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Abstract

Ageing reinforced concrete (RC) beams often suffer reduced flexural capacity due to outdated designs and growing
load demands. Retrofitting with Carbon Fibre Reinforced Polymer (CFRP) offers a practical solution by enhancing
structural performance without increasing weight. This study analyses the flexural behaviour of RC beams
retrofitted with bottom-bonded (BB) and side-bonded (SB) CFRP sheets of varying thicknesses (0.5 mm, 0.75
mm, and 1 mm) using finite element analysis (FEA) in ABAQUS. Concrete damage was modelled using the
Concrete Damage Plasticity (CDP) model and CFRP failure was evaluated via Hashin’s criteria. Results showed
that BB-1 mm performed the highest load capacity at 167.288 KN, about 47% higher than non-retrofitted beams.
While SB-0.75 mm appeared as a practical alternative, especially where bottom access is limited. Reaching a peak
load of 160.869 KN and closely matching the performance of the BB technique. BB systems generally displayed
ductile failure through concrete crushing, whereas SB systems faced premature debonding at higher thicknesses.
The findings demonstrate that CFRP configuration and thickness greatly influence retrofitting efficiency, and the
developed FEA framework provides a reliable predictive tool. These insights help enhance retrofitting strategies
to extend the life cycle of existing buildings.

Keywords: Retrofitting; Carbon Fiber Reinforced Polymer (CFRP); Concrete Damage Plasticity (CDP); Hashin's
failure criteria

1 Introduction

Reinforced concrete (RC) is a key material for modern infrastructure because it is strong, durable, and fire-
resistant. However, as time passes and demands on structures increase many components like beams start to show
signs of wear and tear. These issues are often the result of environmental factors such as chemical attacks, freeze-
thaw actions and prolonged loading, as well as from human-related factors including poor design, insufficient
maintenance and evolving functional requirements (Haddad et al., 2007). Because of the financial, logistical, and
environmental constraints, complete replacement of such structures is rarely a likely option. Rather retrofitting
techniques have appeared as efficient and economical methods for extending service life and restoring structural
performance in ageing RC components (El-Gamal et al., 2016; Nguyen-Minh et al., 2018).

Among various retrofitting methods, Carbon Fibre Reinforced Polymer (CFRP) has emerged as a preferred
material due to its high tensile strength (up to 3,500 MPa), low density (~1600 kg/m?) and resistance to corrosion
and environmental degradation (Ibrahim et al., 2020; Kadhim et al., 2019). Externally bonded (EB) CFRP sheets,
especially in bottom-bonded (BB) or side-bonded (SB) methods, have been shown to improve the flexural capacity
of RC beams by 30% to over 90%, depending on the prevailing factors (Hu et al., 2019; Salama et al., 2019a). In
one study, BB-CFRP retrofitting increased the ultimate flexural capacity by 58% and delayed first-crack formation
greatly. Thus, improving both strength and serviceability (Kotynia et al., 2008).

Though less popular, the Side-bonded (SB) technique has shown up to 79% improvements in first-crack load and
better pre-yield stiffness under specific conditions (Emara et al., 2022). However premature debonding especially
in thick or poorly anchored laminates can reduce the effectiveness of CFRP systems (Chen et al., 2015; Murad,
2018a). Importantly the performance of retrofitted beams depends on both the bonding position and the thickness
of the laminate used. Beyond an optimum thickness, increased stiffness can lead to stress concentrations and early
failure (Hosen et al., 2021).
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Despite extensive research on CFRP strengthening key knowledge gaps remain. Few comparative studies have
looked at BB and SB configurations under the same conditions. The impact of changing the thickness of CFRP,
especially in side-bonded systems has not been thoroughly examined (Jahami & Issa, 2024; Salama et al., 2019b).
Most numerical modelling studies do not take into account how bonding configuration and laminate thickness
work together, especially when looking at detailed interface simulations or fatigue conditions (Li et al., 2012;
Murad, 2018b).

This paper aims to address these gaps by numerically investigating the flexural performance of RC beams
retrofitted with BB and SB CFRP sheets of variable thickness. Using ABAQUS and a 3D finite element model,
the study evaluates load-deflection behaviour, crack development, and failure modes, incorporating Concrete
Damage Plasticity for concrete and cohesive interactions for CFRP-concrete bonding. The novelty lies in the
systematic comparison of bonding positions, inclusion of thickness variation as a design parameter, and realistic
interface modelling. These insights support optimised retrofitting practices tailored to both structural demand and
site limitations.

2 Finite Element Modelling

The numerical simulation in ABAQUS employed the Concrete Damage Plasticity (CDP) model for concrete and
Hashin Damage Criteria for CFRP to accurately capture material behaviour under three-point bending. A refined
meshing strategy was adopted to balance computational efficiency and accuracy. Boundary conditions and loading
were carefully defined during the three-point bending test to minimise numerical instabilities.

2.1 Material Properties

In this study, CDP is implemented using ABAQUS to simulate the progressive degradation of RC beams retrofitted
with CFRP sheets, accounting for stiffness reduction, plastic strain accumulation, and post-peak softening. The
uniaxial stress-strain relationships in compression and tension are described by the CDP model as shown in
Figurel.

Figure 1. Dependence ¢ - € in compression & tension for CDP model

These figures illustrate the decomposition of total strain into elastic and plastic components, incorporating stiffness
degradation through scalar damage variables dc (for compression) and dt (for tension) (Jankowiak & Lodygowski,
2005).
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Here,

P, g;pl = Plastic strain (unrecovered)

gin = Inelastic compressive strain

gk = Tensile cracking strain

d.d; = Damage factors (0-1)

o, O = Stress in compression and tension

E, = Initial elastic modulus

The nonlinear behavior of concrete was modeled using the Concrete Damage Plasticity (CDP) model, with
parameters calibrated for concrete class B50. These include elastic properties, damage variables, and inelastic
stress-strain relationships derived from experimental data (Jankowiak and Lodygowski, 2005).

Hashin’s failure criteria were applied in this study to accurately simulate different failure modes in CFRP, including
fibre and matrix cracking under various stress conditions (Shin et al., 2014). The elastic properties and strength
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values use, based on literature and manufacturer data are summarized in Tables 1 and 2, which define the stiffness
and failure thresholds for the CFRP lamina.

Table 1. Elastic Properties of CFRP Lamina for Finite Element Modelling

Longitudinal Longitudinal Transverse Transverse Longitudinal Transverse
Tensile Compressive Tensile Compressive  Shear Strength  Shear Strength
Strength Strength Strength Strength
2200 2200 61 130 85 40

Table 2. Strength Parameters of CFRP Lamina Used in Hashin’s Failure Criteria

E1 E2 Nul2 G12 G13 G23
130000 8000 0.28 4500 4500 3600

A linear softening law with fracture energy inputs was used to model damage evolution after failure initiation, as
shown in Table 3.

Table 3. Fracture Energy Inputs for Damage Evolution in CFRP Lamina (Hashin’s Criteria)

Longitudinal Tensile Longitudinal Transverse Tensile Transverse
Fracture Energy Compressive Fracture Fracture Energy Compressive Fracture
Energy Energy
70 70 0.25 0.25

Accurate definition of steel reinforcement properties is essential in finite element simulations to capture realistic
load distribution, crack development, and structural behavior. In this study, three reinforcement types 16 mm, 20
mm and 10 mm tie bars were modelled with specific elastic and plastic properties based on their diameters.

Table 4. Material Properties of 16 mm, 20 mm & 10 mm Bar

Type of Bar Property Value
16 mm Young’s Modulus 200 GPa
Poisson’s Ratio 0.3
Yield Stress-Plastic Strain 441 MPa -0
615 MPa—0.1578
20 mm Young’s Modulus 210 GPa
Poisson’s Ratio 0.3
Yield Stress-Plastic Strain 441 MPa -0
615 MPa—0.1578
10 mm Young’s Modulus 200 GPa
Poisson’s Ratio 0.3
Yield Stress-Plastic Strain 453.26 MPa—0

613.8 MPa—0.13771

To replicate experimental conditions, a three-point bending setup was modelled with fully restrained supports and
a 10 mm vertical displacement applied at mid-span using a displacement-controlled loading method. This ensured
stable simulation of the beam’s nonlinear flexural response up to failure.

The 254mmx381mm beam was designed which length is 3048mm. It had 54mm clear cover and the stirrup spacing
of 80mm and reinforcement of two 16mm bar for both compression and tension and one 20mm bar at tension with
10mm stirrup. Analytical Rigid support is applied at 125mm distance from both end and three different thickness
of CFRP sheet (0.5mm, 0.75mm and 1mm) are applied at the side and bottom portion.

2.2 ABAQUS Simulation

A detailed finite element model was developed in ABAQUS to simulate the flexural behavior of CFRP
strengthened RC beams under a three-point bending setup. The model incorporated material definitions, boundary
conditions, interactions, and loading protocols to reflect experimental conditions. The following figures illustrate
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boundary constraints, CFRP sheet configurations (BB and SB) and steel reinforcement layout used in the
simulation.

A

Figure 2. Boundary Conditions Figure 3. Bottom-Bonded
Configuration

<X i L

Figure 4. Side-Bonded

Figure 5. Steel reinforcement
Configuration

layout

3. Result & Discussions

From analysis it was seen that, the bonding configuration significantly influenced beam load capacity, with BB
CFRP consistently outperforming SB CFRP. At 10 mm deflection, BB-0.5 mm sustained approximately 162.8 kN
compared to SB-0.5 mm at approximately 115.0 kN, while BB-1 mm achieved approximately 167.3 kN, notably

surpassing SB-1 mm (approximately 115.2 kN). Figures 6-8 illustrate load-deflection comparisons for BB and SB
configurations.

Load vs Displacement for Side Bonded & Bottomn Bonded (0.5mm) Load vs Displacement for Side Bonded & Bottam Bonded (0.75mm)
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Figure 6. Load vs. Deflection Comparison for BB vs.  Figure 7. Load vs. Deflection Comparison for BB
SB (0.5mm) vs. SB (0.75mm)
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Figure 8. Load vs. Deflection Comparison for BB vs. SB (1mm)

312



Load (N)

Meher Tahmim Mahi, Jonmayjoy Deb, Mohd. Ehshanul Haque & Mushtaq Ahmed
ICCEI 2025

CFRP thickness influenced performance differently based on configuration. In bottom-bonded systems, BB-1 mm
exhibited the highest peak load (~167.3 kN), followed closely by BB-0.75 mm (~165.1 kN) and BB-0.5 mm
(~162.8 kN). Thicker laminates improved stress distribution but introduced greater debonding risks. Among side-
bonded systems, SB-0.75 mm performed best (~161.3 kN), while SB-0.5 mm (~115.0 kN) and SB-1 mm (~115.2
kN) displayed significantly reduced capacities due to premature debonding.

The ultimate flexural capacity (Mu) for each configuration was calculated using the equation:

PuxL

Flexural moment (Mu) was calculated as, Mu =

Table 5 summarizes the ultimate loads and flexural capacities:

Table 5. Ultimate Load and Flexural Capacity of CFRP-Strengthened RC Beams

Specimen Ultimate Load (KN) Span Length (mm) Ultimate Flexural

Capacity (KN.mm)
BB (1 mm) 167.3 2798 117022.6
BB (0.75 mm) 165.1 2798 115463.0
BB (0.5 mm) 162.8 2798 113909.0
SB (1 mm) 115.2 2798 80550.6
SB (0.75 mm) 161.3 2798 112812.5
SB (0.5 mm) 115.0 2798 80442.9
RC 113.3 2798 79212.9

FEA highlighted CFRP strengthening benefits, especially with BB configurations, where BB-1 mm enhanced
ultimate load by approximately 48% compared to RC beams (approximately 113.3 kN). SB-0.75 mm closely
matched BB-0.75 performance, indicating a unique thickness-dependent efficiency. BB configurations typically
showed concrete crushing post-steel yield with minor debonding at peak loads. Conversely, SB-0.5 mm provided
nearly similar results to the conventional concrete beam. SB-0.75 mm outperformed SB-1 mm. The non-retrofitted
beam exhibited brittle shear cracks, while the strengthened beam enhanced ductile performance, improved load
distribution, and prevented premature failure.

Louad Response of Botlom-Ronded CFRP Beams vs Cantrol RC Beam
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Figure 9. Load Response of Side-Bonded Figure 10. Load Response of Bottom-Bonded CFRP
CFRP Beams vs RC Beam Beams vs RC Beam

4. Conclusions

This study compares the flexural performance and cost-effectiveness of various CFRP strengthening
configurations. Among them, BB-1 mm demonstrated the highest load capacity, while BB-0.75 mm offered a more
balanced and cost-effective solution, making it the more practical choice in many scenarios. SB-0.75 mm
performed comparably to BB configurations; however, increasing the SB thickness to 1 mm led to early debonding
and reduced effectiveness. In cases where access to the bottom of the beam is restricted, SB-0.75 mm presents a
viable alternative to BB-0.75 mm. Overall, CFRP strengthening effectively shifted failure modes from brittle shear
to ductile crushing, enhancing the overall resilience of the structure. BB systems generally experienced only minor
debonding at peak loads, whereas SB systems especially at | mm thickness, were more prone to interfacial failure.
The validated FEA model was reliable but showed high sensitivity to bond quality and laminate thickness. Future
research should focus on enhancing bonding techniques and simulating fatigue behavior under cyclic loading for
real-world applicability.
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