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Abstract

By simulating a three-point bending loading process, the failure modes, load-deflection curves, flexural stiffness, ultimate bearing capacity,
and crack propagation modes of each model are compared and analyzed. Simulation results show that the reinforced concrete beam model
(Steel-RC) exhibits typical elastoplastic behavior, ultimately resulting in ductile failure due to steel bar yielding (P, = 56,0 kN,
8y =~ 40,0 mm). All FRP-reinforced beam models adopted an over-reinforced design, and the final failure mode was the crushing
of the concrete in the compression zone, exhibiting brittle failure characteristics. The mechanical properties of different FRP reinforcement
materials, especially the elastic modulus, play a decisive role in the bending performance of beams: the CFRP reinforced beam model
(Ef = 124,2 GPa) has the highest bending stiffness and ultimate bearing capacity (P, ~ 125,0 kN) and the lowest ultimate deflection
(64 = 30,0 mm); among all FRP reinforced beams, the GFRP reinforced beam model (E¢ = 45,0 GPa) has the lowest post-cracking stiffness
and ultimate bearing capacity (P, = 82,5 kN), and the largest ultimate deflection (Au ~ 40,0 mm); the performance of the AFRP reinforced
beam model (Ef = 50,1 GPa) is between the two (P, = 86,4 kN, Au = 35,0 mm). This study confirms the effectiveness of the finite element
method in simulating the stress behavior of FRP-reinforced concrete beams. The results quantify the key differences in flexural properties among
different FRP reinforcement materials, providing an important numerical basis and design reference for the engineering community to rationally select
FRP materials based on structural performance requirements (strength control or stiffness control) when facing durability challenges.
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CPABHUTENBHOE UCCNEAOBAHUE 3®®EKTUBHOCTU U3rMBA. YUCENBHOE MOAENNPOBAHUE PA3NUYHBIX
TUMNOB FRP XENE3OBETOHHbIX BAITOK HA OCHOBE ANSYS

Mo Lisiub, A. B. Typ

Pedepar

Utobbl cUCTEMATUYECKU CPaBHUTb PasniymMsi B M3rMOOYHbIX XapaKTepUCTUKAX Pa3NUuYHbIX TUMOB kKene3ob6eTOHHbIX Ganok M3 BONMOKOHHO-
apMupoBaHHbIX nonumepoB (PPM), B HacTosLei CTaTbe YCTAHOBMEHbI YETbIPE YTOYHEHHbIE TPEXMEPHbIE HENMWHEeNHbIE LMGpPOBbIE MoAenu
C UCNONb30BaHNEM KpynHOMaclUTabHOro MporpamMMHOr0 0becreyeHUst KOHEYHbIX anemeHToB oblero HasHadeHuss ANSYS. B atux mopensix
1CNonb3ylTCs 00bIYHbIE CTarbHble NPYTKM, NPYTKW W3 MONMMMEpa, apMUpPOBaHHOro cTeknoBornokHoM (GFRP), npyTku 13 nonumepa, apMnpoBaHHOro
apamuaHbiM BonokHom (AFRP), n npyTku u3 nonumepa, apMuMpoBaHHOrO yrnepopHbiM BonokHoM (CFRP) B kauecTBe OCHOBHOTO apMupOBaHus
Ha pacTsHKEHME, MOALEPKMNBAS MOMHYI0 KOHCUCTEHLMIO B TEOMETPUYECKMX pasmepaX, MPOYHOCTH 6ETOHa M COOTHOLLEHNW apmupoBaHus (p = 0,56 %).
Mopgenupys TpexToueuHbIit NPOLECC 3arpy3ku 13rnba, CPaBHWBAKOTCS M aHaNM3NPYIOTCA PEXUMbI COOS, KPUBbIE OTKIOHEHUS! Harpysku, KecTKoCTb
n3rmba, KoHeyHas Hecyluast CnocoBHOCTb W PEXWMbI PacmpoCTpaHEeHUs TPELLUMH Kaxaon mMoaenu. PesynbTaThl MOLENMpOBaHWS NOKa3biBaloT, YTO
Mozenb xene3o6eToHHbIX 6anok (Steel-RC) neMOHCTpUpyeT TMNMYHOE 3NacToONNacTMYecKkoe NOBEAEHME, B KOHEYHOM CYeTe, NpUBOAsLLEe K rTMbKkomy
0TKa3y u3-3a nogaun ctanbHoit wraHmm (Pu = 56,0 kN, 6u = 40,0 mm). Bce mopenu xene3obeToHHbIx Ganok 13 OPIT npuHANM KOHCTPYKL IO,
4pe3MepHO apMMPOBaHHYI0, 1 OKOHYATENbHBIM PEXMMOM OTKa3a bbino ApobneHne 6eToHa B 30He CxaTws, [EMOHCTPUPYS XPYNKUE XapakTepucTUku
oTka3a. MexaHuyeckue CBOWCTBA pasnuyHbIX apmupytowmx matepuanos u3 ®PM, ocobeHHO Moaynb 3MacTUYHOCTW, WrPaloT PeLlatollylo porb
B MPOM3BOAUTENBHOCTU M3rnba Ganok: mopenb xene3obeToHHbix Ganok u3 XOPIM (Ef = 124,2 GPa) nmeeT camyto BbICOKYH XeCTKOCTb u3runba
11 KOHEYHYI0 HecyLyto crocobHocTb (Pu = 125,0 kN); cpeau Bcex ycuneHHbix 6ankos u3 FRP mogens yeunerHoro 6anka u3 GFRP (Ef = 45,0 GPa)
VIMEET CaMyH0 HU3KYH0 MOCTTPELUMHOBYHO KECTKOCTb W KOHEYHYIO HecyLyo cnocobHocTb (Pu = 82,5 kN), a Takke Hanbonbluee KOHEYHOe OTKMOHeHWe
(Au = 40,0 mm); npou3BoaMTENLHOCTL MoAenK ycunenHoro nyda AFRP (Ef = 50,1 GPa) Haxogutcs mexay asyms (Pu = 86,4 kN, Au = 35,0 mm).
OT0 uccnenoBaHue noaTBepkaaeT IPPEKTUBHOCTL METOAA KOHEYHBIX SNIEMEHTOB B MOAENMPOBAHMM HANPSHKEHHOTO noBeaeHus FRP-apmMmupoBaHHbIX
OeToHHbIX Ganok. PesynbTaThl KONMMYECTBEHHO OMPESENnstoT KM4YeBble Pasnuuus B CBOWCTBAX M3ruba Mexamy pasnuyHbIMKA apMUPYOLLMMA
matepuanamu u3 OPT1, obecneunBas BaxHyK LMDPOBYH OCHOBY W KOHCTPYKLIMOHHYK) CCbISIKY AN MHXEHEPHOrO COOBLLECTBa AN paLMoHanbHOro
Bbibopa MaTepuanoB w3 QP Ha ocHoBe TpeOOBaHWIA K CTPYKTYPHbIM XapakTepUcTMKaM (KOHTPOMb MPOYHOCTM MMM KOHTPONb KECTKOCTM)
npy CTONKHOBEHUM C NpobnemMamu JONroBEYHOCTH.

KnioyeBble cnoBa: apmupoBka FRP, 6eToHHas 6anka, npou3BoauTensHOCTb 13rnba, LmdpoBoe MOAENMPOBAHNE, KpUBast OTKIIOHEHUS HArpy3Ky,
SOLID65, Ynnbsam — BapeHke.

1Introduction sion of chloride ions (CI") or carbonization of concrete can damage the

1.1 Durability Challenges of Reinforced Concrete Structures

Reinforced concrete (RC) structures, with their excellent load-bearing
capacity, good integrity, and economy, have been the most widely used
structural form in global civil engineering for over a century. However, as
many infrastructure projects enter their mid-to-late service stages, the
durability issues of traditional reinforced concrete structures have become
increasingly prominent, posing a key bottleneck to structural safety and
service life. Under corrosive conditions such as marine environments, de-
icing salt environments in cold regions, and industrial pollution, the intru-

passivation film on the surface of the reinforcing steel, inducing corrosion.

Reinforcing steel corrosion is an electrochemical process, and its
products (rust) can expand to 2 to 6 times the volume of the original rein-
forcing steel. This expansion stress causes the concrete cover to crack
and peel off, further accelerating the intrusion of corrosive media, creating
a vicious cycle. Reinforcing steel corrosion not only directly reduces the
effective cross-sectional area of the reinforcing steel and deteriorates
its mechanical properties, but also severely weakens the bond between
the steel and concrete, ultimately leading to a significant decrease

Civil and Environmental Engineering
https://doi.org/10.36773/1818-1112-2025-138-3-45-52

45



Vestnik of Brest State Technical University. 2025. No. 3 (138)

in the structural load-bearing capacity and even brittle failure. Statistics
show that the economic losses caused by steel corrosion in structural
repair, reinforcement, and replacement are enormous, posing a serious
challenge to social resources and environmental sustainability (Yashin,
2025). Therefore, finding alternative materials that can fundamentally
solve the corrosion problem has become a research hotspot and urgent
need in the field of structural engineering.

1.2 FRP Reinforcement as a High-Performance Alternative

To address the durability shortcomings of traditional steel reinforce-
ment, fiber-reinforced polymer (FRP) composites, possessing both high
strength and excellent corrosion resistance, have emerged (Li et al.,
2025). FRP reinforcement is typically composed of high-performance
fibers (such as glass fiber, carbon fiber, and aramid fiber) combined with
a resin matrix, offering a range of advantages including lightweight, high
strength, corrosion resistance, fatigue resistance, and electromagnetic
insulation (Li et al., 2025).

The most prominent advantage of FRP reinforcement lies in its
chemical inertness. In harsh chemical environments such as chloride
salts, acids, and alkalis, FRP materials exhibit extremely strong re-
sistance and do not undergo electrochemical corrosion similar to that of
steel reinforcement (Zhao et al., 2025). This characteristic makes it an
ideal alternative to steel reinforcement and a solution to corrosion prob-
lems, particularly suitable for offshore platforms, cross-sea bridges,
chemical plants, and cold-region infrastructure exposed to de-icing salts
(Sbahieh et al., 2022).

Furthermore, the application of FRP demonstrates significant eco-
nomic and environmental benefits throughout the entire life cycle of the
structure. Although the initial procurement cost of FRP reinforcement is
higher than that of ordinary steel bars, numerous studies have shown that
FRP structures can significantly reduce the frequency of inspection,
maintenance, and reinforcement during the service life of a structure
(Sbahieh et al., 2023). A life-cycle cost (LCC) and life-cycle assessment
(LCA) analysis of a large GFRP-RC flood control channel in Saudi Arabia
shows that the GFRP-RC solution has significant economic and environ-
mental advantages over a 100-year design life compared to epoxy-coated
steel reinforcement (ECS). This combined benefit of an ultra-long service
life and extremely low maintenance requirements makes FRP an im-
portant approach to achieving sustainable infrastructure construction.

1.3 Differences in Mechanical Properties and Serviceability Challenges

Although FRP (Fiber Reinforced Plastic) offers significant ad-
vantages in durability, its mechanical behavior differs fundamentally from
that of traditional steel reinforcement. Therefore, in structural design, FRP
bars cannot be simply considered a one-to-one replacement for steel
reinforcement. In particular, the difference in their stress-strain constitu-
tive relations directly determines the structural performance and failure
mode of the member.

Firstly, regarding ductility and brittleness, ordinary steel reinforcement
(such as HRB400) exhibits typical elastoplastic behavior: once the stress
reaches the yield strength, it enters a relatively obvious yield plateau stage,
allowing the member to undergo significant plastic deformation and absorb
a large amount of deformation energy. This ductile failure is usually accom-
panied by large deflection and wide cracks, providing a clear visual warning
of impending structural failure. In stark contrast, various types of FRP bars
exhibit essentially a linear elastic response throughout the entire process
from tension to failure, possessing almost no plastic deformation capacity.
Once the tensile stress reaches its ultimate tensile strength, the reinforcing
bar will suddenly fracture, exhibiting typical brittle failure with insufficient
deformation warning signs (Barris et al., 2012).

Secondly, in terms of elastic modulus (stiffness), E is a key parame-
ter controlling the stiffness level of a member after cracking. Based on the
material parameters used in this study (see Table 2), the elastic modulus
$E_s$ of HRB40O steel reinforcement is approximately 206,0 GPa.
The elastic modulus of FRP reinforcement varies considerably: the elastic
modulus of CFRP reinforcement isE; = 124,2 GPa, relatively close to that
of steel reinforcement; while the elastic moduli of AFRP reinforcement
(Ef = 50,1 GPa) and GFRP reinforcement (E; = 45,0 GPa) are significant-
ly lower, only about 22 %—-24 % of that of steel reinforcement.

Because FRP, especially GFRP and AFRP, exhibits both low elastic
modulus and linear elastic brittle failure characteristics, FRP-RC compo-
nents face two core challenges in design and service performance control.

The first is the control of the serviceability limit state (SLS). Due to
the greater strain produced by low-modulus FRP under the same tensile
force, the overall stiffness of the component decreases significantly after

concrete cracking. This leads to FRP-RC beams often exhibiting greater
deflection and wider cracks under service loads, making them more sus-
ceptible to service performance limitations compared to reinforced con-
crete beams (Reni¢ & Kisicek, 2021). In these components, the control-
ling conditions are often primarily governed by the serviceability limit state
(e.g., deflection and crack width) rather than the ultimate limit capacity
(ULS) (Su et al., 2025).

The second is the control of ductility and failure mode under the ulti-
mate limit state (ULS). Given that FRP bars exhibit extreme brittleness
and instantaneous tensile failure, existing design codes (such as
ACI 440.1R-15) generally recommend an over-reinforced design ap-
proach, where the FRP reinforcement ratio p; is greater than the equilibri-
um reinforcement ratiop, (p; > py,). This ensures that when the member
reaches its ultimate limit state, concrete crushing in the compression
zone occurs preferentially, rather than the initial tensile failure of the FRP
bars (Barris et al., 2012). Although concrete crushing itself is still brittle
failure, its development process is relatively more gradual, usually ac-
companied by more pronounced crack evolution and increased deflec-
tion. Compared to the sudden fracture of FRP bars, it can provide a more
perceptible early warning of structural failure to some extent.

Insummary, the differences in constitutive relations and stiffness
characteristics of FRP reinforcement not only alter the failure mechanism
of the component, but also require FRP-RC structures to simultaneously
consider the dual control requirements of the serviceability limit state and
the ultimate bearing state during design.

1.4 Research Objectives and Innovations

In recent years, numerous experimental (Deng et al., 2009; Sakar &
Celik, 2025) and numerical (Said et al., 2021) studies have investigated
FRP-reinforced and FRP-strengthened beams, including prestressed
FRP strengthening of existing RC beams.However, as this study points
out, systematic and benchmark-comparative numerical simulations of
different types of FRP reinforcement (especially GFRP, AFRP, and
CFRP) with traditional steel reinforcement under identical geometric di-
mensions, concrete strength, and reinforcement ratios still require further
development (Sbahieh et al., 2022).

Therefore, the core objective of this study is to establish four sets of
numerical models of concrete beams (Steel-RC, GFRP-RC, AFRP-RC,
CFRP-RC) with identical parameters except for the tensile reinforcement
material, using a validated nonlinear finite element (FEA) framework, and
to perform detailed simulations and comparative analyses of their entire
stress process under three-point bending loads.

The innovation of this study lies in the fact that, by strictly controlling
variables (geometry, concrete, reinforcement ratio $\rho = 0,56 % $), this
simulation study was able to "isolate" and "quantify" the direct impact of
the constitutive properties of tension reinforcement (i. e., elastic modulus,
strength, and ductility) on the overall flexural performance of concrete
beams (including stiffness, bearing capacity, deflection, and failure
mode). The significance of this study is that its simulation results provide
designers with an intuiive and quantitative performance benchmark,
clearly revealing the design trade-offs faced when selecting different FRP
reinforcement materials (e. g., the durability gains of GFRP versus SLS
penalty, the strength gains of CFRP versus brittleness risk), providing
direct numerical basis and theoretical support for rational FRP material
selection and optimization design in specific engineering projects (such
as corrosive environments).

2 Finite Element Modeling Strategy

This study established four sets of three-dimensional nonlinear finite ele-
ment models based on the large-scale general-purpose finite element analysis
software ANSYS platform. The effectiveness of the modeling strategy has
been widely verified in the field of civil engineering (Bai et al., 2024).

2.1 Geometric Model and Element Division

To ensure fairness in the comparison, the four beam models
(Steel-RC, GFRP-RC, AFRP-RC, CFRP-RC) are geometrically and
reinforcement-completely identical: the rectangular cross-section
dimensions are bxh=180mmx250 mm, the total length s
L =2100 mm, and the calculated span is L0 = 1800 mm; the tension
zone is reinforced with 2 main bars of diameter ¢ 12 mm, and the
compression zone is reinforced with 2 stirrups of diameter ¢ 8 mm;
the stirrups are... HPB300, diameter 8 mm, spacing 100 mm; con-
crete cover thickness 25 mm. The tensile reinforcement ratio of all
models is uniformly set at p = 0,56 %.
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Concrete was modeled using ANSYS SOLID65 eight-node hexahe-
dral elements, with nodes having three translational degrees of freedom,
capable of characterizing plasticity, compressive crushing, and tensile
cracking behaviors (Bai et al., 2024). Reinforcing materials (main bars,
stirrups, and gussets) were modeled using LINK180 two-node rod ele-
ments, which are uniaxial tension/compression elements. These ele-
ments also have three translational degrees of freedom and do not bear
bending moments, consistent with the characteristic of embedded rein-
forcement being primarily subjected to axial forces (Halahla, 2018).

To avoid stress concentration at the loading zone and supports, which
could lead to localized failure, steel pads were installed on both the load-
ing plate and the supports, and the models were simulated using SOL-
ID185 elements.

The overall finite element modeling arrangement is illustrated in Fig-
ure 1. The mesh was mapped, with an element size of approximately
25 mm. All four models had the same mesh size, containing 7,680 nodes
and 5,518 elements, with the concrete main body (C40) containing
5,950 nodes and 4,536 elements.

a) overall geometry and loading; b) solid and bar elements with mesh; c) boundary conditions and loading application
Figure 1 - Finite element model of the three-point bending beam

2.2 Material Constitutive Models and Formulas

Material nonlinearity is the core of numerical simulation of concrete struc-
tures. This paper adopts a constitutive setting consistent with mechanical
mechanisms in ANSYS: concrete is characterized by the built-in SOLID65
model, and its failure criterion is based on the Willam — Warnke five-parameter
yield surface; the uniaxial stress-strain rise segment under compression is
represented by a Hognestad parabola as o = f,"![2(€,/€o) - (ec/eo)z] (appli-
cable to €; < €;), where f;' is the peak compressive stress of concrete (in this
paper, fy = 26,8 MPa), €, is the compressive strain of concrete, and € is the
peak strain; the tensile stage is approximated as linear elastic, taking
0= E., € and € <€ = fy/E. (where E; is the elastic modulus of concrete,
fy = 2,39, and MPa is the tensile strength). When the principal tensile stress
exceeds fy, the stiffness is corrected at the integration point according to the
concept of diffuse cracking. If all principal stresses are compressive stresses
and cross the yield surface, crushing is considered to have occurred.
The shear transfer at the crack surface adopts the equivalent shear retention
model 7= B, G; ,y, where T is the shear stress at the crack surface, G, is the
shear modulus, and y is the shear strain.8, = 0,2 is taken for cracking and
B, =09 is taken for closure. The steel reinforcement (HRB400) adopts the
bilinear kinematic hardening (BKIN) model. Before yielding, it satisfies
05 = E, € and € < €, = f,/E;. After yielding, it takes 05 = f, + E; (€5 - €),
where E is the elastic modulus of the steel reinforcement, f, = 521,2 MPa is
the yield strength, €, is the yield strain, and E is the tangent modulus of the
hardened section (when E; =0, it degenerates into ideal elastic-plasticity).
FRP reinforcement (GFRP, AFRP, CFRP) follows linear elastic to brittle fracture
characteristics, taking o = Ey, €; (when €; < €,), and considering it as fracture
and reducing the stress to zero once €; > €;,; where 0 and €; are the stress and
strain of the FRP reinforcement, respectively, E; is the elastic modulus, and €, is
the ultimate tensile strain. Under unified mesh and boundary conditions, the
above constitutive models work synergistically: concrete bears the compressive
and pre-cracking tensile stiffness, the reinforcement provides ductiity and energy
dissipation, and FRP, with its high strength and high modulus, enhances tensile
load-bearing capacity and post-cracking stiffness, laying the foundation for relia-
ble simulation of load-bearing capacity and deformation response.

Table 2 - Mechanical properties of reinforcing bars

2.3 Material Properties, Bonding, and Boundary Conditions
The key material property parameters used in the model are shown
in Tables 1 and 2.

Table 1 - C40 concrete material properties

Parameter Symbol | Value | Unit
Modulus of elasticity E. 325 | GPa
Poisson's ratio Ve 0,2 -
Standard value of compressive strength fok 26,8 | MPa
Standard value of tensile strength fie 2,39 MPa

The numerical model assumes perfect bond between the reinforcement
and concrete. In ANSYS, this is achieved by having concrete elements
(SOLID65) and reinforcement elements (LINK180) share nodes to ensure
complete consistency of interface displacements. This means that the node
degrees of freedom Uy, Uy, and U are strictly equal between the rein-
forcement and concrete, thus eliminating the inconsistency between relative
slip at the interface and local displacements within cracks. This approach is
equivalent to "embedding" the reinforcement into the concrete skeleton at
the mesh level, allowing axial forces, shear forces, and constraint reactions
to be directly transmitted to surrounding solid elements through shared
nodes. This is suitable for macroscopic-level global response analysis. lts
advantages include the stable reproduction of load-deflection curves, ulti-
mate bearing capacity, and dominant failure modes, while avoiding parame-
ter uncertainties and convergence risks associated with explicit bond-slip
relationships. However, this simplification neglects the interface shear
stress-slip dynamics and detailed mechanisms such as splitting cracking
and anchorage degradation around the reinforcement. Therefore, when the
research focuses on anchorage length, pull-out strength, or local bond deg-
radation, a more refined interface model is required. Given that this paper
focuses on the overall load-bearing and deflection response under mid-
span bending control, and does not consider bond failure as the dominant
failure mode, the aforementioned "perfect bond" assumption is reasonable
within engineering accuracy.

Reinforcement Bar Diameter Young's Modulus (Ef or Yield Strength (fy) Ultimate Tensile Strength Ultimate Strain
Types (mm) Es) (GPa) (MPa) (fu) (MPa) (€q) (%)
HRB400 Reinforcing 12 206,0 521,2 642,0 >10,0
Bars
GFRP Bars 12 45,0 - 910,6 2,02
AFRP Bars 12 50,1 - 1306,2 2,61
CFRP Bars 12 124,2 - 2102,1 1,70

Boundary and loading conditions are consistent with the experimental
scenario to ensure comparability. Supports are achieved by applying simply
supported constraints to the bottom surface of the end steel plates: one end
at Y = 150 mm acts as a hinged support, constraining Uy, Uy, and U to
eliminate rigid body displacement; the other end at Y = 1950 mm acts as
aroll support, constraining Uy and U, and allowing vertical displacement

Uy, avoiding unnecessary redundant constraints and additional internal
forces, and consistent with the end-support configuration in the report
and illustrations. The loading employs a three-point bending displacement
control scheme: a uniform vertical displacement dis applied to the top node
of the loading steel plate (SOLID185) at mid-span Y = 1050 mm, and this
displacement is increased through multi-step incremental steps, with each step
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size denoted as Ad. Nonlinear iteration is used within each increment until the
residuals satisfy the convergence criterion. Displacement control can continue to
track the post-peak path after softening and stiffness degradation occur, avoiding
numerical instability near the limit point during force-controlled loading. The reac-
tion force is aggregated through the support constraint nodes to obtain the load
P, which is recorded together with the mid-span deflection A to form the P-A
response history. The loading process continues until the model reaches the
ultimate bearing capacity P, the deflection increases sharply, or the values no
longer converge. At this point, the crack distribution, principal tensile stress, strain
field in the tension/compression zone, and axial force-strain response of the
reinforcement are simultaneously output to verify the triggering order and location
of the yield or brittle fracture criteria. To ensure uniform load transfer and reduce
stress concentration, both loading and support utilize steel pads to achieve sur-
face contact. The displacements of each node on the loading surface are cou-
pled and constrained to maintain approximate rigid body compression, thereby
minimizing local indentation effects and more closely resembling experimental
conditions. These modeling details collectively ensure consistent representation
of boundaries and loads in terms of geometry, constraints, and force transmis-
sion paths, making the numerical results interpretable and comparable across
the three dimensions of overall stiffness, peak load capacity, and failure mode.

3 Finite Element Model Validation

Before conducting a systematic comparison between models, it is
necessary to first verify whether the finite element modeling framework
(SOLID65 + LINK180 + Willam — Warnke model) used in this paper can
accurately capture the real stress behavior of FRP-RC beams and Steel-
RC beams. To this end, we qualitatively and quantitatively compare the
numerical model's predictions regarding failure modes, stiffness evolu-
tion, and load-bearing capacity with authoritative experimental studies
published in the past decade (2015-2025) to establish the model's effec-
tiveness and interpretability. The core of the validation lies in the overall
shape of the load-deflection curve, the consistency of the limit state pa-
rameters, and whether the control failure mechanism matching the mate-
rial constitutive model is correctly triggered.

3.1 Steel-RC Model Validation

Based on the comparison with the section theory analysis, the inte-
grated results of the Steel-RC numerical model show that the theoretical
ultimate load is approximately P, = 56,0 kN, corresponding to an ulti-
mate deflection of approximately 8, ~ 40,0 mm. The failure process is
characterized by the initial yielding of the tensile reinforcement, followed
by crushing of the concrete in the compression zone, exhibiting typical
ductile failure. The load-deflection curve obtained from the finite element
method shows a clear yield plateau before approaching the ultimate load,
a clear elasto-plastic transition, and a significant decrease in stiffness
after yielding. This overall pattern is highly consistent with numerous
standard test results on three-point bending of reinforced concrete beams
(Karabulut, 2025), indicating that the model can accurately reproduce the
elasto-plastic response and ductile characteristics of reinforced concrete
beams, and maintains reasonable tracking of load-bearing capacity decay
and deflection growth in the post-peak stage.

3.2 Validation of the GFRP-RC Model

The comprehensive analysis results of the GFRP-RC model show
that the theoretical ultimate load is approximately P, ~ 82,5 kN, the
ultimate deflection is approximately 8, = 40,0 mm, and the controlling
failure mode is concrete crushing. Compared with Steel-RC, the equiva-
lent bending stiffness in the post-cracking stage is significantly reduced.
Under the same load level, the deflection of the GFRP-RC beam is signif-
icantly greater than that of the steel beam, which is consistent with the
low elastic modulus characteristic of GFRP (E¢ = 45,0 GPa). Existing
experimental studies have repeatedly confirmed that due to the low Eg,
deflection control of GFRP-RC beams is particularly critical during the
normal service stage (Bakar et al., 2022), and Di et al. (2023) also listed
the deflection limit under the service limit state as one of the core design
indicators. It is important to emphasize that, under the unified tensile
reinforcement ratio of p = 0,56 % in this paper, the GFRP-RC beam is
in the "over-reinforced" range. Numerical predictions show concrete
crushing as the controlling failure mode rather than FRP tensile failure,
consistent with the experimental observations of Di et al. (2023) on over-
reinforced GFRP beams. This also explains the engineering logic of prior-
itizing deflection and crack control in GFRP design.

3.3 CFRP-RC Model Validation

The comprehensive analysis results of the CFRP-RC model show
that the theoretical ultimate load is approximately P, ~ 125.0 kN, the
ultimate deflection is approximately 8, ~ 30.0, mm, and the controlling
falure mode is concrete crushing. Compared to Steel-RC
(Py = 56.0kN,8, ~ 40.0 mm) and GFRP-RC (P, = 82.5kN,
Sy = 40.0 mm), CFRP-RC exhibits significantly improved load-bearing
capacity and significantly reduced deflection, demonstrating the highest
equivalent bending stiffness. This is consistent with the high modulus and
high strength characteristics of CFRP (Ef = 124.2 GPa). The mixed
reinforcement test conducted by Tran and Nguyen-Thoi (2025) further
demonstrates that specimens containing CFRP reinforcement (CFRP-
40S) have a significant advantage in ultimate strength compared to pure
steel reinforcement specimens (STEEL-40S). It should be noted that the
numerically predicted concrete crushing control failure is consistent with
the FRP-RC design philosophy advocated by ACI 440.1R-15 (Kim et al.,
2011) and CSA S806 (Baghi, 2015), which "forces" the premature failure
of the compression zone concrete through an overmixing strategy of
Pt > pr, thereby avoiding the sudden brittle failure caused by FRP
tensile fracture (Barris et al., 2012). Numerous experiments and reviews
also indicate that the load-bearing capacity predictions of ACI 440.1R-15
agree well with experimental results, although slightly conservative in
some cases (Elsheikh et al., 2024), which is inherently consistent with the
numerical performance presented in this paper.

3.4 AFRP-RC Model Validation

The comprehensive analysis results of the AFRP-RC model show
that the theoretical ultimate load is approximately P, =~ 86,4 kN, the
ultimate deflection is approximately 8, ~ 35,0 mm, and the controlling
failure is concrete crushing. Considering that the elastic modulus of AFRP
is Ef = 50,1GPa, slightly higher than that of GFRP (E¢ = 45,0 GPa),
but significantly lower than that of CFRP (Ef = 124,2 GPa) and steel
reinforcement (Eg = 206,0 GPa) (Salem & Issa, 2023), its load-bearing
capacity and stiffness are numerically between GFRP-RC and CFRP-RC,
while its overall performance is significantly better than that of Steel-RC
within the specified range; specifically, P, =~ 86,4 kNis between
82,5kN and 125,0 kN, and 8§, = 35,0 mm is between approximately
Between 40,0 mm and approximately 30,0 mm, this "middle" position
is perfectly consistent with the ranking of material mechanical properties.
Although publicly available measured data for AFRP-RC are slightly less
than those for GFRP and CFRP, the numerical study by Saadi et al.
(2025) and the experimental results by Sammen et al. (2019) both show
that its flexural capacity increases monotonically with the reinforcement ratio,
and the load-deflection curves agree well with the finite element analysis, thus
providing cross-validation for the numerical conclusions of this paper.

In summary, the SOLID65 + LINK180 + Willam — Warnke modeling
framework can stably reproduce the typical bending mechanism dominat-
ed by different reinforcement constitutive characteristics under unified
mesh, material parameters, and boundary settings: Steel-RC exhibits
yield-controlled ductile failure, while FRP-RC generally exhibits crushing
failure controlled by the compression zone concrete under the unified
reinforcement ratio of 0,56 % in this paper; the stiffness evolution is mon-
otonically ordered with respect to the material modulus, with CFRP hav-
ing the highest stiffness, followed by AFRP, and then GFRP, while Steel-
RC, as a control, shows significant characteristics of elastic-plastic transi-
tion and yield plateau; the relative relationship between ultimate bearing
capacity and deflection is consistent with recent authoritative tests and
standards (ACI 440.1R-15) (Said et al., 2021). From the shape of the
load-deflection curve, peak parameters to the triggering of the failure
mechanism, the consistency between numerical and experimental data
shows that the framework has a good ability to explain and extrapolate
the mechanical response of four types of beams, laying a solid foundation
for subsequent systematic parameterized comparison and mechanism
analysis among the four models.

4 Comparative Analysis of Bending Performance

Based on the completed model verification, this chapter systematical-
ly compares the simulation results of four beams with different reinforce-
ment configurations. It focuses on examining their failure process, load-
deflection response, bearing capacity, and deformation characteristics.
Under unified boundary, mesh, and material settings, the systematic
influence of reinforcement mechanical properties on overall bending per-
formance is discussed.
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4.1 Failure Mode and Crack Development

Based on ANSYS post-processing results, the stress redistribution,
crack initiation and propagation, and final failure mode of each model
throughout the loading process can be clearly tracked. For a Steel-RC
beam, the initial loading stage exhibits a linear elastic response. As the load
increases, the concrete at the bottom edge of the maximum bending mo-
ment zone at mid-span first reaches its tensile strength and produces verti-
cal cracks. Subsequently, the cracks steadily advance upwards along the
height and their number increases. When the load approaches the yield
level (approximately 0,8 P, which is approximately 45,0 kN under the con-
diton P, =56,0 kN), the tensile reinforcement stress reaches the yield
strength f, = 521,2 MPa, and the beam enters the plastic stage. The mid-
span deflection accelerates and exhibits significant ductility. Finally, as the
deflection continues to increase, the strain of the concrete at the top edge of
the compression zone approaches the ultimate compressive strain, result-
ing in crushing. The numerical calculation terminates due to stiffness degra-
dation. For the three types of FRP-RC beams (GFRP, AFRP, and CFRP),
the overall stress trajectory before cracking is basically the same as that of
reinforced concrete beams. After cracking, because the FRP reinforcement
remains linearly elastic throughout, the decrease in member stiffness is
more significant, especially in low-modulus systems. As the load increases,
cracks continue to develop near the mid-span and extend upwards. Under
the unified tensile reinforcement ratio of p = 0,56 % set in this paper, all
three types of FRP beams are designed according to the over-
reinforcement concept (p; > py,). Therefore, at failure, the FRP reinforce-
ment has not reached the ultimate tensile strain (i. e., € <€), and

ultimately all of them are crushed due to the concrete in the compression
zone reaching the ultimate compressive strain. During the failure process,
there is no plateau similar to the yielding of the reinforcement, exhibiting
typical characteristics of linear elastic to brittle failure.

The difference in crack distribution directly reflects the influence of
the elastic modulus of the reinforcement on the control of flexural cracks.
Figure 2 shows a comparison of crack morphologies under the same load
level P = 80, kN, revealing that the FRP beam is in the service-limit
transition phase, while the load for the Steel-RC beam is slightly above its
theoretical limit, but still usable for morphological comparison of crack
modes. The GFRP-RC beam, due to its lowest elastic modulus
(Ef = 45,0 GPa), exhibits greater reinforcement elongation under the
same tensile force, resulting in the highest crack height and relatively
sparse distribution, leading to a larger individual crack width. The CFRP-
RC beam, with its highest elastic modulus (E; = 124,2 GPa), has the
strongest inhibitory effect on crack propagation, resulting in denser cracks
with lower heights, and its morphology is closest to that of a reinforced
beam (Eg =206,0 GPa). The crack height, density, and width of the
AFRP-RC beam fall between the two (E;=50,1 GPa). This pattern of
"lower modulus, wider cracks" is consistent with existing experimental
research (Bakar et al., 2022) and also aligns with the mechanical nature
of FRP, which bears all tensile internal forces without yielding after crack-
ing. The stress contours of the main tensile reinforcement at ultimate
load, shown in Figure 3, further confirm that only the Steel-RC beam
reaches yielding, whereas all FRP-RC beams remain in the elastic range
at failure.

a) Steel-RC; b) GFRP-RC; ¢) AFRP-RC; d) CFRP-RC
Figure 2 — Comparison of failure patterns at ultimate load

a) Steel-RC; b) GFRP-RC; c) AFRP-RC; d) CFRP-RC
Figure 3 — Stress distribution in main tensile reinforcement at ultimate load

4.2 Load-Deflection Response

The load-deflection curve comprehensively reflects the evolution of
stiffness, load-carrying capacity, ductility, and failure mode of a member
from the linear elastic stage through the ultimate stage to the post-peak
stage. Figure 4 displays the complete responses of the four models, using
the ultimate values obtained from the comprehensive theoretical analysis in
Chapter 3 as reference points: Steel-RC beam P, = 56,0 kN, GFRP-RC
beam P,=825kN, AFRP-RC beam P, =86,4 kN, CFRP-RC beam
P, = 125,0 kN. During the pre-cracking stage (Phase ), the curves largely
overlap with a load threshold of approximately P < 25 kN. At this stage, the

cross-section remains uncracked, and the overall flexural stiffness is
primarily governed by the uncracked cross-section's moment of inertia
E¢ lg. The reinforcement type and E; or Eg exert limited influence on the
initial slope. Upon entering the post-cracking stage (Phase Il), the contribu-
tion from the tensile concrete zone disappears, and tensile internal forces
are entirely borne by the reinforcement. The equivalent stiffness is then
dominated by the equivalent moment of inertia of the cracked section E; I,
and the elastic modulus of the reinforcement: CFRP-RC exhibits the steep-
est curve slope, reflecting the highest post-cracking stiffness
E; = 124,2 GPa with fully linear elastic behavior approaching the limit state);
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Steel-RC shows a high initial slope after cracking (Es =206,0 GPa),
but the tangent stiffness decreases significantly as the tensile steel
approaches yield; AFRP-RC exhibits lower stiffness than the former two
(Ef =50,1 GPa), while GFRP-RC has the lowest stiffness (E; = 45,0 GPa)
with the flattest curve, indicating the weakest deformation resistance. Upon
entering the ductility and failure stage (Phase Ill), Steel-RC exhibits a dis-
tinct inflection point at approximately 0,8 P,=~45,0 kN, forming a clear
‘vield plateau.” After significant ductile deformation, it reaches P, = 56,0 kN
and gradually transitions to crushing failure. In contrast, the three FRP-RC
curves exhibit near-linear growth after cracking until reaching their respec-
tive ultimate loads (P, = 82,5 kN,86,4 kN and 125,0 kN), followed by rapid
instability due to concrete crushing in the compression zone. They lack
a buffer zone for yield waming, exhibiting a “linear elastic to brittle” charac-
teristic. Overall, pre-cracking stiffness is determined by Eg Iy, while post-
cracking stiffness correlates closely with the relative magnitude of E; or Eg.
CFRP achieves maximum load-carrying capacity and minimum deflection
through its high E; and high strength. Steel-RC demonstrates superior tough-
ness through its ductile plateau region, while AFRP and GFRP rank in the
mid-to-low range for stiffness and deflection control based on their E; values.
This sequence aligns with the ultimate load and deformation criteria estab-
lished in Chapter 3 and corroborates empirical insights from codes and exper-
iments regarding the flexural performance of FRP-RC composites.

Table 3 - Comparison of key performance indicators of each model

Steel-RC
GFRP-RC
AFRP-RC
CFRP-RC
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Figure 4 — Load-deflection curve

4.3 Bending Capacity and Deformation Capacity
To accurately and quantitatively compare the performance of each
model, Table 3 summarizes the key performance indicators of each model.

. . Relative Load-Carrying Ultimate . .
Model Cracking | Ultimate Load . : . Relative Deflection of .
Capacity of Reinforced Deflection . Destructive Mode
Number Load (kN) (Pu) (kN) Concrete Beams (u) (mm) Reinforced Beam
Concrete crushing after steel
Steel-RC 25,5 56,0 Reference Benchmark 40,0 Reference Benchmark rainforcement yielding
GFRP-RC | 24,1 82,5 +47,3 % 40,0 +0,0 % Concrete crushing
AFRP-RC | 24,8 86,4 +54,3 % 35,0 -12,5% Concrete crushing
CFRP-RC | 264 125,0 +123,2 % 30,0 -25,0 % Concrete crushing

Under the same reinforcement ratio, the ultimate bearing capacities
of the four types of beams, based on section theory, are as follows: Steel-
RC beam P, = 56,0 kN, GFRP-RC beam P, ~ 82,5 kN, AFRP-RC
beam P, = 86,4 kN, and CFRP-RC beam P, ~ 125,0 kN. Compared
to reinforced beams, the ultimate bearing capacities of the three types of
FRP beams are increased by approximately 47,3 %, 54,3 %, and
123,2 %, respectively. Within the FRP category, CFRP-RC beams have
the highest relative bearing capacities, followed by GFRP-RC beams,
with AFRP-RC beams in the middle. This result indicates that, under the
design premise of over-reinforcement and concrete crushing as the con-
trol for failure, the key to flexural bearing capacity lies not only in the
strength of the reinforcement but also in its elastic modulus. To achieve
the ultimate compressive strain €., in the compression zone, the neutral
axis needs to shift upwards, and the strain € in the tension zone is de-
termined by strain compatibility. Therefore, the reinforcement stress
fr = Ef, €¢ is derived from linear elasticity. The larger the value, the bet-
ter it can counteract the resultant force in the compression zone during
internal force equilibrium, thereby increasing the ultimate bending mo-
ment and ultimate load. Since E; = 124,2 GPa, the f; corresponding to
concrete crushing in CFRP is much higher than that of AFRP
(Ef = 50,1 GPa and GFRP (E¢ = 45,0 GPa), thus achieving the high-
est bearing capacity among the three types of FRP.

Deformation capacity is directly related to stiffness. Based on theoreti-
cal skeleton curves, the mid-span ultimate deflection of the three types of
FRP beams is generally on the same order of magnitude as that of rein-
forced steel beams. Among them, the ultimate deflection of GFRP-RC
beams is the largest (8, = 40,0 mm), close to that of Steel-RC beams
(8y = 40,0 mm), but significantly greater than that of AFRP-RC beams
(6y = 35,0 mm) and CFRP-RC beams (6, = 30,0 mm). CFRP-RC
beams have the highest stiffness and the smallest ultimate deflection after
cracking, approximately 25 % smaller than that of reinforced steel beams;
the deformation capacity of AFRP-RC beams falls between that of GFRP
and CFRP. Combining the comparison of cracks and deflections under the
same load level (e. g., P = 80 kN) in Section 4.1, it can be concluded that
under the serviceability limit state, the GFRP-RC beam exhibits the most
unfavorable deflection and crack control, while the CFRP-RC beam per-
forms best. This ranking is consistent with the relative magnitude of E_f and
agrees with the patterns revealed in experimental literature.

4.4 Ductility and Serviceability Limit State (SLS) Assessment

Regarding ductility, Steel-RC beams exhibit a significant plastic plateau
in the range approaching and exceeding P, = 56,0 kN, demonstrating
good toughness through continuous plastic deformation and energy dissipa-
tion and deformation redistribution. In contrast, FRP beams, due to the
linear elasticity of the tension reinforcement throughout and the absence of
a yield stage, show an approximately linear increase in the load-deflection
relationship after cracking, rapidly transitioning to instability upon reaching
the limit, lacking a clear ductile "buffer zone," and generally exhibiting brittle
failure characteristics (Alkhraisha et al., 2020). It is important to emphasize
that under the unified oversizing design in this paper, all three types of FRP
beams use concrete crushing rather than reinforcement breakage as the
control failure mechanism. This mechanism offers stronger predictability
than direct FRP fracture, but its essence remains brittle failure, with signifi-
cantly weaker ductility reserves than reinforced beams.

The serviceability limit state (SLS) primarily focuses on deflection
and crack width. The results in Figure 2 and Table 3 show that, under the
same service load level, the GFRP-RC beam exhibits the highest deflec-
tion and crack width due to its lowest post-cracking equivalent stiffness;
the CFRP-RC beam achieves the lowest deflection and crack width due
to its highest post-cracking stiffness; the AFRP-RC beam falls in be-
tween. This conclusion is consistent with ACI 440.1R-15 and numerous
experimental studies (Tran et al., 2025), namely that the design of low-
modulus FRP beams is more easily controlled by the Serviceability Limit
State (SLS) than by the Serviceability Limit State (ULS), thus requiring
priority verification of service performance in engineering design.

The above numerical patterns can be explained using the theoretical
framework of ACI 440.1R-15. For an over-reinforced FRP beam con-
trolled by concrete crushing, the FRP reinforcement stress can be given
by an analytical formula based on strain compatibility and internal force
balance

2 ’
ff — (\/(Ef'icu) + 0.85,84,fc , Ef, €y — E (1)
Pt

where p¢ = A¢/(b, d) is the reinforcement ratio, Eg is the elastic modu-
lus of FRP, €, is the ultimate compressive strain of concrete (usually
taken as 0,003), f." and B, are parameters of the concrete compression
zone, and fp, is the stress of the FRP reinforcement. Let M, be the ulti-
mate tensile strength of the FRP.

f€cu
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The ultimate bending moment can be approximated as

M, =~ Ag fr (d - B25), @)
where Ag is the area of the FRP under tension, d is the effective height
from the resultant point of the tensile reinforcement (or FRP) to the com-
pression edge, and c is the depth of the neutral axis. From the above
relationship, it is clear that when the geometric and material parameters
such as py, f., and €., remain consistent, f; increases with E, thereby
driving the increase of M, and P,; when Eg is low, f; and M,, decrease
accordingly. The numerical ranking obtained in this paper — CFRP-RC
beams have the highest load-bearing capacity, followed by AFRP-RC
beams, and GFRP-RC beams have the lowest — and the ultimate load-
bearing capacity of the three types of FRP-RC beams is significantly
higher than that of Steel-RC beams overall — is completely consistent with
the theoretical mechanism. This also verifies, from another perspective,
the one-to-one correspondence between the ranking of stiffness and
service performance after cracking and Eg, thus providing a coherent and
interpretable chain of evidence for the design of FRP-RC beams at both
the ULS and SLS levels.

Discussion and Significance of the Research

This study, under strict control of geometry, concrete strength, load,
and boundary conditions, only varied the type of tensile reinforcement and
its constitutive properties. A nonlinear finite element simulation system was
used to quantify the differences in flexural performance of four types of
beams — steel, GFRP, AFRP and CFRP - under the same reinforcement
ratio. The numerical results are consistent with existing experimental and
theoretical studies (Bakar et al., 2022) and clearly demonstrate that, under
conditions of over-reinforcement and concrete crushing as the control for
failure, the key factors determining post-cracking stiffness, crack width,
ultimate deflection, and ultimate bearing capacity are not solely tensile
strength, but essentially depend on the elastic modulus E¢. Under the uni-
fied reinforcement ratio and concrete parameters in this paper, the ranking
of ultimate bearing capacity is highly consistent with E¢; CFRP-RC beams
have the highest P, = 125,0 = 124,2 GPa, followed by AFRP-RC
beams with E¢ = 50,1 GPa (P, =~ 86,4 kN), and GFRP-RC beams rank
last with Ef=450GPa (P, =825KkN), although their
fu = 910,6 MPa is still much higher than the yield strength of the steel
reinforcement f, ~ 521,2, MPa. Meanwhile, the ultimate bearing capaci-
ty of the three types of FRP-RC beams is significantly higher than that of
Steel-RC beams (P, = 56,0 kN), indicating that under the over-stressing
strategy to avoid brittle fracture of the reinforcement, FRP beams can out-
perform traditional reinforced beams at the ultimate state level.

The mechanical reason for this is that when failure is controlled by
concrete crushing rather than FRP tensile fracture, the effective internal
force in the tension zone is provided by the stress that the reinforcement
can develop under a given strain. Based on strain compatibility and inter-
nal force balance, it can be deduced that under the condition of fixed pg¢
and concrete parameters, a higher E¢ can generate greater tensile force
before the compression zone reaches the ultimate compressive strain
€.u» Making it easier to achieve balance with the resultant force in the
compression zone, thus increasing the ultimate bending moment and
ultimate load P, of the section. Conversely, when Eg is low (such as in
GFRP), the stress and strain energy of the tensile reinforcement has not
been fully utilized when the compression zone approaches €, resulting
in suppressed section efficiency and bearing capacity. The resulting
"modulus-driven" bending enhancement mechanism is consistent with the
theoretical framework of ACI 440.1R-15, indicating that under the same
reinforcement and concrete conditions, P, increases monotonically with
E, and is not solely dependent on the level of f,.

These conclusions provide a clear basis for trade-offs in engineering
material selection and construction. When the primary design objective is
to address corrosion and deflection control requirements are relatively
lenient or allow for a moderate increase in cross-section, GFRP offers
good cost-effectiveness. However, the reduced stiffness after cracking
due to lower E¢ must be fully recognized: greater deflection and crack
width under the same service load, making the design more susceptible
to SLS rather than ULS control (Tran et al., 2025). If high load-bearing
capacity and high stiffness are required while maintaining corrosion re-
sistance (e. g., for large spans, heavy loads, or deformation-sensitive
members), CFRP is a better choice: at the same reinforcement ratio, its
P, is approximately twice that of a reinforced beam, and the ultimate

deflection is reduced by about a quarter. However, it requires higher
material costs and strict adherence to over-reinforcement principles (e. g.,
ensuring pr > pgp,) to achieve predictable concrete crushing failure rather
than sudden reinforcement breakage. For a performance-cost trade-off,
AFRP provides an intermediate solution: load-bearing capacity and stiffness
fall between GFRP and CFRP and are generally superior to Steel-RC, but
require comprehensive evaluation considering environmental sensitivity and
life-cycle costs. It is important to emphasize that reinforced beams still pos-
sess unique advantages in terms of ductility and failure early wamning: their
yield plateau and greater plastic rotation capacity can reduce the risk of
sudden failure through energy dissipation and deformation redistribution.
This is something that current FRP-RC systems cannot completely replace,
and design choices must carefully consider this.

Methodologically, the main contribution of this paper lies in constructing
a rigorously "consistent benchmark" numerical test field: eliminating external
differences in geometry, reinforcement, material strength, load, and bound-
aries in ANSYS, and only changing the E¢and "elastoplastic/linear elastic"
properties of the tension reinforcement, thereby clearly and quantitatively
separating the pure influence of reinforcement constitutive differences on
bending performance within a unified framework. This systematic compari-
son across materials and indices transcends the limitations of single-item
physical tests in terms of specimen size and controllability of operating
conditions, enabling parallel and transparent comparison of multi-
dimensional indices such as peak load capacity, post-cracking stiffness,
crack control, and ultimate deflection. The evidence obtained not only
deepens the understanding of the bending mechanism of FRP-RC compo-
nents, but also provides a reusable basis for optimized design and specifi-
cation refinement, and lays a solid foundation for subsequent comprehen-
sive numerical-experimental studies that incorporate the coupling effects of
long-term loads, fatigue and environment.

Conclusion

This paper utilizes the ANSYS finite element platform to systemati-
cally compare the flexural responses of four groups of concrete beams
using ordinary steel reinforcement (HRB400), GFRP, AFRP, and CFRP,
under the premise of completely consistent geometric dimensions, con-
crete strength, loads, boundary conditions, and reinforcement ratios of
0,56 %. Only the type of tensile reinforcement and constitutive properties
were changed. The numerical results are generally consistent with au-
thoritative experimental literature and section theory analysis (Bakar et
al., 2022), indicating that the modeling scheme based on SOLID65 (simu-
lating the Williams—Warnke nonlinear behavior of concrete) and LINK180
(simulating reinforcement) can reliably reproduce the key characteristics
of beams with different reinforcement in terms of load-deflection evolu-
tion, stiffness degradation, and failure mechanisms. Specifically, the
Steel-RC beam exhibits ductile failure dominated by tensile reinforcement
yielding, while the FRP-RC beam consistently shows brittle failure con-
trolled by concrete crushing. Furthermore, the theoretical ultimate bearing
capacity and the finite element results agree well in terms of order of
magnitude and relative order of magnitude. Further performance compar-
isons clearly show that the type of FRP has a significant impact on flexur-
al performance, and the decisive parameter is not only tensile strength,
but also the elastic modulus E¢. Under the same reinforcement ratio and
over-reinforcement design (with concrete crushing as the control for fail-
ure), the flexural stiffness in the post-cracking stage is jointly controlled by
"reinforcement modulus + moment of inertia of the cracked section”, with
the overall ranking as follows: CFRP-RC > Steel-RC > AFRP-RC >
GFRP-RC. Regarding ultimate bearing capacity, the ultimate loads ob-
tained based on section theory are: Steel-RC beam P, = 56,0 kN,
GFRP-RC beam P, = 82,5 kN, AFRP-RC beam P, = 86,4 kN, and
CFRP-RC beam P, = 125,0 kN. The corresponding performance rank-
ing is: CFRP-RC (125,0 kN) > AFRP-RC(86,4 kN) > GFRP-RC
(82,5 kN) > Steel-RC (56,0 kN). Regarding deformation capacity, the
estimated mid-span ultimate deflection based on the theoretical skeleton
curve is as follows: Steel-RC beam §, =~ 40,0 mm, GFRP-RC beam
Sy = 40,0 mm, AFRP-RC beam §, ~ 35,0 mm, CFRP-RC beam
8, = 30,0 mm. The overall order is: GFRP-RC = Steel-RC
~ 40,0 mm) > AFRP-RC (35,0 mm)> CFRP-RC (30,0 mm).
Combining deflection and crack distribution under service loads, it can be
determined that GFRP-RC beams exhibit the most unfavorable deflection
and crack control from the SLS perspective, while CFRP-RC beams per-
form the best.
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The comparison of failure and ductility characteristics further points
to clear design implications. Steel-RC beams undergo a stage of steel bar
yielding and plastic development before approaching the ultimate load,
exhibiting a clear yield plateau and strong energy dissipation capacity.
In contrast, GFRP-RC, AFRP-RC, and CFRP-RC beams all experience
failure controlled by concrete crushing. Although this provides some
warning compared to sudden reinforcement breakage, their overall ductili-
ty is significantly lower than that of Steel-RC beams. Therefore, in engi-
neering applications, over-sizing design and reasonable safety reserves
are necessary to compensate for the insufficient ductility. Regarding ma-
terial selection decisions, CFRP, with its higher E¢, can significantly im-
prove load-bearing capacity and stiffness under the same reinforcement
ratio: In the case of this study, the ultimate load-bearing capacity of the
CFRP-RC beam is approximately 2.2 times that of the Steel-RC beam,
and the ultimate deflection is reduced by about one-quarter. It is suitable
for components with simultaneously stringent requirements for strength
and deformation, but it requires higher material costs and strict adher-
ence to the over-reinforcement principle to ensure the concrete crushing
failure mode. Although GFRP can effectively solve the corrosion problem,
due to its lowest E_f, the stiffness reduction after cracking is the most
significant. Under the same service load, it is more prone to larger deflec-
tion and cracks. The design is often constrained by SLS rather than ULS,
and the control of deflection and crack limits must be strengthened. AFRP
provides a pragmatic trade-off between performance and cost. Its load-
bearing capacity and stiffness are between GFRP and CFRP and are
generally superior to Steel-RC, making it suitable for scenarios that bal-
ance performance and economy. The final engineering selection should
comprehensively consider factors such as structural importance, load
conditions, environmental erosion level, deformation limits, and life-cycle
cost. Based on the specifications, the ULS and SLS should be double-
checked to reasonably determine the reinforcement scheme and target
performance indicators. In conjunction with key quantitative information
such asEy, P, and &, a design path for balanced optimization of durabil-
ity, load-bearing capacity, and service performance should be formed.
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