess the cyclic behavior
of circular concrete-filled steel tube columns affected by alkali-silica reaction and strengthened
with varying layers of CFRP. Their findings indicated that CFRP wrapping at the column ends
effectively mitigated local buckling and enhanced strength, drift capacity, and energy

absorption. Specifically, columns with 6 to 8 CFRP layers restored performance levels



corresponding to ASR damage levels 1 to 3, respectively(Rousan et al., 2024). Song et al.
(2023) experimentally investigated recycled concrete columns with varying degrees of seismic
damage, subsequently strengthened with CFRP. The study revealed that CFRP strengthening
significantly improved energy dissipation, particularly in columns with moderate seismic
damage. For instance, the cumulative energy dissipation increased by 32.5% in moderately

damaged specimens compared to unstrengthened counterparts(Song et al., 2023).

From the literature survey, we observe optical sensors such as distributed strain sensors;
represent a powerful novel sensing technology and are well suited to monitoring strain in
concrete structures(Han et al., 2025; Soman et al., 2025; Zhang et al., 2025). Fiber optic sensors
being compact in size, light weight and high precision are ideally suited for monitoring the
structural health of reinforced concrete(Alhussein et al., 2025; Liu et al., 2025). Literature
review on various types optical fiber sensors in structural health monitoring have been carried
out and the research gaps were found that the crack detection using FBG on CFRP structure
was not conducted. The proposed research work provides outline for combining Optical and
Structural parameters towards the interdisciplinary research involving modelling and
simulation. This will pave way for Opto-mechanical coupling analysis towards Structural
Health Monitoring (SHM) early warning in case of natural calamities such as landslides. The
present study focuses on prediction of cracks formation in CFRP concrete beam using Fiber
Bragg Grating sensor. Therefore, to get most precise sensitivity of FBG sensor it is necessary
to numerically analyze the concrete beam. To detect the crack development in carbon fiber
reinforced polymer beam subjected to three pointing bending test using Fiber Bragg Grating
sensor. The objective of this study is to explore different fiber optic sensors for crack detection,
numerically model and validate a reinforced concrete beam under a three-point bending test,
develop an FBG model for predicting the deflection of a CFRP beam, and assess the sensitivity

of FBG for crack detection.

Methodology for the selection of fiber optic sensor

Different fibre optic sensors are in use to detect physical, mechanical or chemical parameters
in various structures like dams, bridges and sewage pipelines. Among the different sensors in
use, Mach-Zehnder Interferometer (MZ1), Brillouin Optical Time Domain Analysis (BOTDA)
and Fiber Bragg Grating (FBG) are the three major fibre optic sensors used to detect cracks in
structures. Based on the theoretical formulations of the phase shift of MZI, Brillouin frequency
shift of BOTDA and wavelength shift of FBG, the mathematical equations are modelled and
simulated. A sensitivity analyses is done to arrive at the best suitable optical sensor for crack



detection. According to the results, BODTA has a higher sensitivity than MZI and FBG
sensors. A detailed comparison indicated that the time required for measurement when FBG is
used is much lesser than MZI and BODTA sensors. Also FBG sensors are more compact in
size than the other two sensors, allowing for simple and hassle-free installation. Another
significant advantage of FBG over other sensors is its wide temperature ranges which makes it
suitable for various environmental conditions. Thus, a comprehensive consideration of all
parameters lead to the conclusion that FBG is the best FOS for structural health monitoring.
Hence in this study, FBG is selected as the sensing technology to measure the crack initiation

and propagation in CFRP beams subjected to bending test.

The advantages of Fiber Bragg Grating based sensor over other technologies are FBG sensors
are immune to Electro Magnetic Interference ( EMI), FBG sensors are compact in size and can
be embedded while constructing the structure and continuous monitoring is feasible and these
optical sensors are capable of simultaneous measurement of accurate strain, temperature and
displacement with required configuration in real time(Ye et al., 2014; K et al., 2024; Alhussein
et al., 2025). The disadvantages of Fiber Bragg Grating based sensor over other technologies
are fabrication of FBG requires specialized writing set up and can be overcome by customized
procurement from vendors; FBG sensor interrogators are expensive and needs protection
against theft at installation site and processing of the data generated by the sensors needs
advanced techniques such as Machine learning algorithm to get an inference. Few researchers
including our team is working towards calibration aspect(Ye et al., 2014; K et al., 2024;
Alhussein et al., 2025).

Practical benefit

FBG sensors are highly sensitive to strain and deformation, which is essential for accurately
tracking crack initiation and growth in CFRP beams. They can be embedded or surface-
mounted without affecting the structural performance. By continuously tracking crack growth,
FBG sensors help prevent catastrophic failures in CFRP structures, enhancing safety in civil
engineering. FBG sensors eliminate the need for frequent manual inspections by providing
automated data collection (Alhussein et al. 2025).

Economic benefit

Early detection minimizes the need for emergency repairs, thereby reducing maintenance costs

and avoiding potentially costly downtime in critical infrastructure. This reduces the need for



multiple standalone sensors and wiring systems, thereby lowering installation and
instrumentation costs while maintaining high-resolution monitoring. This automation
translates into reduced labour costs, less downtime, and more efficient use of resources,

especially for remote or hard-to-access structures (Ye et al. 2014).

Fiber optic sensors for crack detection

The fiber optic sensors are also called as optical fiber sensors. These sensors use optical fiber
as sensing element. FOSs are supreme for sensitive conditions like high vibration, extreme
heat, wet and unstable environments. The wavelength shift can be calculated using device,
optical frequency domain reflectometry. The time-delay of the FOSs can be decided using a
device OTDR.

FBGs are made by laterally exposing the core of a single-mode fiber to a periodic pattern of
intense laser light. The Bragg wavelength of FBG sensor changes due to induced change in
pitch length (A) of the grating and the perturbation of the effective core refractive index (nefr)

as shown in Eq. (1).

/13 = Zneff/\ ....................................................... (1)

The Bragg wavelength shift is given by equation 2:

Ay =1, [1 _ (ne}szZ) (o1 — V(p1s + prp)]| % s (2)

&z

Where, AAg=shift in Bragg wavelength

Ag = initial wavelength
€z = applied strain
ners = effective refractive index of the fiber
v = poison's ratio
Pij = Pockels's coefficients of the strain optic sensor

Modelling of FBG sensor for prediction of crack



A FBG is a passive optical component in an optical fiber and is one of the most widely used
optical fiber sensors. FBGs are formed by periodic variation of refractive index imprinted
directly into the core of glass optical fiber by exposing to ultraviolent radiation. The specific
characteristic of FBG sensor for sensing applications in periodicity causes them to act as
wavelength sensitive reflectors. It is a spectrometric based fiber optic sensor, where change in
wavelength of the propagating light is considered for measuring various physical parameters.
In addition, the characteristic of FBG reflects a specific wavelength which shifts slightly
depending on the strain applied are ideal for mechanical sensing. By considering a typical value
of effective refractive index nefras 1.448 and (A) 524.58 nm (Pitch of the grating), we arrive at
Bragg wavelength Agas 1519 nm. The shift in Bragg wavelength using above equation
analyzed for the strains obtained from the numerical analysis of concrete beam and CFRP

beam.

Carbon Fiber Reinforced Polymer (CFRP)

The method of strengthening of existing RCC structures using composites has achieved great
interest over several years. Fiber Reinforced Polymers (FRP) composites have great attention
as material choice for variety of applications in repair and strengthening projects(Bernasconi
et al., 2022). IS 456 (2000) has been used for the design and loading of concrete beams (IS
456, 2000). The FRP composites have several advantages when compared to traditional
construction materials such as steel, wood and concrete. FRPs offer excellent corrosion
resistance as well as the advantages of high stiffness- to-weight and strength-to-weight ratio
when compared to conventional construction materials. The apparent high cost of FRP
compared to conventional materials has been a major obstacle. The deflection of RC beams
strengthened with Carbon Fiber-Reinforced Polymers (CFRP) is analyzed by 3-point bending
test.

Numerical modelling of CFRP beam
The CFRP beam of dimension 100 mm x 250 mm x 1400 mm is subjected to three-point
bending arrangement as shown in Figure 1. The RC beam is strengthened by considering 0.9%
of CFRP. The materials used for modelling CFRP beam shown in Table 1.

Table 1 Material properties of CFRP beam

Material Modulus of elasticity | Poisson’s ratio

(kN/m?)




CFRP Concrete | 2.28x10° 0.21

Steel 2x10° 0.33
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Figure 1 Reinforcement details of CFRP beam

Sensitivity analysis

Strain and temperature sensitivities of FBG arises from the refractive index change and grating
period variation. Usually, the strain sensitivity is about 1 nm/p€ (p€=micro strain) and
temperature sensitivity is about 13 pm/°C for a standard FBG sensor around 1550nm
wavelength. Such high sensitivity enables to measure strain and temperature with comparably

high resolution and precision.

The RCC beam and CFRP beam is modelled considering temperature varying at 0 -100 °C at
5°C intervals keeping load constant by utilizing FEA software Abaqus for analysis. The
materials used for modelling RCC and CFRP beam with temperature are created by adding
their material properties shown in Table 2. Thermal expansion of concrete is added. The co
efficient of thermal expansion o is taken 12x10°/°C. The Concrete beam and steel

reinforcement are defined as solid homogeneous section as shown in the Figure 2.

Table 2 Material properties of RCC and CFRP beam with thermal expansion (Chansawat et
al., 2009)



Material Modulus of | Poisson’s ratio | Thermal
elasticity expansion o
(KN/m2)
Concrete 3.16x10’ 0.21 12x10%/°C
CFRP 2.28x10° 0.21 12x10%/°C

Material Behaviors

7 General Mechanical Thermal Electrical/Magnetic ~ Other
Expansion
Type: Isotropic ]
[ Use user subroutine UEXPAN

Reference erature: 0

] Use temperature-dependent data
Number of field variables: 0
Data

Expansion
Coeff alpha

1 0.000012

Figure 2 Assigning material property to CFRP beam

Boundary conditions

These are the constraints that are necessary for solving boundary value problems. A boundary
value problem is a differential equation to be solved in a domain on whose boundary a set of
condition is known. The boundary conditions are known parameters such as load or
displacements applied on the model. Boundary conditions are created where-in the 1% condition
is applied at the bottom of the beam with a roller support shown in figure-. The 2" condition
is applied vertically and the constant load of 60 kN is applied at the midpoint is shown figure
3. The RCC beam and CFRP beam is subjected to thermal loads varying at 0 -100 °C at 5°C
intervals. The Figure 4 showing the beam with initial temperature 0°C and final temperature
60°C.
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Figure 4 3D Model of beam with applied temperature

Modeling of concrete beam subjected to bending test

The behavior of reinforced concrete structural elements when subjected to various loading
conditions is very important to assess the performance of it. Among the various factors
influencing the performance of concrete, flexural or bending resistance plays a very important
role. Flexural strength of concrete indicates the resistance of concrete to bending failure and is
expressed in terms of Modulus of Rupture (MR). This strength can be measured by subjecting
a concrete beam to center point or three-point loading. In a centre point test, beam fails near
the midpoint whereas in the case of three point loading the beam fails at the weakest portion
which falls in the middle third of the beam. In this study, the flexure strength is determined
through center point loading as the main aim is to obtain the displacement. A three-dimensional

reinforced concrete beam is numerically modelled using Finite Element Analysis (FEA)-based



Abaqus software. The length of the beam modelled is 1400 mm and its cross section is 100 mm

Force (P(}L
W

X 250 mm as shown in Fig.5.
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Fig. 5 RCC beam under three-point bending arrangement

The concrete is considered to be of M40 grade. Reinforcement bars of 12mm diameter and
stirrups of 4mm diameter is used in modelling this beam. Concrete beam and steel
reinforcement are defined as a solid homogeneous section. The beam is loaded gradually to a
peak value, at 5-kN intervals until a crack is formed.

Simulation using Abaqus

The different stages of Abaqus simulation include pre-processing, simulation and post-
processing. The pre-processing step is also known as modelling. In this step, the model part,
material properties, interactions and boundary conditions are created. This input file is created
graphically using Abaqus. After pre-processing the model is simulated in Abaqus/ Standard or
Abaqus/ Explicit. Once the simulation has been completed, the post-processing step evaluates

the displacement, reaction forces and other fundamental variables.
Meshing

The accuracy of any FEA model obtained is directly related to the finite element mesh that is
used for the model (Fig. 6 and 7). Decreasing the mesh size always increases the accuracy but
also increases computational cost. Meshing generally breaks the model parts into pieces which
are termed as elements. Meshing of the model is required to get the accurate results. As
discretization of the model is directly related to accuracy, it is important to be careful while
meshing the model. In the current study three-dimensional tetrahedral mesh element from the
Abaqus library is considered from meshing the geometry. Three-dimensional meshing
technique can handle large variations in elements size. It can be applied to almost any three-
dimensional region; very complex models can be meshed using this technique(Lima et al.,
2021).



Figure 6 Meshing of concrete beam
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Figure 7 Meshing of steel reinforcement

Results and Discussion

Stresses and displacement of RCC beam

The maximum stress distribution on RCC beam subjected to three-point bending at 60 kN
loading is 17.3 MPa is shown in the Figure 8. The displacement is maximum at the midpoint.
The displacement increases with increase in loading. The displacement obtained at 60 kN is

0.5334mm shown in Figure 9.
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Figure 9 Displacement of RCC beam

Validation of results

The displacement of RCC beam obtained at 60 kN is compared with the results obtained from
numerical and analytical. The analysis results obtained from Abaqus is used to plot linear graph
of horizontal displacement versus applied load, the obtained graph is in a straight line. This
obtained linear graph is compared with the graph from the journal paper, where Figure 10
indicates validation result from numerical analysis and Figure 11 shows the validation result
from all the three analysis. The comparison of experimental, numerical and analytical methods
has been shown in Table 3.
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Figure 10 Load vs deflection graph of RCC beam
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Figure 11 Validation result from numerical analysis

From the above plot of numerical analysis, maximum displacement (x axis) of 0.5334 mm at
loading (y axis) = 60 kN. Similarly, from the linear plot from the experimental analysis

maximum displacement (x axis) 0.5855 mm at applied load (y axis) = 60 kN.

Table 3 Comparison of Experimental, Numerical and Analytical methods

Maximum displacement in

Analysis type Applied force (kN) mm




Experimental Kaklauskas
et al. (2019) 60 0.5855
Numerical 60 0.5334
Analytical 60 0.5245

It is observed that the result after analysis and the observed by Kaklauskas et al. (2019) are
well acceptable with an error of around 8.86%. Therefore, the further analysis for this
dissertation can be carried out with the numerically modelled RCC beam for crack detection.
An RCC beam is numerically modelled and analyzed using FEM. The table 3 presents a
comparison of maximum displacement values obtained from three different analysis
approaches experimental, numerical, and analytical under a consistent applied lateral force of
60 kN. The experimental test, following the methodology of Kaklauskas et al. (2019), recorded
the highest displacement of 0.5855 mm, reflecting the actual behavior of the specimen under
cyclic loading. The numerical model, likely based on finite element simulation, yielded a
slightly lower displacement of 0.5334 mm, suggesting a good correlation with the experimental
data while maintaining computational efficiency(Gomes et al., 2025). The analytical approach,
which relies on simplified equations and assumptions, predicted the lowest displacement of
0.5245 mm. While all three methods show consistent trends, the differences highlight the
increased stiffness typically assumed in analytical models and the greater precision of
numerical simulations(Mandal and Sidhishwari, 2025). The methods validates the accuracy of
the numerical and analytical models in capturing the structural response under the specified
loading condition(Kaklauskas et al., 2019).

Stresses and displacement of CFRP concrete beam

The maximum stress distribution on CFRP beam subjected to three-point bending at 60 kN
loading is 3.37 MPa is shown in the Figure 12. The displacement is maximum at the midpoint.
The displacement increases with increase in loading. The displacement of CFRP beam
obtained at 60 kN is 0.0727mm as shown in Figure 13. The graph is plotted for loads applied

to strain obtained in Figure 14.
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Figure 13 Displacement of the CFRP beam
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Figure 14 Load vs deflection plot for CFRP beam



Table 4 Comparison of results obtained from RCC and CFRP beam

Type of beam Applied force in KN Maximum displacement in
mm
RCC beam 60 0.5245
CFRP strengthened 60 0.0727
concrete beam

The results in Table 4 show that the deflection of CFRP strengthened beam is 86% lesser to
that of RCC beam. This result shows that strengthened beam have more stiffness compared to
concrete beam. The table 4 compares the structural response of RCC beam and a CFRP-
strengthened concrete beam under the same applied lateral force of 60 KN. The RCC beam
exhibited a maximum displacement of 0.5245 mm, indicating its relatively lower stiffness and
higher deformation under load. In contrast, the CFRP-strengthened beam showed a
significantly reduced displacement of 0.0727 mm an approximate 86% decrease demonstrating
a substantial improvement in stiffness and load resistance due to the CFRP confinement(Song
et al., 2023). This dramatic reduction in displacement highlights the effectiveness of CFRP
strengthening in enhancing structural performance by limiting deformations, increasing
rigidity, and potentially delaying the onset of cracking or yielding(Rousan et al., 2024). The
results confirm that CFRP wrapping provides considerable confinement and reinforcement,
making it a highly effective retrofit technique for improving the structural behavior of concrete

beams subjected to lateral or cyclic loading(Soman et al., 2025).

FBG analysis

The shift in Bragg wavelength equation simulated in earlier section is used for the prediction
of deflection obtained in RCC and CFRP beam is plotted as wavelength shift vs strain as shown
in Figure 15 and Figure 16.
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Figure 15 Strain vs wavelength shift in RCC beam

Fig 15 shows linearly increasing shift in wavelength with respect to the strain obtained from

numerical analysis of normal RCC beam.
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Figure 16 Strain vs wavelength shift in CFRP beam

Fig. 16 shows linearly increasing shift in wavelength with respect to the strain in a CFRP beam.
Here, the strain obtained by numerical analysis is relatively more when compared with the
latter RCC beam. The results show that, the stress and strain variation of CFRP concrete beam

IS 86% lesser than the RCC beam. It is clearly seen that strengthened concrete beam has more



stiffness compared to concrete beam. Hence CFRP beam is best material for strengthening

existing structures.
Sensitivity results

Stresses and displacement of RCC beam with thermal loads

The RCC and CFRP beam with varying temperature subjected to three-point bending at
temperature 60°C has obtained thermal stress of 53.76 MPa and 16.28 MPa is shown in the
Figure 17 and 18. The displacement obtained at 60 kN is 1.72mm seen in Figure 19 and 20.
Temperature vs Strain graph of RCC and CFRP beam is plotted for temperature varying at O-
100°C as shown in Figure 21 and 22.
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Figure 18 Thermal stress distribution in CFRP beam
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Figure 19 Displacement of RCC beam with thermal loading
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Figure 20 Displacement of CFRP beam with thermal loading
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Figure 21 Temperature Vs strain plot of RCC beam



The temperature vs strain graph from Figure 21, it is seen that as temperature is raised in RCC

beam the strain is also increasing. The graph obtained is linear in nature.
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Figure 22 Temperature vs strain plot of CFRP beam

The temperature vs strain graph from Figure 22, it is seen that as temperature is raised in CFRP

beam the strain is also increasing. The graph obtained is linear in nature.

Table 5 Comparison of stresses and thermal stresses in beam

Type of beam Applied load in kN | Temperature °C | Stress in MPa
RCC beam 60 0 17.37
RCC beam subjected to 60 100 89.6

thermal loading

CFRP beam 60 0 3.37

CFRP beam subjected to 60 100 19.5

thermal loading

The results shown in Table 5 it is seen that RCC bheam at 0°C the stress obtained is 17.37 MPa

and when the temperature is raised to 60°C in RCC beam the stress are increased by 3 times.



Whereas, the thermal stress obtained in CFRP beam is increased by just 3% when compared
to its normal stresses. The results show that CFRP beam is 70% more efficient to thermal
loading when compared to RCC beam. At room temperature, the RCC beam experiences a
stress of 17.37 MPa, while the CFRP-strengthened beam shows a significantly lower stress of
3.37 MPa, indicating improved load distribution and confinement due to CFRP. However,
when exposed to 100 °C, the RCC beam’s stress rises sharply to 89.6 MPa over five times
higher indicating substantial degradation, likely due to thermal expansion and reduced material
strength(Deng et al., 2021; Tan et al., 2021). In contrast, the CFRP-strengthened beam shows
only a moderate increase in stress to 19.5 MPa under the same thermal conditions. These
results suggest that CFRP wrapping not only improves structural performance under normal
conditions but also provides thermal resilience by limiting stress concentrations(Deng et al.,
2020). Thus, CFRP strengthening offers a dual benefit of enhanced mechanical and thermal
performance, making it a viable solution for structures exposed to elevated
temperatures(Kumar et al., 2023). A new subsection has been added comparing our findings
with those of Rousan et al. (2024) and Song et al. (2023). Our results align with these studies
in terms of increased load capacity and ductility, but our work differs by incorporating a
distinct confinement method and pre-damage condition, offering a novel perspective on CFRP
performance under cyclic loading. The Mander confinement model aligns with CFRP’s role in
reducing stress through lateral pressure, but neither Mander nor Kent-Park fully accounts for
thermal strains(Xia et al., 2025). Kent-Park’s simplified approach, which assumes residual
strength, does not predict the drastic stress rise under heating, while Mander’s strength
enhancement theory partially explains CFRP’s benefits. Thus, while CFRP improves
performance, a coupled thermo-mechanical model is needed to accurately predict stresses
under combined loading(Bai et al., 2025).

FBG analysis for RCC and CFRP beam subjected to temperature
The same mathematical equation simulated for strain parameter of FBG sensor is used for
predicting deflection when the temperature is added to RCC beam. The shift in FBG

wavelength for varying temperature is shown in Figure 23.
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Figure 23 Temperature vs wavelength shift of RCC beam

The Figure 23 shows linearly increasing shift in wavelength with respect to the thermal strains

obtained from numerical analysis of RCC and CFRP beam subjected to temperature.

Calculation of sensitivity
The curve fitting yields a straight-line as shown in equation 3 where slope m represents
sensitivity of fiber and c is a constant.

AAg = MAE 4+ C 3)

The simulation of FBG sensors the strains are obtained from numerical analysis of RCC and

CFRP beams are shown in Equations 4 and 5 respectively and depicted in Table 7.
Mprec=0.0015XM+ 1E-18 oo (4)
Mg crrp= 0.0015X + 2E-16 e (5)

The simulation of FBG sensors the strains are obtained from numerical analysis of RCC and
CFRP beams are shown in Equations 6 and 7 respectively while subjecting to thermal loading.
The sensitivity of both the beams is depicted in Table 7.

Agr = 4E-05X +3E-08 e (6)
Agr = 1E-05X +1E-08 e (7)



Table 6 Comparison of sensitivity

Type of beam RCC beam CFRP beam
Sensitivity of FBG fiber for normal 1.81 pm/p€ 1.21 pm/p€
strains
Sensitivity of FBG fiber for thermal 1.72 nm/°C 1.19 nm/°C
strains

Results tabulated in Table 6 indicate that the FBG fiber is more sensitive when thermal strains
are applied. The proposed high sensitivity FBG-based strain sensor can be used for small
amplitude micro strain measurement in harsh environment condition. Table 6 compares the
sensitivity of Fiber Bragg Grating (FBG) sensors embedded in RCC and CFRP-strengthened
beams for both mechanical and thermal strains. In terms of normal strain sensitivity, the FBG
in the RCC beam exhibits a higher value of 1.81 pm/p€ compared to 1.21 pm/p€ in the CFRP
beam, indicating that strain-induced wavelength shifts are more pronounced in conventional
concrete. This suggests that the CFRP confinement may limit strain development due to its
higher stiffness and better load distribution(Gomes et al., 2025). Similarly, the thermal
sensitivity of the FBG fiber is higher in the RCC beam (1.72 nm/°C) than in the CFRP beam
(1.19 nm/°C), likely due to the insulating properties of CFRP materials, which reduce thermal
transfer to the sensor(Song et al., 2023; Mandal and Sidhishwari, 2025). These results
demonstrate that CFRP wrapping not only affects mechanical performance but also influences
how strain and temperature are transferred to embedded sensors, which is critical for accurate

structural health monitoring(Song et al., 2023; Rousan et al., 2024).

Conclusion

This study is carried out to predict cracks during deflection under various loading and thermal
loading conditions for a CFRP concrete beam and a RCC beam using Optical sensors unlike

conventional strain gauge. The following are the outcomes of this study:

e The results obtained from numerical analysis for CFRP beam shows acceptable error

of 8.86% comparing with the experimental results. The analysis shows that, the stress




and strain variation of CFRP concrete beam is by 86% lesser than the RCC beam and
about 3 times increase in values when the RCC beam is subjected to thermal loading.

e Hence CFRP beam is suitable material for strengthening existing structures. A detailed
analysis was performed on the data obtained from FBG sensor simulation. FBG sensors
are adapted due to its advantage of high sensitivity and high precision to monitor
concrete structures.

e The strain sensitivity of sensor is 1.81 pm/u€ and 1.21 pm/u€ for RCC and CFRP
beam, respectively. The thermal strain sensitivity of sensors is about 1.72 nm/°C and
1.19 nm/°C of RCC and CFRP beam respectively.

e The reported work focuses on using an Optical sensor (Fiber Bragg Grating) for
analyzing strain in beams and structures. This interdisciplinary research enables
continuous Structural Health Monitoring (SHM) and provides early warning before any

calamity occurs.
Limitations and future scope

Fiber Bragg Grating sensor interrogator is expensive and hence cannot be installed in multiple
structures even though the sensors are embedded in structures for continuous monitoring. The
incorporation of wireless data acquisition system and machine learning algorithm enabling

minimal human intervention unlike the conventional strain gauge based sensor.
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