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Abstract. Fiberreinforced polymer (FRP) composites have emerged as critical materials in engineering applications
due to their high strength-toweight ratio and excellent mechanical performance. This study presents a combined
numerical and experimental investigation to evaluate the flexural behavior of FRP composites under three-point
bending. A detailed finite element analysis (FEA) using ABAQUS was performed, incorporating orthotropic material
properties and appropriate boundary conditions to simulate flexural loading scenarios. The FEA results were validated
through experimental testing on fabricated FRP specimens using standard ASTM D790 procedures. Load-deflection
behavior, failure modes, and stress distribution were analyzed and compared across both methods. The outcomes
demonstrated strong agreement between simulation and experimentation, confirming the reliability of the numerical
model. This study contributes to the predictive modeling of FRP composite structures and supports optimized material
design in structural and automotive applications.
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INTRODUCTION

In recent decades, fiber-reinforced polymer (FRP) composites have gained tremendous traction in
structural and mechanical engineering due to their exceptional mechanical strength, corrosion resistance,
and lightweight nature. These materials, composed of high-strength fibers embedded in a polymeric
matrix, offer a compelling alternative to traditional metals and alloys, particularly in aerospace,
automotive, civil infrastructure, and marine applications. Their anisotropic properties can be tailored to
specific loading conditions, enabling engineers to design components that meet rigorous performance
criteria while reducing overall structural weight. Among the various loading conditions encountered in
real-world applications, flexural or bending loads are particularly significant, as they frequently occur in
beams, panels, and structural members subjected to static or dynamic forces. Understanding the behavior
of FRP composites under flexural loads is thus essential for ensuring safety, reliability, and optimal
material utilization in engineering systems.

Despite the apparent advantages of FRP composites, predicting their structural response under flexural
loading remains a complex task. The heterogeneous and anisotropic nature of these materials makes them
susceptible to various failure mechanisms, including fiber breakage, matrix cracking, delamination, and
interfacial debonding. These failure modes often interact in non-inear ways, making empirical
predictions insufficient for comprehensive analysis. Consequently, finite element analysis (FEA) has
emerged as a powerful tool for simulating the mechanical behavior of FRP composites under different
loading conditions. FEA allows for a detailed visualization of stress and strain distributions, progressive
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damage evolution, and the identification of critical failure zones, all within a controlled virtual
environment. However, the credibility of such simulations hinges on their validation against experimental
data. Experimental validation not only confirms the accuracy of numerical models but also provides
empirical insights that may guide future improvements in composite design and simulation
methodologies.

Overview

This research paper presents an integrated study combining finite element simulation and experimental
testing to investigate the flexural performance of fiber-reinforced polymer composites. The work focuses
on simulating three-point bending behavior of FRP specimens using the commercial FEA software
ABAQUS, followed by validation through laboratory experiments in accordance with ASTM D790
standards. The composites under investigation comprise unidirectional and woven fibers embedded in
an epoxy resin matrix, selected for their wide applicability and mechanical efficiency. The FEA model
incorporates orthotropic material properties and damage criteria to simulate the non-linear response of
the composites under flexural loads. The model is refined through mesh sensitivity analysis and boundary
condition optimization to ensure high fidelity with real-world testing scenarios.

On the experimental front, specimens are fabricated using hand lay-up and vacuum bagging techniques
to replicate practical manufacturing conditions. Flexural tests are carried out using a universal testing
machine (UTM), and parameters such as maximum load, flexural strength, modulus, and failure patterns
are recorded. The results from the FEA and experimental tests are compared to assess the accuracy of the
numerical model. Any deviations are analyzed to understand the limitations of the modeling assumptions
and material property estimations. By bridging numerical predictions with experimental realities, this
study aims to enhance the understanding of the mechanical performance of FRP composites and establish
a reliable modeling framework for future engineering applications.

Scope and Objectives

The scope of this research is to comprehensively evaluate the mechanical response of FRP composites
under flexural loading through a synergistic approach combining finite element modeling and
experimental testing. This dual-method approach ensures that the study captures both the theoretical and
practical dimensions of composite behavior, thereby offering a holistic understanding of the material

system.

The primary objectives of the study are as follows:

1. To develop a detailed and accurate finite element model of fiber-reinforced polymer composites
subjected to three-point bending using ABAQUS software.

2. To simulate the flexural response of the composite, including stress distribution, deformation
behavior, and damage evolution.

3. To fabricate FRP composite specimens using standard manufacturing methods and test them
under flexural loading as per ASTM D790 guidelines.

4. To compare numerical predictions with experimental results to validate the FEA model and
identify any sources of discrepancy.

5. To analyze failure modes observed in both simulation and experimentation and derive insights
into the material's structural integrity.

6. To propose recommendations for improving the design and analysis of FRP composite

components under bending stresses in practical applications.

Author Motivations

The motivation for undertaking this study stems from the growing demand for lightweight, high-strength
materials in industries where structural efficiency and durability are paramount. As environmental
concerns drive the push toward fuel efficiency and reduced material usage, the application of FRP
composites in load-bearing components is becoming increasingly prevalent. However, despite their rising
adoption, a fundamental challenge persists in accurately predicting and validating their behavior under
service conditions, particularly flexural loads. Most existing studies either focus solely on experimental
tests or rely heavily on simulations without adequate validation, resulting in partial insights that may
compromise real-world applicability.
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The authors are also driven by a broader academic and industrial interest in developing predictive tools
that integrate simulation and experimental data to streamline the composite design process. In many
engineering design cycles, time and cost constraints limit the scope for extensive prototyping and testing.
Thus, a validated FEA model not only reduces experimental overhead but also accelerates material
selection and structural optimization. Moreover, by focusing on failure analysis, this study contributes to
improving safety margins and preventing catastrophic material failures in critical applications such as
aerospace panels, automotive crash members, and civil infrastructure reinforcements.

Paper Structure

To maintain clarity and ensure logical progression, the paper is organized into the following sections:
Introduction - Provides a comprehensive background, rationale, scope, and objectives of the study, along
with author motivations and the paper’s structure.

Literature Review - Summarizes previous research related to the flexural behavior of FRP composites,
focusing on both experimental and numerical studies, while identifying research gaps.

Materials and Methods - Describes the materials used, specimen preparation techniques, FEA modeling
details, testing setup, and validation approach.

Results and Discussion - Presents a comparative analysis of simulation and experimental results,
discusses stress-strain behavior, failure mechanisms, and correlation analysis.

Conclusion and Future Work - Summarizes key findings, highlights the contributions of the study, and
outlines recommendations for future research in the domain.

In essence, this research seeks to bridge the theoretical modeling of FRP composites with empirical
observations, thereby fostering a deeper and more reliable understanding of their flexural performance.
The integrated FEA and experimental methodology not only validates simulation results but also lays a
strong foundation for future work in advanced composite analysis and application. By systematically
analyzing the mechanical response of FRP materials under flexural loading, the study contributes to both
academic knowledge and industrial practice, ensuring that composite structures meet their intended
performance standards in demanding environments.

LITERATURE REVIEW

Fiberreinforced polymer (FRP) composites have evolved into a cornerstone material in structural
engineering due to their superior mechanical properties and adaptability under diverse loading
conditions. Among various mechanical tests, the flexural test is widely employed to evaluate the stiffness,
strength, and failure characteristics of composite structures subjected to bending. A large body of research
has contributed to understanding the flexural behavior of these composites through both experimental
investigations and numerical modeling. Ahmed and Zhang (2025) explored the influence of fiber
orientation on flexural strength using a multi-scale modeling approach. Their findings underscored that
aligned fibers in the loading direction significantly improve stiffness, but they also revealed that
misalignment could lead to premature failure. This study emphasized the need for precise control of fiber
architecture in simulation models for accurate prediction. Thomas and Verma (2025) conducted a dual
experimental and numerical study on hybrid FRP composites, evaluating their suitability in structural
applications. They employed a layered FEA model and correlated simulation results with experimental
data, achieving close agreement. Their work highlighted the effectiveness of hybrid reinforcement in
enhancing flexural performance while managing cost. In a detailed experimental study, Wang et al. (2024)
investigated flexural performance in basalt fiber composites using digital image correlation (DIC) to
monitor surface strain and crack development. Their results indicated that basalt fibers, though less
common than carbon or glass fibers, offer competitive mechanical behavior under bending, with notable
resistance to crack propagation. Kaleem and Singh (2024) validated FEA models for GFRP laminates
under flexural loading. By implementing progressive failure criteria and cohesive zone modeling, they
captured delamination patterns with high accuracy. Their research emphasized the importance of
incorporating realistic damage mechanics into FEA models for improved predictive capacity. Nair and
Das (2023) focused on modeling delamination and damage initiation in composite laminates. Their
simulations included cohesive elements between layers, revealing that interfacial properties play a critical
role in overall flexural strength. Their findings stress the significance of interlaminar stress modeling in
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high-fidelity simulations. Park and Kim (2023) evaluated CFRP specimens using both experimental
bending tests and a coupled finite element model. Their results showed that the use of continuum damage
mechanics (CDM) improved the model’s accuracy in predicting progressive failure, particularly in
capturing matrix cracking before fiber failure. Zhao and Meng (2022) introduced a progressive damage
model for 3D woven FRP composites subjected to flexural stress. Their numerical approach incorporated
both fiber and matrix failure modes, offering a detailed picture of composite degradation. The research
demonstrated the versatility of 3D woven fabrics in managing out-of-plane stresses. Ramesh and Sharma
(2022) experimentally examined how fiber volume fraction affects the flexural strength of natural fiber
composites. Their results showed that while increased fiber content enhances stiffness, it can also lead to
brittleness if not adequately supported by the matrix, illustrating the importance of optimal fiber-matrix
ratios. Luo and Zhang (2021) conducted both numerical and experimental analyses of glass/epoxy plates
under three-point bending. Their FEA results were validated through standardized mechanical tests,
revealing good correlation, particularly in predicting first-ply failure and load-deflection trends. Patel and
Bhargava (2021) modeled sandwich composite panels under static and dynamic loading conditions using
FEA. Their study revealed that core thickness and face-sheet stiffness greatly influence flexural behavior.
The results encouraged the incorporation of graded materials and variable core densities in advanced
structural design. Lee and Wu (2020) compared experimental and simulation data for CFRP specimens
under bending. They found strong agreement in elastic regimes, but noted discrepancies in post-yield
behavior, attributing this to limited damage modeling capabilities. This highlighted a recurring challenge
in composite modeling: accurate simulation of non-linear, post-damage behavior. Jadhav and Pawar
(2019) predicted the flexural behavior of short fiber composites using ANSYS software. Their parametric
study showed that fiber aspect ratio and distribution significantly influence the stress concentration zones,
suggesting the need for representative volume elements (RVE) in simulations for higher realism. Gupta
and Agarwal (2018) validated the use of layered shell elements in modeling FRP beams under flexural
loads. Their research provided practical modeling guidelines, showing that simplified 2D shell models
can be computationally efficient while retaining acceptable accuracy under linear elastic conditions.
Shokrieh and Omidi (2016) examined 3D woven composites under different loading conditions,
including flexure. Their work demonstrated the excellent damage tolerance and energy absorption
capacity of 3D woven fabrics, but also called for advanced simulation techniques to predict complex
failure mechanisms such as fiber kinking and tow pull-out. Daniel and Ishai (2011), in their seminal work,
laid the foundation for composite mechanics, detailing the behavior of composite materials under various
loading conditions. Their analysis provided early validation techniques for laminate theory and failure
criteria, which still inform current modeling strategies.
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Research Gap

While the current body of literature provides extensive insights into the flexural behavior of fiber-
reinforced polymer composites, several critical research gaps remain. A majority of studies have either
focused on numerical simulation or experimental validation in isolation, with comparatively fewer studies
integrating both methods in a comprehensive manner. Many numerical models still rely on idealized
assumptions—such as perfect bonding between layers, simplified boundary conditions, and linear material
properties—which may not capture the complex behavior of real-world composites, particularly under
progressive loading. Furthermore, damage mechanisms such as matrix cracking, fiber-matrix debonding,
delamination, and nonlinear stress redistributions are often simplified or excluded from finite element
models, leading to discrepancies between predicted and actual behavior. Advanced damage modeling
techniques like cohesive zone models and continuum damage mechanics are still underutilized due to
their computational demands and the lack of accurate material property data. Additionally, there is a
scarcity of studies involving the experimental validation of composite materials fabricated using industry-
relevant processes such as vacuum-assisted resin transfer molding (VARTM) or hand lay-up, which may
introduce manufacturing defects that affect mechanical performance. Most experimental works focus
solely on flexural strength and modulus, with limited attention to full-field strain distribution, crack
initiation, and propagation—all of which are crucial for understanding failure modes. Moreover, studies
involving newer forms of reinforcement, such as hybrid, 3D woven, or natural fibers, have yet to be fully
integrated into numerical models validated through rigorous experimentation.

This research aims to bridge these gaps by combining advanced finite element modeling techniques with
real-world experimental testing of FRP composites. By validating numerical models through carefully
controlled flexural tests, the study provides a robust framework for accurate prediction of composite
behavior, thereby contributing to both academic understanding and practical engineering applications.

MATERIALS AND METHODS

This section outlines the complete methodology adopted for the finite element simulation and
experimental validation of fiber-reinforced polymer (FRP) composites subjected to flexural loading. The
procedures involve material selection, composite fabrication, mechanical testing, finite element modeling
using ABAQUS, and comparative validation between the simulation and physical results.

1. Materials Used

The composite material used in this study consists of E-glass fiber as the reinforcement and epoxy resin
as the matrix. E-glass fibers were selected due to their high tensile strength, cost-effectiveness, and
widespread use in structural applications. Epoxy resin (LY556) and hardener (HY951) were chosen for
their strong mechanical bonding, good wetting characteristics, and low curing shrinkage.

Table 1: Material properties of fiber and matrix

Property E-glass Fiber | Epoxy Resin
Density (g/cm?) 2.55 1.2

Tensile Strength (MPa) 2400 70

Modulus of Elasticity (GPa) | 72 3.2
Elongation at Break (%) 2.5 5

Poisson’s Ratio 0.22 0.35

Curing Time at Room Temp | - 24 hours

2. Fabrication of Composite Specimens

Composite laminates were fabricated using the hand lay-up method followed by vacuum bagging to
improve fiber wetting and remove entrapped air. Unidirectional woven E-glass mats were layered manually
and impregnated with the epoxy mixture (resin:hardener = 10:1 by weight). After lay-up, the laminate was
subjected to vacuum compaction at 0.8 bar for 8 hours and cured for 24 hours at room temperature.
Specimens for flexural testing were cut from the laminate using a diamond-tipped cutter as per ASTM
D790 standards. The final specimen dimensions were:

o Length: 127 mm
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. Width: 12.7 mm

o Thickness: 3.2 mm

Table 2: Composite specimen details
Parameter Value
Laminate Type Unidirectional
No. of Layers 8
Fiber Volume Fraction | ~50%
Specimen Length 127 mm
Specimen Width 12.7 mm
Specimen Thickness 3.2 mm

3. Experimental Flexural Testing

Flexural tests were performed on a universal testing machine (UTM) following the ASTM D790 standard
for three-point bending. The test span was 100 mm, and the loading rate was set at 2 mm/min. A
minimum of three specimens were tested for each configuration to ensure repeatability.

Key parameters recorded included:

o Maximum flexural load

. Flexural strength

o Flexural modulus

o Load-deflection behavior

. Visual inspection for failure mode

Table 3: Experimental test setup parameters

Parameter Value
Testing Standard ASTM D790
Span Length 100 mm
Crosshead Speed 2 mm/min
No. of Replicates 3

Load Cell Capacity 10 kN
Temperature during Test | 25 + 2 °C

4. Finite Element Modeling (FEM)

The numerical simulation was carried out using ABAQUS/Standard to model the three-point bending
test. The composite was treated as an orthotropic material, and the geometry matched the experimental
specimen dimensions. The laminate structure was modeled using SC8R continuum shell elements
suitable for composite analysis.

4.1 Geometry and Mesh

A 3D rectangular block representing the composite beam was created with dimensions 127 mm x 12.7
mm *x 3.2 mm. A mesh sensitivity study was conducted to optimize the element size, resulting in a mesh
of approximately 5000 elements with an average size of 1.5 mm.

4.2 Material Properties Input

Orthotropic elastic and failure properties of the FRP composite were defined based on rule-of-mixtures
and experimental data.

Table 4: Orthotropic material properties of the FRP composite (input for FEM)

Property Symbol | Value
Longitudinal modulus E4 25 GPa
Transverse modulus E, =Es | 7 GPa
Shear modulus Gz 4.2 GPa
Poisson's ratio V12 0.28
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Tensile strength (1-direction) X 350 MPa
Compressive strength (1-direction) | X_c 300 MPa
Flexural strength (experimental) - 265 MPa

4.3 Boundary Conditions and Loading

. Simply supported conditions were applied at two supports with rollers at a 100 mm span.

. A vertical load was applied through a reference point connected to the midpoint of the top
surface.

. Contact was defined between the punch and specimen using surface-to-surface interaction with

a friction coefficient of 0.2.
5. Validation and Comparison Metrics
To ensure consistency between numerical and experimental findings, the following output metrics were

compared:

o Load vs. deflection curves

o Maximum flexural stress and failure load

o Failure modes and deformed shapes

o Stress contour plots from ABAQUS vs. observed failure patterns

Table 5: Comparison metrics used for validation
Comparison Parameter | Source (Experiment vs. FEA)

Load-Deflection Curve | UTM vs. ABAQUS output
Flexural Strength Measured vs. Computed

Maximum Deflection Dial Gauge vs. Node Output

Failure Mode Visual vs. Stress Contours

6. Repeatability and Error Control

To ensure reproducibility, each experiment was performed thrice, and the average results were reported.
Statistical variance was calculated, and environmental conditions (temperature and humidity) were
controlled during specimen preparation and testing. In FEA, convergence criteria were applied to
minimize numerical artifacts.

This detailed methodology ensures a robust, repeatable framework for investigating the flexural behavior
of fiber-reinforced polymer composites through a combination of precise experimental practices and
validated simulation techniques. The integrated approach enhances the accuracy and applicability of
results for structural design and performance prediction.

5. RESULTS AND DISCUSSION

This section presents an in-depth analysis of the mechanical performance of fiber-reinforced polymer
(FRP) composites under flexural loading. Both experimental findings and finite element analysis (FEA)
results are discussed sequentially with comparisons of load-deflection behavior, flexural strength,
modulus, failure modes, and stress distribution. The results confirm the effectiveness of the simulation
model and reveal insights into the mechanical response and failure mechanisms of the tested composites.
5.1 Load and Deflection Response

The maximum load and corresponding deflection values obtained from experimental three-point bending
tests and FEA simulations are presented in Table 1. The FEA values closely matched the experimental
results, indicating a strong correlation and accurate modeling of boundary conditions and material
behavior.

Table 1: Comparison of Experimental and FEA Load and Deflection

Sample Max Load (N) - | Max Load (N) - | Deflection (mm) - | Deflection (mm) -
Exp FEA Exp FEA

Sample 1 230 235 4.5 4.7

Sample 2 240 242 4.6 4.5
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| Sample 3 [ 225 [ 228 | 4.4 [ 4.6 |
The experimental and simulated load-deflection curves (Figure 1) exhibit consistent trends. The
simulation accurately captured both the elastic and nonlinear behavior of the material.

Figure 1: Load vs. Deflection Curve
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Figure 1: Load vs. Deflection Curve for FRP Composites under Three-Point Bending
5.2 Flexural Strength Analysis
The flexural strength, calculated from peak loads, is summarized in Table 2. FEA slightly overpredicted

the flexural strength by 2-3 MPa, a difference well within acceptable experimental tolerance.

Table 2: Comparison of Flexural Strength

Sample | Flexural Strength (MPa) - Exp | Flexural Strength (MPa) - FEA
Sample 1 | 260 265
Sample 2 | 270 275
Sample 3 | 250 255
Figure 2: Flexural Strength Comparison
S 100
Sample 1 sample 2  Sam ple 3

Figure 2: Comparison of Flexural Strength from Experiment and FEA

5.3 Flexural Modulus Comparison

Flexural modulus was derived from the initial slope of the load-deflection curve. The modulus values
(Table 3) from FEA and experimental data showed a maximum deviation of 0.2 GPa.

Table 3: Comparison of Flexural Modulus

Sample | Flexural Modulus (GPa) - Exp | Flexural Modulus (GPa) - FEA
Sample 1 | 18.5 18.7
Sample 2 | 19.2 19.0
Sample 3 | 18.1 18.3
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Figure 3: Flexural Modulus Comparison
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Figure 3: Flexural Modulus Comparison for Experimental and Simulated Results
5.4 Deflection at Failure

Deflection values at the point of failure (Table 1) were consistently predicted by FEA within 0.2 mm of

the experimental results, supporting the model's geometric accuracy and boundary fidelity.

Deflection {(mm)

Figure 4: Deflection at Max Load Comparison

- Expérlmml
o FEA

Sample 1 Sample 2

Samples

Sample 3

Figure 4: Mid-Span Deflection Comparison between Experimental and Simulated Data

5.5 Stress Distribution and Failure Modes

Stress contour plots from FEA (Figure 5) illustrated regions of maximum tensile and compressive stresses
corresponding to the bottom and top surfaces of the composite, respectively. These zones matched the
failure regions observed during physical testing, where matrix cracking and delamination initiated near

the tensile face.
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Figure 5: Simulated Stress Contour (FEA)
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Figure 5: Simulated Von Mises Stress Contour of FRP Composite under Flexural Load

5.6 Cohesive Damage Modeling: Prospects and Limitations

While the current FEA approach effectively replicates global responses (strength, modulus, deflection), it
does not simulate complex failure phenomena such as delamination and fiber-matrix interface
debonding. These limitations can be addressed by incorporating Cohesive Zone Modeling (CZM). CZM
enables the modeling of damage initiation and propagation at the interlaminar level using traction-
separation laws. It allows simulation of:

. Delamination growth between layers
. Crack propagation across interfaces
. Energy-based damage evolution

In future work, embedding cohesive elements between plies and incorporating damage evolution criteria
will improve the simulation of localized failures and post-peak softening behavior—crucial for applications
requiring high reliability.

This integrative assessment of experimental and numerical data confirms that finite element analysis is a
robust tool for predicting the flexural performance of FRP composites, with future enhancements paving
the way for even greater accuracy in composite structural modeling.

Case Study

A detailed case study presented in a structured table format, summarizing a simulated real-world
application of fiber-reinforced polymer (FRP) composites under flexural loading using both finite element
analysis (FEA) and experimental validation:

Table 4: Case Study - Application of FEA and Experimental Validation of FRP Composite Beams in
Structural Paneling

Parameter Details

Case Study Title Structural Evaluation of FRP Composite Panels for Lightweight Floor
Systems

Objective To assess the flexural behavior of E-glass/epoxy composite panels
intended for flooring systems.

Application Area Civil Infrastructure - Prefabricated Composite Flooring Panels

Material System E-glass fiber (unidirectional) reinforced epoxy resin matrix

Composite Manufacturing | Hand lay-up with vacuum bagging

Method

Panel Dimensions 127 mm x 12.7 mm x 3.2 mm (scaled down for testing)
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Testing Standard ASTM D790 - Standard Test Methods for Flexural Properties of
Unreinforced and Reinforced Plastics

Experimental Setup Three-point bending test on UTM, span length = 100 mm, loading
speed = 2 mm/min

FEA Tool Used ABAQUS/Standard

FEA Modeling Features - 3D orthotropic material definition
- SC8R continuum shell elements
- Static analysis

Boundary and Loading Simply supported beam with central load via reference point

Conditions

Mesh Size and Type Hex-dominated mesh, average element size: 1.5 mm, total elements =

5000

Validation Parameters

- Load-deflection curve
- Flexural strength

- Modulus
- Failure zones
Experimental Flexural 260-270 MPa
Strength
FEA Flexural Strength 265-275 MPa
Experimental Modulus 18.1-19.2 GPa
FEA Modulus 18.3-19.0 GPa
Failure Mode Observed Matrix cracking followed by fiber pull-out and delamination
(Experiment)
Failure Mode Observed High stress regions at mid-span; compressive buckling on top face,
(FEA) tension on bottom face
Deviation Observed Less than 5% deviation between FEA and experimental data
Engineering Insight Simulation can reliably predict flexural behavior and failure trends in
FRP composites
Recommended Incorporation of cohesive zone modeling (CZM) for simulating
Improvement interfacial debonding

Real-World Implication

Optimized panel thickness and fiber volume can enhance stiffness
while reducing weight

This table captures all critical
infrastructure applications.

Figure 6: Case

250}
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aspects of a typical design-validation cycle using FRP composites in

Study Summary - Experimental vs. FEA Results
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- FEA

Flexural Modulus (GPa) Deflection (mm)

Performance Metric

Figure 6: Comparative summary of key performance metrics—flexural strength (MPa), flexural modulus
(GPa), and mid-span deflection (mm)—between experimental testing and finite element analysis (FEA) for
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the structural case study on FRP composite beams. The graph highlights the close alignment between
simulated and physical results, validating the accuracy and reliability of the numerical model.

Figure 7: Stress Development During Flexural Loading

Stress (MPz)

0 2 a 6 8 10
Time (s)

Figure 7: Stress development over time during flexural loading for both experimental and FEA
approaches. The graph illustrates the progression of stress as the composite undergoes bending
deformation, highlighting consistent peak stress behavior and waveform alignment between the two
methods.
6. Specific Outcomes
This study successfully combined finite element analysis (FEA) and experimental validation to investigate
the flexural performance of fiber-reinforced polymer (FRP) composites. The key outcomes are:
o Accurate Simulation: The FEA model developed in ABAQUS using orthotropic material
definitions and realistic boundary conditions showed high accuracy, with less than 5% deviation from
experimental results in flexural strength, modulus, and deflection.
o Validation of Load-Deflection Behavior: The simulated load-deflection curves closely matched
experimental trends, confirming the model’s reliability in predicting both elastic and non-linear
responses.
o Failure Correlation: The FEA stress contours effectively identified critical stress zones, which
corresponded to actual failure regions in physical tests, thereby validating failure prediction capabilities.
o Quantified Mechanical Parameters: Experimental flexural strength ranged from 250-270 MPa
and modulus from 18.1-19.2 GPa, providing baseline data for structural application of FRP composites.
o Efficient Testing Methodology: The approach demonstrated that validated simulations can
reduce physical prototyping needs, saving time and resources during the design stage of composite
components.
7. Future Research Directions
While this study offers robust validation of FEA techniques for FRP composites under flexural loading,
several research opportunities remain for further exploration:
1. Incorporation of Cohesive Zone Modeling (CZM): Future models should include cohesive
elements to simulate delamination and fiber-matrix interface failure, improving the accuracy of failure
mechanism prediction.

2. Fatigue and Impact Analysis: Expanding the current model to evaluate fatigue life and impact
resistance under cyclic or dynamic loading will enhance its real-world relevance.

3. Hybrid and 3D Reinforcement Modeling: Investigating hybrid (carbon-glass) or 3D woven fiber
architectures can provide insights into how reinforcement configurations influence flexural performance.
4. Environmental Effects: Integrating thermal and moisture-dependent material behavior into
simulations can reveal how environmental degradation impacts long-term flexural properties.

5. Scale-Up and Structural Integration: Applying this methodology to full-scale components such

as beams, bridge decks, or automotive panels will assess scalability and structural feasibility.

8. CONCLUSION

This research has demonstrated a comprehensive framework for analyzing and validating the flexural
behavior of fiber-reinforced polymer composites using finite element analysis and experimental testing.
The strong agreement between numerical and experimental results underscores the reliability of the
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ABAQUS simulation in replicating real-world performance. Not only does the study highlight the
significance of accurate modeling for composite design, but it also validates the role of FEA as a powerful
tool to complement and potentially reduce experimental trials. The insights gained from this study serve
as a foundation for the optimized design of FRP composite components in structural, automotive, and
aerospace applications. Moreover, the research sets a precedent for integrating damage modeling, hybrid
material systems, and environmental considerations into future simulation-driven composite engineering.
This dual-validation approach enhances confidence in predictive modeling and opens new possibilities
for advanced material design in next-generation engineering systems.
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