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Abstract

Glass fiber-reinforced polymer (GFRP) reinforcement provides an effective alternative to
conventional steel in concrete structures due to its corrosion resistance. Nevertheless, the
lower elastic modulus of GFRP necessitates careful consideration of serviceability be-
havior in GFRP-reinforced concrete members. This study presents a numerical sectional
analysis model for predicting the flexural response and ultimate capacity of hybrid re-
inforced concrete beams incorporating embedded GFRP profiles in combination with
either mild steel or GFRP reinforcement bars under monotonic static loading. The pro-
posed model employs realistic nonlinear stress—strain relationships for concrete and
steel, together with secant moduli of elasticity evaluated at different loading stages. Par-
ticular emphasis is placed on detailed stress distribution in flexural sections, including
the contribution of tension stiffening in the post-cracking regime. The formulation inte-
grates nonlinear constitutive material behavior with theoretical sectional equilibrium to
evaluate the effective flexural secant stiffness. For practical serviceability assessment and
to reduce dependence on complex analytical procedures, strain vectors and stiffness
matrix components are derived using elasticity coefficients that reflect modulus degra-
dation obtained from numerical analysis. The accuracy of the model is verified through
comparison with experimental results, including ultimate flexural capacity and moment-
deflection responses. Many crucial parameters were studied, such as the longitudinal
reinforcement ratio, type of reinforcement, concrete compressive strength, position of the
I-GFRP profile, and rotation of the I-GFRP profile. The results of this study demonstrated
that both the longitudinal reinforcement ratio and the rotation of the I-GFRP profile have
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a significant influence on the ultimate load capacity and deflection behavior. The close
agreement between numerical predictions and experimental observations demonstrates
the reliability and applicability of the proposed model for structural engineering analysis
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1. Introduction

Deterioration due to corrosion of steel reinforcement is a continuing problem for
reinforced concrete (RC) structures exposed to aggressive and damaging environments.
Loss of service life as a result of corrosion leads to increased maintenance and repair costs
for RC structures. Fiber-reinforced polymer (FRP) bars have emerged as an exciting al-
ternative to conventional steel reinforcement in civil engineering applications over the
past ten years. FRP materials provide beneficial properties that make them desirable. The
three primary features of FRP bars are a high strength-to-weight ratio, corrosion re-
sistance, and reduced weight compared to steel. Generally, FRP bars consist of glass,
carbon, aramid, or metallic fibers embedded in a polymeric resin matrix, which may be‘

composed of ]polyester, phenolic, vinylester, acrylic, and epoxy resins [1-5]. Comment [EE6]: Please check that the

Due to their many advantages, including lightness, tensile strength, resistance to intended meaning has been retained.

chemicals and corrosion, and electrical insulation properties, glass fiber polymer com-
posite (GFRP) materials are becoming increasingly accepted as an alternative to steel
bars, profiles and plates in RC structures [6-10]. However, because of the low Young's
and shear moduli of GFRP materials [11-14], members reinforced with GFRP may expe-
rience higher levels of deformation and lower levels of stiffness under high service load
or ultimate load conditions.

To overcome these limitations, the use of hybrid structural systems (those that
combine FRP components with a reinforced concrete system) has been proposed and has
been shown to improve the load-carrying capacity and performance of structures [15-19].
Additionally, the mechanical weakness of the GFRP composite material can be improved
by combining it with conventional reinforcement [20] or other cementitious composite
materials [21]. As a result, pultruded FRP components (profiles) embedded within con-
crete elements are receiving significant attention from researchers, as evidenced by the
large volume of both experimental and numerical research that has been published in the
literature regarding this type of structural component. In addition, the concrete-filled
glass fiber-reinforced polymer (GFRP) box can be applicable in many structural build-
ings as it acts as a stay-in-place formwork with reduced cost and time. The GFRP box
provides confinement of concrete, as well as increased strength when exposed to corro-
sive environments. Many studies have used the GFRP box members in both flexural
[22,23] and axial applications [24].

The flexural performance of GFRP-polymer concrete hybrid beams designed with
three different standard pultruded GFRP U-shaped profiles was experimentally tested by
Ferreira et al. [25] under static loading and numerically modeled to assist in the evalua-
tion of this flexural performance. The findings indicated a better composite interaction
between the GFRP and polymer concrete constituents that exceeded expectations, as well
as an increase in the overall structural performance of the GFRP-polymer concrete hybrid
beams.

Correia and coworkers [26] conducted experiments on a simply supported beam
with a GFRP profile, connected to concrete with either steel bolts or an epoxy bonding
layer, and subjected to bending with varying effective spans. They carried out various
investigations regarding the performance of hybrid beams based on the type and con-
figuration of the supports utilized. The results of their tests indicate that hybrid beams
produced with GFRP—concrete exhibit increased stiffness and strength compared with
hybrid beams manufactured from only GFRP profiles. Furthermore, a continuous epoxy
bonding layer achieved increased stiffness compared to the bonded connection achieved
using steel bolts. Therefore, it can be determined that a connection made using an epoxy
bonding layer will produce a smaller overall deflection and a greater level of flexural
strength than GFRP hybrid beams.

https://doi.org/10.3390/xxxxx
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Evbuomwan [27] studied the use of different forms of FRP in composite beams, in-
cluding varying parameters such as type of concrete (normal or lightweight), bonding
systems (epoxy adhesive or mechanical bolts), and FRP section configuration (rectangu-
lar and I-sections). The experimental results showed that the composite beams exhibited
higher ultimate failure loads than the plain GFRP beams. The use of epoxy adhesive
and/or mechanical connectors (bolts) ensured adequate composite action.

Neagoe et al. [28] experimentally evaluated hybrid beams composed of pultruded
GFRP profiles encased in concrete and reported high flexural capacity-to-self-weight ra-
tios and improved bending resistance. However, they also noted reduced flexural stiff-
ness compared to conventional RC beams, primarily due to the low elastic modulus of
GFRP and partial interaction effects.

Hadi and Yuan [29] experimentally investigated RC beams incorporating pultruded
GFRP I-profiles encased in concrete and reinforced with longitudinal steel or GFRP bars
under four-point bending. Their results showed that beams reinforced with steel bars
achieved higher ultimate load and ductility compared to conventional RC beams,
whereas beams reinforced with GFRP bars exhibited brittle failure and reduced stiffness
and load capacity. Also, it was observed that the location of the GFRP I-profile had little
effect on the flexural response. Madenci et al. [30] conducted experimental, theoretical,
and finite-element analyses on pultruded GFRP beams subjected to three-point bending,
reporting close agreement between predicted data and experimental results. Using epoxy
adhesive and/or mechanical connectors (bolts) ensured adequate composite action. Gemi
et al. [31] investigated experimentally, analytically, and numerically the behavior of pul-
truded GFRP composite beams infilled with hybrid fiber-reinforced concrete under
four-point loading. The experimental variables included the pultruded GFRP box pro-
files, conventional steel bars, GFRP bars, hybrid bars, and the external GFRP wrapping.
The results demonstrated that the hybrid-bar specimens exhibited the best performance
in terms of energy dissipation capacity and maximum load capacity when reinforced
concrete was used in the pultruded profile. In addition, the presence of pultruded GFRP
increased the initial stiffness of the beam. Therefore, the pultruded profile significantly
enhanced the behavior of traditional reinforced concrete beams, and GFRP composite
wrapping also considerably improved the behavior of the pultruded profile infilled with
a reinforced concrete beam.

Ibrahim et al. [32] studied the experimental and numerical response of reinforced
concrete (RC) composite specimens with encased pultruded I-GFRP sections under
three-point loading. The study addressed the effect of using the shear connector between
the GFRP beams and concrete to improve the composite action. The results reveal that the
ultimate load of the embedded GFRP beam increased by 65% and 51% for the composite
specimens with and without shear connectors, respectively. Moreover, a nonlinear Finite
Element (FE) model was developed and validated by the experimental results to conduct
a parametric study. The peak loads of the composite specimen without shear studs in-
creased by 14% and 31%, and that of the composite specimen with shear studs increased
by 20% and 32% for the compressive strength of 35 MPa and 45 MPa, respectively.

Although there has been a significant amount of both experimental and numerical

research on GFRPHconcrete hybrid beams, the majority of research has been generated Comment [M7]: We changed minus to

from full-scale experimental tests and detailed finite element simulations. Both of these : ] g
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types of studies are valuable sources of information, but, unfortunately, they represent
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computationally intensive methodologies that are not necessarily practical for everyday

use as a design. On the other hand, few studies have considered the application of sim-
plified, yet still reliable, section-based numerical models to provide a complete repre-
sentation of certain critical aspects of flexural behavior within a unified analytical
framework. These aspects include stiffness reduction, cracking development, tension
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stiffening influence, and ultimate flexural capacity. The inadequacy of existing studies
becomes more apparent in the case of hybrid reinforced concrete beams with embedded
GFRP profiles. In these cases, the flexural response of the hybrid system, including the
stress redistribution and stiffness evolution of the concrete, either internal steel or GFRP
reinforcement, and the embedded pultruded performance, dictates the flexural behavior
of the hybrid system when subjected to flexural loading.

In order to adequately address the need for rational section analysis methods to
predict the nonlinear flexural behavior of hybrid systems in a computationally efficient
manner and in a manner that can provide acceptable results for serviceability and
strength evaluations, additional research is required.

Accordingly, this research work studies hybrid RC beams with embedded GFRP
profiles and their numerical behavior using the sectional analysis methodology intro-
duced in [33] by Oukaili. The FORTRAN program presented in [34] by Oukaili has been
rewritten and modified in MATLAB for easier use and to enable efficient performance of
further investigation and implementation.

The novelty of the proposed model lies in its unified and generalized sectional
formulation, in which the existing constitutive and sectional equilibrium frameworks are
extended into a single consistent nonlinear analysis procedure capable of handling mul-
tiple reinforcement configurations and cross-sectional geometries. Specifically, the model
integrates steel reinforcement, GFRP bars, and embedded GFRP I-sections within a single
strain compatibility and equilibrium framework, rather than treating them as separate
specialized cases.

In addition, the formulation is generalized to accommodate both rectangular and
circular cross-sections within the same computational structure, allowing a unified
treatment of hybrid reinforced concrete members under monotonic loading. This repre-
sents an extension beyond the original formulations, which were limited to more specific
configurations.

The proposed numerical model has been validated through comparison with the
available experimental data, specifically by evaluating the ultimate moment capacity,
midspan deflection and overall load—deflection performance responses.

Additionally, unlike previous investigations that depended primarily on testing
programs or detailed finite element modeling, this work develops a unified nonlinear
formulation for a secant-stiffness sectional analysis that explicitly integrates embedded
pultruded GFRP profiles within the cross-sectional equilibrium approach. The proposed
model predicts stiffness degradation, crack initiation and propagation, tension stiffening,
and reinforcement interaction influences in a computationally efficient manner suitable
for practical design applications. Additionally, the effects of GFRP profile rotation and
positioning are systematically evaluated, providing new insights into optimizing hybrid
concrete beams incorporating GFRP components.

2. Numerical Model and Sectional Analysis

koncrete‘ structural members may be analyzed using discrete numerical approaches Comment [M8]: For all commercial
or through cross-sectional (sectional) analysis concepts. Several researchers, including
Oukaili [33,34], Kawakami et al. [35,36], and Rodriguez-Gutiérrez et al. [37], have inves-
tigated the strength and deformation behavior of structural concrete cross-sections using
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In Oukaili’s formulation [33,34], the secant sectional stiffness is evaluated through
area integration of the secant modulus of elasticity of the constituent materials across the
cross-section. The constitutive relationships governing concrete and steel behavior, as
well as the corresponding secant moduli of elasticity, are adopted from the nonlinear
material model proposed by Karpenko et al. [38-40], which is capable of representing the
complete nonlinear response of concrete in both tension and compression, in addition to
the nonlinear behavior of steel reinforcement. With appropriate modifications, Oukaili’s
methodology has been successfully applied to a wide range of structural analysis prob-
lems, including strength, cracking, and deformability assessment of ordinary reinforced
concrete, partially and fully prestressed concrete members, and GFRP bar-reinforced
concrete beams [36,37]. The original computational implementation of the model was
developed in the FORTRAN programming language [33].

The present numerical model comprises two main components: (i) a stress—strain
model and (ii) a force vector—strain vector relationship. The Karpenko model [38—40] is
employed to define the nonlinear stress—strain behavior of concrete and steel and to de-
termine their corresponding secant moduli of elasticity at each loading stage.

This formulation relates the sectional force vector (axial force plus biaxial bending
moments) to the strain vector (axial strain and principal axis curvatures). This formula-
tion relies on the secant sectional stiffness and requires numerical integration of all of the
resisting forces applied by the various cross-sectional components, based on the secant
modulus of elasticity for each material. Further, an iterative solution procedure is applied
to obtain the components of strain that will exist under applied loading and satisfy the
conditions of sectional equilibrium and compatibility.

Moreover, in the proposed sectional analysis model, failure modes are identified
during the iterative strain compatibility procedure based on material-specific limit states.
Steel yielding is detected when the computed steel stress reaches the yield stress, while
GFRP rupture is identified when the tensile strain reaches the ultimate strain capacity,
assuming linear-elastic behavior up to failure. Concrete crushing is determined when the
extreme compressive strain exceeds the ultimate concrete strain limit.

The governing failure mode at ultimate capacity is automatically determined by the
first material reaching its corresponding limit state during the nonlinear iteration pro-
cess. This procedure allows the model to distinguish between different governing failure
mechanisms, including ductile steel yielding and brittle GFRP rupture, depending on the
reinforcement configuration.

2.1. Assumptions of the Sectional Analysis

A set of fundamental assumptions that are utilized to create a sectional numerical
model in order to achieve a consistent and tractable analytical approach for analyzing the
nonlinear flexural behavior of sections represents a basis for establishing a sectional
model. The assumptions from which these are derived are based on classical section
analysis. These assumptions and criteria have general applicability within the context of
composite and hybrid structural analysis and provide definitions for strain compatibility,
material behavior, and sectional equilibrium relative to the analysis of a section under
monotonic static loads.

e Based on the Bernoulli-Navier assumption, plane sections stay plane after bending,
leading to the linear distribution of strain throughout the depth of the cross-section.

. A perfect bond exists between the concrete, internal reinforcement (either as steel or
GFRP bars) and the embedded GFRP profiles, and the strains in all constituent ma-
terials of the cross-section are compatible with the concrete strains at each material’s
centroid location.

https://doi.org/10.3390/xxxxx
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e  Material nonlinearity is explicitly considered, and the stress—strain behavior of con-
crete and steel is described using the constitutive model proposed by Karpenko et al.
[37-39], in which stresses are related to the secant modulus of elasticity evaluated at
each loading stage.

° The concrete cross-section is discretized into fiber (bar) elements, with dimensions
selected to satisfy accuracy requirements, while reinforcement bars and embedded
GEFRP profiles are modeled as axial elements subjected to tension or compression.

e  Shear, torsional, and shear deformation effects are neglected, and the sectional re-
sponse is governed solely by axial strains and bending curvatures.

e Time-dependent effects, such as creep and shrinkage, as well as temperature effects,
are not considered in the present analysis.

e When concrete reaches the maximum tensile stress, concrete does not fall directly to
zero but exhibits a gradual reduction in stress with increasing strain as the applied
load continues to increase.

e The uncracked concrete region located between two adjacent cracks is considered an
effective section in the strain calculation throughout all loading stages up to failure.

e  The tensile zone of concrete is not fully neglected after cracking; instead, it is par-
tially retained within the cracked tensile region defined by the crack-tip influence
zone.

2.2. Stress—Strain Model

The constitutive model proposed by Karpenko et al. [38—40] is adopted in this study
to represent the nonlinear stress—strain behavior of concrete and steel reinforcement, as
illustrated in Figure 1. In addition to its theoretical formulation, this model has been
previously evaluated and validated against experimental data and alternative constitu-
tive relationships in earlier studies [41,42]. In this model, the material stress is expressed

asi
Om = EmEmvm 1
where E, v, denotes the secant modulus of elasticity corresponding to the current

stress—strain state. The coefficient v,, is equal to unity in the linear-elastic range and
takes values less than unity in the nonlinear portion of the stress—strain curve.

For the nonlinear regime, Karpenko et al.‘ derived the following quadratic expres-

sion for the coefficient v,,:

€2m (Va - ﬁm)z grzn ~ gm (Vo - ﬁm)z 2 €2m ﬁm,el
——| =V 20, — eym —

17%1 (1 - &m,el)z ﬁm (1 - 6m,el) 1- ﬁm,el

eim 6 €rm GF @
+ ﬁzn _ (Uo _ﬁm)z 1+ im ~m,el _ 2m m,el2 =0
1- Om.el (1 - 5m,el)
with the following definitions (Figure 1):
~ 6m ~ Em ~ Om,el
Op=——" En=I|—| & =|—, eam=1—e 3
m |gm| Em m gm m.el o_m 2m im ( )

where the subscript m denotes the material type. Here, 6,, and &, represent the ulti-
mate stress and the corresponding strain of the material, respectively; E,, is the initial
modulus of elasticity; #,, is the value of v, at the ultimate stress; &, is the current
material strain; o,,,; is the maximum elastic stress; and e;,, e, and v, are materi-
al-dependent parameters defined in detail by Karpenko et al. [38—40].

The value of v, is obtained by solving Equation (2) and selecting the larger of the
two real roots. This procedure ensures a continuous and stable representation of the
material nonlinearity throughout the loading process.

In contrast to concrete and steel, the tensile and compressive behavior of the GFRP
reinforcement is assumed to be linearly elastic up to failure.
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The adopted constitutive model enables a unified treatment of concrete cracking,
post-cracking tension stiffening, and nonlinear compression behavior within the sec-
tional analysis framework.
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tFigure m Stress—strain diagram of: (a) concrete, (b) steel.

2.3. Force Vector-Strain Vector Model

In order to analyze structural concrete members represented as linear bar elements,
a force vector—strain vector formulation using MATLAB is employed. This formulation is
based on the concept of secant sectional stiffness and represents a modified version of the
original methodology proposed by Oukaili [34].

In the present study, the proposed formulation extends the original sectional analy-
sis framework to accommodate multiple cross-sectional geometries (rectangular and
circular sections) and hybrid reinforcement systems, including steel bars, GFRP bars, and
embedded GFRP I-sections within a unified computational scheme. In addition, the
MATLAB implementation enables a more modular and extensible structure for stress—
strain iteration procedures, allowing consistent treatment of heterogeneous reinforce-
ment contributions under nonlinear sectional equilibrium conditions.

These extensions, together with the generalized treatment of reinforcement config-
urations as presented in Equations (4)—(12), constitute the main methodological ad-
vancement beyond the original FORTRAN-based model.

In this investigation, the principal modification introduced is that embedded GFRP
profile sections are considered as independent sectional components within the
cross-section of the beams (see Figure 2). The embedded GFRP profiles are discretized
and included in the sectional equilibrium equations, in a similar manner to concrete fi-
bers and steel reinforcing bars, enabling their axial stiffness to be included directly in the
force-strain relationship.

Material nonlinearity of concrete and steel is captured through strain-dependent
secant moduli, while the GFRP profiles are modeled as linear-elastic elements within
their working strain range. Owing to the nonlinear behavior of the section, the solution of
the governing equations requires an iterative numerical procedure.
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@ Steel or GFRP bar
T GFRP Profile
Y i‘: Concrete

Figure 2.‘ General sectional shape with positive sign conventions.

By adopting the Karpenko constitutive model and enforcing equilibrium conditions
at the cross-section level, the following expressions for the sectional axial force and
bending moments can be obtained:

i=r J=p k=q
N =Z£ci Ecvg Aci+zgsj Es VsjAsj+Z£fk Ef Afk 4)
i=1 j=1 k=1
i=r j=p k=q
Mx = Eci Ec Vei AciYci"'ZSsj Es Vsj Asj YSj+Z€kaf Afk yfk (5)
i=1 j=1 k=1
i=r Jj=p k=q
M, = Z g Ec vy Agi X + Z &j Es vgj Agj xg5 + Z &k Er Asi Yrre (6)
i=1 j=1 k=1

where N, M,, M, denote the axial force and bending moments about the x — and
y —axes, respectively. Subscripts i,j,and k refer to concrete fibers, steel reinforcement
bars, and GFRP elements, respectively. The remaining symbols denote material strains
(g), moduli of elasticity (E), secant modulus factors (v), element areas (4), and distances
of element centroids from the global reference axes (x,y). The parameters r,p,q repre-
sent the numbers of concrete, steel, and GFRP elements in the cross-section.

Based on the plane-sections assumption, the strain in each cross-sectional compo-
nent is expressed in terms of the strain vector as

Eci = & t Ky Vei + Ky Xci (7)
Esj =80+nysj+nysj (8)
& = €0 + Ky Yrir + Ky xpc )

where ¢, is the axial strain at the reference axis, and k, and k, are the curvatures
about the x — and y —axes, respectively.
Substituting Equations (7)—(9) into Equations (4)—(6) yields
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i=r j=p
N = Z(so + Ky Ve H Ky xa-) E v, Ay + Z(eo + Ky Ysj T Ky xsj) Es vg; Asj
=t k=q =t (10)
+ Z(‘go + Kx Yfk + nyfk) EfAfk
k=1
i=r j=p
Mx = (50 + Kx Vei + Ky xci) Ec Vei Aci Yei + Z(EO + Ky ysj + Ky xsj) Es Usj Asjysj
i=1 j=1
k=q (11)
+ Z(EG + Kx Vrk + nyfk) EfAfk Yk
k=1
i=r Jj=p
M, = Z(go t Ky Yei t Ky xci) E v Agixe + Z(Eo t Ky Ysj T Ky xsj) Es vgj Agjxg;
i=1 j=1
k=q (12)
+ Z(sa + Ky Vi + Ky xfk) Ef Apy xpyc
k=1

By decomposing the above equations and arranging them in matrix form, the rela-
tionship between the force vector {F}, the strain vector {&}, and the secant stiffness ma-
trix [C] can be expressed as follows:

{F}=1[c]1{&} (13)
or explicitly,
N Cll ClZ C13 Eo
My = [621 Caz Cz3] {KX] (14)
My C31 632 C33 Ky
where the elements of the secant stiffness matrix are defined as
i=r j=p k=q
it =ZECU”-A“-+ZES vy, Ay +ZEf An (15)
i=1 j=1 k=1
i=r Jj=p k=q
Ciz =Cy = Z Ec v A Yei + Z Esvgj Agj ysj + Z Ef Apy yrie (16)
i=1 j=1 k=1
i=r j=p k=
Ci3 =03 = Z E v Agi Xei + Z Es vgj Agjxsj + Z Ef Agj xpyc (17)
i=1 j=1 k=1
i=r j=p k=q
CZZ :ZEcUciAci yc2i+zEs UsjAsjYSZj +ZEfAfkyf2k (18)
i=1 =1 k=1
i=r j=p k=q
Cpi3=C3= ) Ecvi AciYeixei + Z Esvg; Agj ysj xsj + Z Ef A yer xpe (19)
i=1 j=1 k=1
i=r Jj=p k=q
Cis = ) BeveAaxiit ) Eo vy A3+ ) By Apcche 20)
i=1 j=1 k=1

Equation (14) is nonlinear due to the strain-dependent secant stiffness matrix and
therefore requires an iterative solution. The strain vector can be obtained as

{e} = [c({eD] {F} @0
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When performing the first iteration, n = 1, to define the updated strain vector, an
initial strain vector value is set to zero so that an initial evaluation of the secant stiffness
matrix can be completed. From here on (n > 1), the stiffness matrix is updated by using
the strain vector from the previous iteration (n — 1) to create the following recursive
formula:

{8 = [C{&-D] " {F} (22)
The iterative process is repeated until convergence of the strain vector is achieved
according to the following criterion:

(el — {&hall <6 (23)

where § is a prescribed convergence tolerance. The flow chart of the iterative procedure
is shown in Figure 3. Owing to the use of secant stiffness, the proposed procedure is
straightforward to implement and provides stable and accurate numerical solutions for
the nonlinear flexural response.

Additionally, based on a numerical model, the bisection method was employed to
determine the ultimate load. In this method, the external load was applied incrementally,
a series of iterations was performed with each increment to determine the strain in all
materials (such as concrete or steel), and it was compared with the ultimate strain of the
materials. If the strain results were less than the ultimate strain of the materials, the ad-
ditional load increment was added, and the strain vectors were updated. Conversely, if
the strain results were greater than the ultimate strain, the load decreased.

The iterative process is repeated until convergence of the force vector is achieved
according to the following criterion:

”Fn - Fn—l” <é§ (24)

where F, is the external load vector of the present iteration, F,_; is the external load
vector of the previous iteration; § is a prescribed convergence tolerance. It is worth
mentioning that the same method was employed to determine the cracking load and
yield load.

The numerical formulation can include longitudinal GFRP reinforcement bars in
addition to conventional steel bars (Equations (7)-(12) and (15)—(20)). The GFRP bars can
be either part of a hybrid reinforcement system (steel + GFRP) or they can be fully GFRP
bars. For GFRP bars, their modulus of elasticity (Ef), cross-sectional area (4y), coordinates
X, ¥r, and the elasticity coefficient (v;) replace Es, A, x5, ys, and vs (where vy =1 due
to linear-elastic behavior). The embedded GFRP pultruded profile is included in the
cross-section of each model element, contributing to the calculation of sectional forc-
es/moments/stiffness and ensuring strain compatibility with the surrounding concrete
and longitudinal reinforcement bars. The model developed allows for the modeling of
sections containing steel only, GFRP only, or hybrid longitudinal reinforcement bars,
while also preserving the effects of the embedded GFRP profile in an identical manner.
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2.4. Deflection of Structural Members whether an explanation of the shapes
. . . needs to be added to the figure cap-
The deflection of structural concrete members is evaluated using the curva-

ture-based numerical integration method, consistent with the recommendations of ACI (o,

318-25 [43] and fib Model Code [44] for nonlinear structural analysis, discretizing the
member along its effective span into a finite number of cross-sections. At each discretized
location, sectional equilibrium is enforced to calculate the internal force vector, which is
transformed using the suggested analysis model into sectional strain and curvature
components through the nonlinear force-strain relationship of the composite concrete—
reinforcement section. Finally, the deflection at a specified location is obtained by ap-
plying the unit load (virtual work) method by numerically integrating the sectional cur-
vature and the corresponding bending moment induced by a unit load applied at that
location along the member’s effective span, where bending about the y-axis contributes
to deflection in the x-direction and vice versa, reflecting the standard curvature—
displacement coupling in beam theory. The deflection components in the orthogonal di-
rections are evaluated using the following expressions:
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where 8,(z),8,(2) denote the deflections in the x — and y —directions at distance z
from the member end, respectively. The subscript [ refers to the member cross-section
index, and s represents the total number of considered cross-sections along the mem-
bet’s effective span. k,; and k,, are the sectional curvatures about the x — and y —ax-
es, respectively, calculated according to the sectional analysis model proposed in this

study. The terms m,,(z),m,,(2) represent the bending moments at the h‘h] cross-section Comment [M15]: Please confirm if

resulting from a unit load applied at distance z from the member end in the y — and

o . o : superscript format in “th” should be
x — directions, respectively. The parameter A represents the numerical integration step,

. X . . } retained.
defined as the spacing between subsequent considered cross-sections along the member’s

effective span.

To ensure numerical convergence of the displacement response, a uniform discreti-
zation scheme was adopted along the member’s effective span, where a sufficient num-
ber of cross-sections were used. This approach keeps the results in line with recommen-
dations for curvature-based integration methods in nonlinear reinforced concrete analy-
sis.

3. Validation of the Numerical Model

The numerical model proposed in this study is verified through comparisons with a
selection of experimental results available in the literature. The primary objective of this
verification is to evaluate the capability of the model to accurately predict the ultimate
flexural capacity, load—deflection response, and sectional behavior of reinforced concrete
beams with embedded pultruded I-GFRP profiles. Additionally, the selected specimens
from previous studies were those that demonstrated full bond interaction between the
GFRP and concrete, with flexural failure identified as the governing failure mode, as re-
ported by the respective researchers. Consequently, the number of comparison models
was limited due to the difficulty of obtaining specimens that satisfy these specific condi-
tions and assumptions.

Several experimental studies, selected based on their relevance to the present anal-
ysis, are considered: Hadi and Yuan [29], Ibrahim et al. [32], Mahmood et al. [45], Ahmed
et al. [46], Salman and Allawi [47], and Bahlol and Al-Ahmed [48].

The test specimens consist of various parameters such as cross-section shape (i.e.,
rectangular or circular), longitudinal reinforcement material (i.e., steel bars, GFRP bars,
or pultruded GFRP I-section), and loading pattern (i.e., three-point or four-point bend-
ing), as shown in the summary in Tables 1 and 2, which show the various cross-sectional
geometries, longitudinal reinforcement configurations and the material properties of the
test specimens included in this verification testing.

The numerical verification is carried out by applying the developed MATLAB im-
plementation of the secant stiffness-based sectional model to each experimental beam.
The predicted responses are compared with the experimental data in terms of:

e  Ultimate flexural capacity, defined as the maximum load or moment attained prior
to failure;

e Load-midspan deflection response, including both pre-cracking and post-cracking
stiffness characteristics;

e  Sectional stress and strain distribution, evaluated at critical loading stages.

https://doi.org/10.3390/xxxxx



J. Compos. Sci. 2026, 10, x FOR PEER REVIEW

14 of 32

In order to achieve a meaningful and reliable comparison as part of model verifica-

tion, the experimental and numerical simulations will model the same material proper-

ties, cross-sectional dimensions and reinforcement layout. All pultruded GFRP profiles
that were tested will be specifically modeled with respect to their location and shape;
longitudinal reinforcement will be modeled based on whether it was steel-only,
GFRP-only or a hybrid type. Results obtained through the use of this approach will allow

for the evaluation of the predictive ability of the proposed numerical model under actual

test conditions, which closely replicate the experimental study design.

rl"able 1L Cross-section geometries and longitudinal reinforcement details of the composite beams.

Comment [M16]: We moved this table

to behind its first citation. Please con-

Specimen ID Dimensions (b x h) GFRP I-Profile Tension Rein-  Compression firm. Same as Table 2.
or (D) (mm) (mm) and Location forcement Reinforcement
S0.57M [29] 200 x 350 20(2:!23;;0 Steel 2016 Steel 2310 Comment [M17]: We added space
200 x 100 x 10 between x. Please check all and con-
50.57B [29] 200 x 350 Steel2 016 Steel 2 @10 i o
(30 mm below center) firm this revision.
F0.46M [29] 200 x 350 200100 10 GFRP3 Q12 Steel 2 9 10
(at center)
F0.46B [29] 200 x 350 200100 x 10 GFRP 3 @ 12 Steel 2 G 10
(30 mm below center)
150 x 100 x 10
CGC [32] 200 x 300 U Steel 2 @ 16 Steel 2 @ 10
(at center)
EGS-A [45] 200 x 300 150100 10 Steel 2016 Steel 2010
(at center)
25x4
IG-F [46] 150 50x25x Steel 3@ 6 Steel 306
(at center)
-GFRP-L-F 130 x 160 50x25x4 Steel 2 @ 10 Steel 2 @ 10
[47] (at center)
150 x 100 x 6
BCEE [48] 200 x 350 A GFRP3 08 GFRP2 08

(at center)

Table 2. Material properties of concrete, steel, and GFRP used in the composite beams.

Concrete Steel Bars GFRP Bars GFRP I-Profile
~ Tensile Compression
Ref. R B fy Eg B fr Eg 2 A - N
fc (MPa) ( Part fr g Ef fr g Ef
mm) (MPa) (GPa) GP.
(MPa) (mm) (MPa) (GPa) (MPa) (%) (GPa) (MPa) (%) (GPa)
Hadi and Yuan flange 3815 1.00 385 2142 097 26.90
[29] 318 16 5840 199.2 12 503 256 web 353 1.10 32.88 233.8 0.69 30.20
Ibrahim et al. 2450 10 407.7 200 - - - flange 355 297 195 305.18 0.145 2850
[32] ) 16 520.7 200 - - - web 340 2.5 20.1 354.17 0.322 26.64
Mahmood et al. 53.8 10 407.7 200 - - - flange 355 297 195 305.18 0.145 28.50
[45] : 16 520.7 200 - - - web 340 250 20.1 354.17 0.322 26.64
Ahm[i‘;]et A pg 6 4300 - - - - both 682 - 404 350 - 4040
Saman& Al 5, 5 10 508 - - - ~ both 650 - 404 350 - 404
lawi [47]
Bahlol & 31 - - - 8 1328 50 both 347 183 385 336 - 363

Al-Ahmed [48]

To quantify the accuracy of the numerical predictions, the relative difference be-

tween the experimental ultimate load values and those predicted, along with the relative

differences between experimental and predicted midspan deflections, kfvas calculated,|
The graphical representations of the load—deflection curves also demonstrate the model’s
capability to replicate the overall flexural behavior (including a reduction in stiffness due
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to cracking and the contribution to flexural strength achieved from the inclusion of the
embedded GFRP profile).

The present verification procedure successfully illustrates that the proposed sec-
tional modeling is able to successfully reflect the nonlinear flexural performance of rein-
forced concrete beams containing embedded GFRP profiles, thereby supporting the
subsequent discussions of the numerical results presented.

The model verification confirmed the accuracy of the numerical model that was uti-
lized in this analysis. The forthcoming section provides a detailed discussion of the flex-
ural responses that were predicted, how they can be influenced by embedded GFRP
profiles and the various types of reinforcement configurations that were used in compo-
site beams.

4. Results and Discussion
4.1. Load—Deflection Validation

The numerical and experimental results displayed in Table 3 quantitatively confirm
that the sectional numerical predictive model provides an adequate prediction of the
flexural behaviors of RC beams with embedded GFRP profiles. The ratio of numerically
predicted ultimate moments divided by the ultimate moments measured experimentally
ranges from 0.73 to 1.16, with an average of approximately 0.93, a standard deviation of
approximately 0.15, and a coefficient of variation of approximately 16%. This represents
an average percentage deviation of approximately 7%, which is acceptable for perform-
ing nonlinear sectional analyses of hybrid RC beams. Due to the wide variety of experi-
mental data available in the literature, which includes a variety of experimental config-
urations, reinforcement layouts, material properties, and loading schemes, these statisti-
cal indicators provide evidence of generally accurate predictions, but in some cases, with
a slight conservative tendency.

Specimens studied by Hadi and Yuan [29] displayed an experimental ultimate

moment in the range of 113.57 kNHm to 138.36 kN.m &ersus a numerically predicted Comment [M19]: Please check the
moment ﬁn the range of 112.70 kN.m to 135.57 kN.m; thus, the average deviation for the
data was about 5%, whereas the highest deviation of 18.5% occurred with the 50.57M
specimen.

entire paper whether dot should be

center dot (-).

The predicted ultimate moment values for the hybrid reinforcement beam types Comment [EE20]: Please check that

were slightly underestimated for type SO|~b7M and type F0-46M, whereas there was ex- the intended meaning has been re-

cellent agreement with actual values for type S0-57B and type F0-46B. These differences

tained.
could likely be explained by idealized modeling assumptions including the perfect
bonding hypothesis and homogeneous material properties, both of which affect the Comment [M21]: Please check if it
post-cracking behavior of beams with hybrid reinforcement through stiffness reductions should be appear in the same format

and redistribution of strain. in the text (dot/center dot). The fol-

Similar evidence that the numerical model slightly underestimated the ultimate

lowing highlight th b
flexural load of beams was observed and reported by Ibrahim et al. [32], Mahmood et al. OWIng WENIENIS are The same

[45], Salman and Allawi [47], and Ahmed et al. [46]. In contrast, the specimen tested by
Bahlol and Al-Ahmed [48], which depended mainly on embedded pultruded GFRP pro-
files, demonstrated slight overestimation by the proposed numerical model. Therefore,
this indicates that any overprediction of responses by the proposed model may be at-
tributed to the absence of locally induced imperfection, premature cracking, or damage
mechanisms that presented during the experimental test at the analyzed section but were
not addressed in the sectional formulation of the proposed numerical model. This be-
havior is consistent with the linear-elastic assumption of GFRP reinforcement, which
does not include stress redistributions due to local cracking, progressive damage, or
possible local instability occurring at higher deformation modes.
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Based on the test results reported by Ibrahim et al. [32] and Mahmood et al. [45], it
can be concluded that the numerical model reasonably represents the cracking and
yielding behavior; however, it underestimates the yielding and ultimate moments ex-
hibited by the EGS-A specimen. The underestimation of the yielding and ultimate mo-
ments is mainly attributed to the idealized assumptions incorporated in the numerical
model, such as the uniform material properties and the perfect bonding between com-
ponents, thus limiting its ability to account for localized micro-cracking, redistribution of
strain at the onset of yielding, and the post-cracking damage pattern observed experi-
mentally but not explicitly present in the sectional analysis. The slight underestimation of
cracking moments for the Bahlol and Al-Ahmed [48] specimens employing primarily
embedded pultruded GFRP profiles and bars was also evidenced by the numerical
model, which did not account for local variations in reinforcement or for inconsistencies
(i.e., defects and irregularities) present in the tested specimens.

The comparison between experimental and numerical load—deflection responses
demonstrates that the proposed sectional numerical model can reproduce the overall
flexural behavior of reinforced concrete beams with embedded pultruded GFRP profiles
with satisfactory accuracy. In general, the numerical predictions capture the transition
from the uncracked elastic stage to the cracked regime and reasonably represent stiffness
degradation up to ultimate load, although some differences in stiffness and deformation
capacity are observed among individual specimens. The numerical curves generally dis-
play a stiffer response (i.e., smaller deflections at equivalent load levels) compared with
experimental results, mainly due to the absence of micro-cracking effects, material het-
erogeneity, and localized damage mechanisms in the numerical model. Figure 4 shows
that the load—deflection curves for both experimental and numerical models follow a
similar trend, with close agreement in the elastic range and only minor deviations near
the yielding and ultimate stages.

For the specimens reported by Hadi and Yuan [29], the numerical model predicts a
slightly higher initial stiffness than observed experimentally. For example, in specimen
F0.46B, the numerically predicted midspan deflection at ultimate load (11.22 mm) is
substantially lower than the experimental value (24.10 mm).

This overestimation of values is based on unrealistic assumptions embedded in the
sectional formulation, including perfect bonding conditions, with no consideration of
bond-slip and distributed cracking effects. The proposed secant-stiffness sectional model
relies on full bond action between concrete, steel or GFRP bars and embedded pultruded
GFRP profiles, thereby indicating full strain compatibility and no slip at the interfaces
between components. While this reduces computational complexity and achieves stable
convergence, it excludes possible local phenomena such as debonding, micro-slip, or
partial bonding, which may develop in hybrid concrete beams with GFRP bars or pro-
files. These behavioral effects may contribute to stiffness reduction, premature cracking,
or a marginal increase in deflection compared to predictions. This assumption plays a
significant role in the minor deviations noted between numerical and experimental re-
sults, mainly during the post-cracking response. Nonetheless, for the global response, the
assumed perfect interface provides a satisfactory representation, and the model remains
effective in predicting general patterns of stiffness reduction, crack propagation, and re-
inforcement interaction. Future investigations could integrate bond-slip mechanisms to
better represent local interface behavior.

In contrast, the numerical and experimental results show strong correlations
throughout the entire loading history for specimen CGC tested by Ibrahim et al. [32]. The
numerical model predicts a maximum midspan deflection of 58.78 mm at ultimate load
compared to an experimental value of 45.00 mm. This overestimation of the experimental
results is primarily due to the idealized assumptions. Despite this, it can be concluded
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that the overall stiffness degradation and deformation progression of the specimen were
accurately predicted, indicating that both the material constitutive models and compati-

bility assumptions provided reasonable representations.
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tFigure 4. Komparison between experimental and numerical load-deflection responses for rein-

forced concrete beams with embedded GFRP profiles reported in the literature.

Good correlation was achieved between the numerical load—deflection responses of
the proposed model and the experimental data reported by Mahmood et al. [45] for
specimen EGS-A. The numerical response is almost stiffer than the experimental re-
sponse, resulting in an estimated midspan deflection of 37.01 mm compared to the ex-
perimental value of 48.68 mm. It is likely that the difference can be attributed to complex
cracking patterns and localized damage, as well as to stiffness degradation processes that
are not explicitly modeled using a section-wise approach.

The numerical models for specimens IG-F [46] and I-GFRP-L-F [47] with GFRP re-
inforcement and embedded GFRP profiles tend to predict somewhat more flexible be-
havior at serviceability levels than actual observed responses; however, the respective
numerical predictions had generally good overall correlation with the experimental
curves. This fact reflects the linear—elastic representation of material response adopted
for GFRP reinforcement, which does not account for progressive damage or local insta-
bility mechanics, which may contribute to stiffness loss at increased levels of defor-
mation.

For specimen BCEE, investigated experimentally by Bahlol and al-Ahmed [48], the
numerical model demonstrates a stiffer behavior than the experimental response, with a
greater ultimate deflection value. This overestimation may be attributed to premature
cracking, possible experimental defects and irregularities, or failure mechanisms that
were not represented in the idealized sectional formulation.

Although there were some discrepancies in stiffness and deformation capacity
measurements —particularly at later stages of loading —the numerical model represents
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in a consistent manner the overall global shape of the load—-deflection curves and accu-
rately reproduces behavioral stages of the tested specimens. These findings indicate that
the proposed sectional model based on initial and subsequent secant stiffness is a viable
method for predicting the nonlinear flexural behavior of reinforced concrete beams with
embedded GFRP profiles over a wide range of experimental conditions, including vari-
ous reinforcement configurations.

It should be noted, however, that the numerical formulation assumes a perfect bond
between concrete and internal reinforcement, including steel bars, GFRP bars, and the
embedded GFRP profile. This assumption represents a simplification of actual behavior,
as bond-slip effects, interface degradation, and localized debonding may develop under
increasing load, particularly after cracking. In practice, such mechanisms can contribute
to additional stiffness degradation and increased deflections, which are not explicitly
captured in the present sectional approach. Nevertheless, for the purpose of predicting
the global flexural response, the perfect bond assumption provides a reasonable ap-
proximation while maintaining computational efficiency.

Table 3. Comparison between the experimental and numerical results.

Cracking Mo-  Yield Moment . Midspan Deflection
Specimen ID _ ment (kN.m) (kN.m) Ultimate Moment (kN.m) (mm)

Exp. Num. Exp. Num. Exp. Num. Num.Exp. Exp. Num.

Num. Failure
Mode

Yielding of tensile

SO57M[29] - 13.66 10486 89.77 13836 11270  0.81 36.6 9.04
steel bars
Yielding of tensil
S057B[29] - 1366 10519 9947 134 13557  1.01 32.1 gsg o ccmeorensie
steel bars
FO46M[29] - 1241 - 9388 11960 113.69  0.95 29 2455 Cr“Shl?ft;ncon_
F0.46B[29] - 12,51 - 10435 11357 11474  1.01 241 11.22 Crus}‘l’;‘egt;“con'
CGC[32] 1436 1046 8264 6044 10122 9782 097 45 s87g  Yielding of tensile
steel bars
Yielding of tensile
EGS-A[45] 1356 1484 10193 63.57 13856 10061  0.73 4868 3701
steel bars
IG-F[46] - 1.51 - 283 669 644 0.96 1186  79g  Vieldingof tensile
steel bars
FGERPLAE 1.74 - 874 1415 1141 081 12 2536  Yielding of tensile
[47] steel bars
BCEE[48] 18 1437 - - 6570 7650 116 45 4125 Cms}‘:egt;n con
Average 0.93
Standard of deviation (a) 0.0156
Coefficient of variation (COV) 0.0167
Mean Absolute Error (MAE) 9.94
Root Mean Square Error
15.
(RMSE) >89
Mean Absolute Percentage Error
10.669
(MAPE) 0.66%
Coefficient of determination (R2) 0.918

4.2. Numerical Stresses of Concrete and Reinforcement

The proposed numerical methodology employed in this study is capable of pre-
dicting the stress response of concrete and all types of reinforcement (steel bar and
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I-GFRP profiles) at all loading levels. Figure 5 demonstrates the stress distribution in each

concrete cell across all cross-sections at the failure stage, as well as the complete stress

response of the tension and compression reinforcement throughout the loading history

up to failure. As shown in the Lfigure,

the stresses generated in the bottom flange of the

I-GFRP profile are lower than those developed in both types of tension reinforcement
(steel bars or GFRP bars) for all investigated specimens, except for the I-GF beam. In ad-

dition, the concrete stresses reached approximately the designed compressive strength

for all specimens.
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tFigure 5.‘ Distribution of concrete stress at failure stage and stress of reinforcement during loading.

4.3. Parametric Analysis

Using the proposed numerical model, the ultimate flexural capacity and corre-
sponding deflection of composite beams incorporating embedded GFRP profiles with
either mild steel or GFRP bars can be evaluated. For the parametric analysis, the compo-
site beam (CGC) tested by Ibrahim et al. [32] was selected as the reference specimen. This
beam had a cross-section of !200 x 300 mmL with an embedded GFRP profile placed at the
centroidal axis and two b16‘ mm mild steel bars in the tension zone. Based on this refer-
ence configuration, the effects of key parameters—including reinforcement ratio (0.731%
and 1.097%), type of reinforcement (steel or GFRP bars), position of the GFRP profile
(offsets of 15 mm, 30 mm and 40 mm from the center), concrete compressive strength (f,)
(from 20 to 40 MPa), and the rotation of the I-GFRP profile (rotated by 90° in three dif-
ferent configurations)—are investigated and discussed in the following sections. These
ranges of parameters were selected to ensure practical relevance and to maintain con-
sistency with realistic structural configurations encountered in engineering applications.

4.3.1. Effect of Longitudinal Reinforcement Ratio and Type

In this study, in the second case, the two @16 mm mild steel bars with a 0.731% re-
inforcement ratio of the composite CGC (the first case) were replaced by three @16 mm
mild steel bars with a 1.097% reinforcement ratio. In addition, in the third and fourth
cases, the steel tension reinforcement was replaced by GFRP bars while keeping the same
reinforcement ratios of 0.731% and 1.097%, respectively.

As shown in Figure 6, increasing the longitudinal reinforcement ratio led to an in-
crease in load capacity and a reduction in midspan deflection for both steel- and
GFRP-reinforced beams due to greater ability to resist tensile stress developed after con-
crete cracking. Since concrete possesses limited tensile strength, the reinforcement be-
comes the primary load-resisting component in the tension zone once cracking occurs.
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Conversely, when the reinforcement type was changed from steel to GFRP at the vide the combined image instead of

same reinforcement ratio, a reduction in load capacity accompanied by an increase in editable pieces in the figure.

midspan deflection was observed. This behavior is attributed to the lower modulus of
elasticity of GFRP compared with that of steel. At the ultimate stage, increasing the ten-
sion reinforcement from two to three bars resulted in an increase in ultimate load of
7.07% and 6.74% for steel and GFRP reinforcement, respectively, while the corresponding
ultimate deflection decreased by 43.94% and 2.97%.

Moreover, replacing steel reinforcement with GFRP bars led to a reduction in ulti-
mate load of up to 5.82% and 6.11% for beams reinforced with two and three bars, re-
spectively. In contrast, the maximum midspan deflection increased by 39.51% and
141.45% for the same cases.

Overall, Figure 6 indicates that the longitudinal reinforcement ratio is the most in-
fluential parameter governing both load capacity and deflection of composite beams
under static loading.

4.3.2. Effect of I-GFRP Profile Position

In this study, the embedded I-GFRP profile was positioned at four different loca-
tions within the cross-section: three positions below the centroidal axis and three above
it. Vertical offsets of 15 mm, 30 mm and 40 mm from the center of the cross-section were
considered to represent these locations. Figure 7 illustrates the influence of the I-GFRP
profile position on the load and deflection response of the composite beam.
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(CGQ).

As shown in Figure 7, relocating the I-GFRP profile away from the centroidal ax-
is—either upward or downward —significantly affects both the ultimate load and de-
formation capacity of the beam. The direction and magnitude of these changes depend on
the type and ratio of longitudinal reinforcement as well as the distance of the I-GFRP
profile from the center.

The numerical results indicated that shifting the I-GFRP profile downward by 40
mm to align it with the longitudinal steel reinforcement resulted in a decrease of 3.16%
and 3.55% in the ultimate load capacity of beams reinforced with two and three steel
tension bars, respectively. The corresponding reductions in the ultimate deflection were
41.61% and 58.69%. Similarly, beams reinforced with two and three GFRP tension bars
exhibited decreases in ultimate load of 10.03% and 8.89%, respectively, accompanied by
reductions in ultimate deflection of 52.89% and 49.05%. These trends confirm the ex-
perimental findings documented by Hadi and Yuan [29].

In contrast, the ultimate load increased by 3.93% and 9.15% for beams reinforced
with two and three steel tension bars, respectively, when the I-GFRP profile was relo-
cated 40 mm upward from the center of the cross-section. The corresponding increases in
ultimate deflection were 14.11% and 57.39%. The ultimate load for the beam reinforced
with three GFRP tension bars increased by 4.98% when the I-GFRP profile was moved
from the center of the cross-section to 40 mm above, while the ultimate deflection de-
creased by 2.68%. Conversely, the beam reinforced with two GFRP tension bars experi-
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enced reductions of approximately 6.53% in ultimate load and 12.95% in ultimate deflec-
tion.

The position of the I-GFRP profile at an optimal depth increases the internal lever
arm between the tension and compression force, thereby enhancing the flexural re-
sistance of the beam. However, placing the I-GFRP profile away from the critical tension

region Lreduces its structural contribution and improves the beam capacityl. Comment [EE30]: Please check that

In summary, the results suggest that the placement of the embedded I-GFRP profile the intended meaning has been re-

plays an important role in the flexural behavior of composite beams, yet it is strongly in-

fluenced by the type and ratio of longitudinal reinforcement, highlighting the need to tained.

account for these variables concurrently in the analysis and design of such beams.

4.3.3. Effect of Concrete Compressive Strength

Using five concrete compressive strength levels (20, 25, 30, 35, and 40 MPa), the in-
fluence of concrete compressive strength on the bending behavior of composite beams
incorporating embedded GFRP profiles was evaluated. The analysis included beams re-
inforced with two and three longitudinal tension bars of either steel or GFRP while
maintaining identical geometric configurations and reinforcement details across all
specimens.

As indicated in Figure 8, increasing the concrete compressive strength from 20 to 40
MPa resulted in a marginal decrease in ultimate load for all composite beams; however, it
also resulted in a significant decrease in midspan deflection. The maximum decreases in
ultimate load were 2.13%, 2.03%, 1.76%, and 2.32% for composite beams reinforced with
two steel, three steel, two GFRP, and three GFRP tension bars. On the contrary, the cor-
responding decreases in ultimate midspan deflection were substantially greater, reaching
39.63%, 42.06%, 16.46%, and 17.03%.

The observed behavior can be explained by the fact that the composite beams are
tension-controlled, with failure occurring primarily due to the response of the longitu-
dinal reinforcement and its interaction with the embedded GFRP profile rather than
concrete crushing. With an increase in concrete compressive strength, the compression
zone becomes more concentrated, resulting in a reduction in its depth and a slight in-
crease in the internal lever arm. Nevertheless, since the tensile force in the steel or GFRP
reinforcement is controlled by its mechanical properties and strain compatibility, it does
not increase proportionally with concrete compressive strength. As a result, the ultimate
flexural capacity exhibits minimal variation or a marginal decrease.

On the other hand, the increase in concrete compressive strength significantly en-
hances the sectional stiffness, delays crack propagation, and limits strain development,
resulting in a substantial reduction in deflection at advanced loading stages. Further-
more, for a given concrete strength, increasing the longitudinal reinforcement ratio con-
sistently improves the ultimate load and reduces the midspan deflection for both steel-
and GFRP-reinforced composite beams, as illustrated in Figure 8.

Overall, the results indicate that, for composite beams with embedded GFRP pro-
files, concrete compressive strength plays a secondary role in determining ultimate flex-
ural capacity, while it has a dominant influence on stiffness and deformation behavior.
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within the tension zone at the same level as the longitudinal tension reinforcement. Fi-
nally, in the third configuration, the I-GFRP profile was positioned within the compres-
sion zone at the same level as the longitudinal compression reinforcement. The effects on
ultimate load, deflection, and ductility are analyzed using the proposed numerical
methodology.

The I-GFRP-L-F beam was selected for this investigation because it is the only
specimen among the beams under consideration that incorporates a second geometric
dimension capable of accommodating the I-GFRP profile.
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When the I-GFRP profile is rotated within the tension zone of the beam, the beam vide the combined image instead of
exhibits an increase in ultimate load of 39.13% and a marginal increase in ultimate de- editable pieces in the figure.

flection of only 2.16%. Conversely, when the I-GFRP profile is rotated within the com-
pressive zone of the section, the beam shows an ultimate load reduction of 24.23% and an
ultimate deflection reduction of 8.08%. The redistribution of internal stresses in the
I-GFRP profile contributes to this behavior: when the I-GFRP profile is located at the
centroid, greater deformation occurs before yielding of the reinforcement, enhancing
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ductility. Conversely, positioning the profile within the tension zone increases the effec-
tive tensile stiffness of the beam, allowing for a higher ultimate load while limiting fur-
ther deflection beyond the ultimate load.

Moreover, the numerical results show that rotating the I-GFRP profile within the
tension and compression zones of the beam’s cross-section, at the same level as the rein-
forcement, reduces the ultimate load by approximately 13.62% and 8.25%, respectively,
compared with the traditional embedding of the profile. The corresponding reductions in
ultimate deflection are 5.1% for the tension zone and 4.36% for the compression zone.

Overall, rotating the I-GFRP profile to the centroid enhances beam ductility, while
rotation within the tension zone primarily improves ultimate load capacity.

5. Conclusions

The present study was conducted to evaluate the proposed numerical model to
predict the flexural behavior of hybrid RC beams with embedded GFRP profiles under
monotonic static loading with different cross-sections, such as rectangular and circular.
The main conclusions are as follows:

e  The comparison between experimental and numerical results showed good agree-
ment in predicting the structural response of the tested beams. The average ratio of
the numerical ultimate moment to the experimental ultimate moment was ap-
proximately 0.93, with a standard deviation of 0.15 and a coefficient of variation of
16%.

e  The load-deflection behavior and the key stages of the structural response, includ-
ing cracking, yielding, and ultimate capacity, were accurately captured by the pro-
posed numerical model.

e  Minor discrepancies between the numerical model and the actual behavior were
primarily attributed to idealized material properties and modeling assumptions, in-
cluding the perfect bond between concrete and GFRP and the absence of localized
imperfections.

e The results verify that the numerical model proposed in this study is a reliable and
efficient tool for predicting strength, stiffness, and deformation characteristics of
hybrid RC beams with embedded GFRP sections under flexural loading.

e The successful predictive capacity of this model supports its use in future parametric
studies and design applications, as well as in structural analysis and optimization.

e The most significant numerical parameter influencing the load and deflection of the
hybrid beam under static loading is the longitudinal reinforcement ratio. Increasing
the tension reinforcement from two to three bars resulted in an increase in the ulti-
mate load of 7.07% and 6.74% for steel and GFRP reinforcement, respectively.
Meanwhile, the corresponding ultimate deflection decreased by 43.94% and 2.97%,
respectively.

e The ultimate load of the hybrid beam decreased when the I-GFRP profile was posi-
tioned 15, 30, and 40 mm below the centroid of the cross-section and increased when
it was placed above the centroid. The maximum reduction in numerical ultimate
load was 10.03% for beams reinforced with two GFRP tension bars, while the
maximum increase was 9.15% for beams reinforced with three steel tension bars.
These results were recorded when the I-GFRP profile was shifted downward and
upward by 40 mm, respectively, to align with the longitudinal steel reinforcement.

e The hybrid beam with two or three steel or GFRP bars reinforcement experienced a
slight reduction in ultimate load as the concrete compressive strength increased,
while a significant decrease in deflection was observed. Therefore, the results indi-
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cate that concrete compressive strength plays a secondary role in determining the
ultimate flexural capacity.

e The numerical parametric results indicated that rotating the I-GFRP profile by 90°
about the centroid enhances the beam ductility, whereas rotation within the tension
zone primarily improves hhe‘ ultimate load capacity.
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