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Abstract

Hybrid reinforced concrete (HRC) sections combining steel and fiber-reinforced polymer
(FRP) bars provide a structural solution that balances durability, load-bearing capacity and
energy dissipation. However, the absence of unified design provisions and the coexistence
of distinct safety formats in European and American codes complicate the consistent as-
sessment of ultimate limit state behavior under combined axial force and bending moment.
In this study, a strain-based sectional model founded on compatibility and internal force
equilibrium is implemented through a layer-by-layer numerical integration procedure to
generate axial force-bending moment (N-M) interaction domains and moment-curvature
(M=x) relationships. The formulation is extended to a dimensionless framework in terms
of normalized axial load, bending moment, total hybrid mechanical reinforcement ratio wy,
and hybridization parameter R. The analysis is conducted within two regulatory formats:
the European framework based on Eurocode 2 and CNR-DT 203 R1/2026 and the American
framework based on ACI 318-25 and ACI 440.11-22. The results show that increasing wy,
leads to a progressive expansion of the interaction domain and modifies the transition be-
tween FRP rupture-controlled and steel-yielding-controlled limit states. Increasing R shifts
balanced conditions towards higher axial compression and bending levels. Differences
between the two regulatory approaches are observed in terms of predicted curvature ca-
pacity and design resistance within the N-M domain, reflecting the distinct safety formats
adopted. The proposed dimensionless parametric formulation enables consistent compari-
son of hybrid configurations and provides basis for interpreting failure-mode transitions
and deformation capacity of HRC sections under combined axial and flexural actions.

Keywords: hybrid reinforcement; FRP bars; steel bars; reinforced concrete structures;
moment curvature relationship; N-M interaction diagram; ductility; energy dissipation

1. Introduction

The durability and structural reliability of reinforced concrete (RC) infrastructures are
significantly affected by chloride-induced corrosion of steel reinforcement in aggressive en-
vironments. Progressive corrosion leads to cracking, spalling, reduction in cross-sectional
area, and deterioration of bond, thereby shortening service life and increasing mainte-
nance costs. Conventional mitigation strategies include the use of corrosion-protected
or high-performance steel reinforcement; however, these solutions involve higher initial
costs and do not fully eliminate long-term degradation mechanisms [1]. Fiber-reinforced
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polymer (FRP) reinforcement has therefore emerged as an alternative solution for ap-
plications exposed to aggressive environments. FRP bars are characterized by inherent
resistance to corrosion, high tensile strength, low density, and electromagnetic neutrality,
and have been employed in structural applications for several decades [2,3]. Neverthe-
less, their linear-elastic brittle behavior and relatively low elastic modulus compared
with steel impose limitations in terms of energy dissipation and deformation capacity,
and serviceability performance.

The mechanical response of FRP-RC members differs substantially from that of con-
ventional steel-reinforced members: steel exhibits ductile yielding and strain hardening,
whereas FRP reinforcement remains linear elastic up to rupture. Therefore, steel-RC ele-
ments are typically governed by ultimate limit state (ULS) requirements, often resulting in
conservative serviceability performance [4,5], whereas FRP-RC members are frequently
governed by serviceability limit state (SLS) constraints, leading to overdesigned ultimate
strength [6].

This asymmetry has motivated the development of hybrid reinforced concrete (HRC)
sections combining steel and FRP reinforcements [7,8]. In such systems, steel contributes
ductility and post-yield deformation capacity, whereas FRP reinforcement enhances dura-
bility, particularly when placed in the outermost layers or at corners exposed to aggressive
environments [9]. Experimental investigations have confirmed that hybrid sections may
provide improved stiffness and ductility compared with purely FRP-reinforced mem-
bers [10], although reliable prediction of ductility activation mechanisms, failure-mode
transitions and scalable design-oriented modeling frameworks remain an open research
issue [11].

Most available studies on hybrid steel-FRP systems have focused on flexural members.
Simplified design-oriented approaches have been proposed to facilitate the transformation
of conventional steel-RC beams into hybrid configurations while maintaining the total
number of longitudinal bars [12]. Reinforcement-ratio limits, hybrid stiffness indices and
strain-based failure classifications have been introduced within ACI-based frameworks
to ensure ductile flexural behavior and to predict ULS capacity [13,14]. Experimental evi-
dence has demonstrated that the hybrid reinforcement ratio governs the strength—ductility
trade-off, whereas reinforcement distribution influences stiffness and post-elastic response,
particularly in continuous members [15-17]. In contrast, research on HRC columns re-
mains comparatively limited, particularly with respect to compression behavior, ductility
activation, and seismic response [18,19]. Nonlinear fiber-section approaches have been
adopted to simulate moment—curvature response and failure mode (FM) evolution of
hybrid members [20,21]. Recent experimental and numerical investigations on hybrid steel-
GFRP reinforced concrete columns and frame systems have highlighted the influence of
the steel-to-FRP replacement ratio on drift capacity, post-yield stability, energy dissipation
and global seismic performance [22,23].

Despite these advances, no unified design framework establishes a consolidated
baseline methodology for HRC elements under combined axial force and bending moment.
In this context, dimensionless parametric approaches have been successfully adopted for
steel-reinforced concrete sections [24,25]. However, their systematic extension to hybrid
steel-FRP sections remains limited. In particular, balanced FM and their transitions across
the axial force-bending moment interaction domain have not yet been consistently framed
within a unified mechanics-based and code-comparative format.

The critical assessment of existing contributions reveals, therefore, three main lim-
itations: (i) simplified design-oriented approaches are confined to pure flexure and do
not address the combined N-M regime; (ii) nonlinear fiber-section models are applied to
individual configurations without parametric generalization; (iii) dimensionless formula-
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tions have been developed for steel-RC sections only. No previous study has combined
a mechanics-based sectional model with a dimensionless parametric framework to sys-
tematically map failure-mode transitions for HRC sections across the full N-M interaction
domain under two distinct normative formats.

The novelty of the present study lies in the development of a unified, mechanics-
based, dimensionless parametric formulation to generate axial force vs. bending moment
(N-M) interaction diagrams for HRC sections. This formulation introduces the total
hybrid mechanical reinforcement ratio wy, and the hybridization parameter R as governing
variables. It enables the systematic identification of balanced failure mode transitions across
the full N-M interaction domain.

In addition, the analysis extends the investigation to the moment—curvature (M-y)
analysis to quantify deformation capacity, curvature ductility and energy dissipation.
The present investigation led to the construction of a structured dataset of ultimate limit
state failure modes for varying axial force levels combined with different steel-FRP re-
inforcement ratios, providing a consistent basis for mapping failure mode domains and
balanced transitions. The ULS FMs of the investigated sections are further validated
through reinforcement area design diagrams expressed in terms of FRP and steel longitudi-
nal reinforcement areas [26], consistent with the adopted parametric methodology.

Attention is devoted to the evaluation of ductility and energy dissipation capac-
ity of HRC sections, which represents a fundamental property to control deformability
and seismic design [27,28]. Classical curvature ductility indices, defined with respect to
steel yielding, are meaningful only when steel governs the response. For FRP-dominated
configurations, alternative deformation-based or energy-based measures have been pro-
posed [29], while equivalent steel-section approaches have been introduced to establish
lower and upper bounds for hybrid curvature capacity [13]. Previous analytical studies on
hybrid strengthening and equivalent-section formulations have confirmed that curvature-
based ductility metrics remain mechanically consistent when steel yielding precedes FRP
rupture and concrete crushing governs the ultimate compressive limit [30]. Since moment-—
curvature response represents the basis for non-linear analysis of RC frame structures, its
accurate prediction is essential for assessing strength, stiffness degradation, and hysteretic
energy dissipation under cyclic loading.

2. Material Modeling

The structural design of RC members is governed by codified provisions that reflect
the mechanical assumptions adopted for the constituent materials. When steel and FRP
bars are used as longitudinal reinforcement, distinct regulatory approaches are required to
represent their different constitutive behavior. For conventional steel-reinforced concrete,
design rules are consolidated within comprehensive international standards, including
EN 1992-1-1 (EC2) [31] in Europe and ACI 318-25 [32] in the United States. Additional
standards are instead required for FRP reinforcement, such as, for instance, CNR-DT 203
R1/2026 [33] in Italy, ACI 440.11-22 [2] and AASHTO LRFD for GFRP 2018 [34] in the
United States, and CSA S806-12 [35] in Canada, complemented by ASTM standards [36,37]
defining material properties and testing procedures.

In the present study, these provisions are consistently adopted to compute the ax-
ial force-bending moment interaction diagrams of hybrid steel-FRP reinforced concrete
sections within two regulatory formats. The comparison is driven by the different safety for-
mats used to derive design resistance. European standards introduce partial safety factors
at material level to account for uncertainties in material properties, modeling assumptions,
and execution variability, thereby defining design material strengths and corresponding
sectional resistances. In contrast, the American approach evaluates nominal sectional
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capacity and subsequently applies a strain-dependent strength reduction factor (SRF) ¢ at
sectional level to achieve the target reliability.

2.1. Concrete

The parabola-rectangle stress—strain relationship prescribed by Eurocode 2 for concrete
is herein adopted:

2
fod- 1—(1—“) 0 < e < e
(TC: 8C2

)

de ifey <& < ey

where ¢ is the strain at the peak compressive stress and ¢, is the ultimate compressive
strain, equal to 0.0035 for Eurocode 2 and 0.003 for ACI 318-25.
According to Eurocode 2, the design compressive strength of concrete is defined as:

fea = atce - @ (2)
Ye

where f is the characteristic compression strength, the partial safety factor 7. accounts for
material variability and modeling uncertainty, and the coefficient a.. considers long-term
effects and unfavorable loading conditions. In practical design applications, . is generally
taken equal to 0.85. Within the American framework, the specified compressive strength f;
is used directly as the reference concrete strength, without the application of partial safety
factors at the material level. The tensile behavior of concrete is neglected in the ultimate
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Figure 1. Arrangement of steel and FRP reinforcement within the cross section and failure modes for

HRC sections.
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In this study, FRP bars are modeled in accordance with the European provisions (CNR-
DT 203 R1/2026 [33]) and the American code requirements (ACI 440.11-22 [2]). In both
approaches, FRP reinforcement is idealized as linear-elastic up to rupture; accordingly, bar
stress is evaluated as oy,, = Ef;) - €7, With no yielding or post-peak capacity. Within the
sectional analysis, the compressive contribution of FRP bars is conservatively neglected.

According to CNR-DT 203 R1/2026 [33], the design tensile strength of FRP bars is:

fra =11 1a1ep - UL (3)
f
where f Tk is the characteristic tensile strength of the FRP bar, 77, denotes the environmental
conversion factor, 77 the conversion factor accounting for temperature effects, and 7. the
conversion factor associated with long-term static fatigue. The parameter 7 represents the
partial safety factor for the FRP reinforcement.
According to ACI 440.11-22 [2], the guaranteed ultimate tensile strength is:

fru=Ce- fp, (4)

where f}‘u is the guaranteed tensile strength of the FRP bar and Cg denotes the environmen-
tal reduction factor taken equal to 0.85 for bars embedded in concrete.

3. Algorithm to Predict the Combined Axial Force-Bending
Moment Response

This section presents the analytical model implemented in a Matlab script for pre-
dicting the axial force vs. bending moment resistance of HRC sections with internal steel
reinforcement and external FRP bars, as illustrated in Figure 1. The sectional response is
evaluated assuming a linear distribution of strain across the cross-section by invoking the
Euler-Bernoulli hypothesis. In addition, the strain in the reinforcement, whether in tension
or compression, is the same as that in the surrounding concrete (i.e., a perfect bond exists
between reinforcements and concrete).

The salient failure modes adopted for the construction of the N-M interaction diagram
are illustrated in Figure 1. They include:

e Field 1: The section remains entirely in tension, with the FRP reinforcement operating
in its linear elastic range and the steel reinforcement potentially yielded in tension.
The neutral axis migrates progressively toward the top chord while the top fiber strain
decreases from the FRP rupture strain toward zero.

¢  Field 2: The compression zone develops and enlarges as the most compressed fiber
strain increases from zero to e.,, while the bottom FRP layer is maintained at its
rupture strain. The neutral axis migrates downward, transitioning the section from a
cracked configuration toward the balanced failure condition BFM-2-3.

*  Field 3: Concrete crushing is sustained at the top fiber (etop = €c,) while the bottom
fiber strain decreases from ¢4 until the outermost steel layer attains ¢5, at BEM-3-4a.
This field is associated with the peak flexural capacity of the section; beyond BFM-3-4a,
further axial compression produces a monotonic reduction in bending resistance.

¢  Field 4a: Concrete crushing is sustained at the top fiber while the bottom fiber strain
decreases from €5, toward zero. The neutral axis migrates downward until it coincides
with the outermost FRP layer at BEM-4a-4b, where the FRP strain vanishes.

e  Field 4b: All reinforcement layers operate under compressive strains and the bending
moment decreases as axial compression dominates the sectional response.
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¢  Field 5: Curvature diminishes to zero and the bending moment vanishes as the bottom
fiber strain approaches ¢, yielding the concentric compression capacity governed by
the combined resistance of concrete and steel reinforcement.

Each field is defined by prescribed boundary strain conditions at the extreme fibers
and corresponding material limit states.

The extremes of the failure modes can be identified as Balanced Failure Modes (BFMs),
characterized by the simultaneous attainment of specific material limit strains in concrete,
steel, or FRP reinforcement. They represent mechanically meaningful boundary conditions
within the sectional response. Figure 2 illustrates six of the seven BFM configurations
adopted in the present study. For each case, the section layout, the corresponding lin-
ear strain distribution, and the associated stress distribution in concrete, steel, and FRP
reinforcement are shown.

Table 1 provides a synthetic overview of the failure modes and balanced failure
mode transitions illustrated in Figure 1. For each configuration, the governing strain
conditions at the top and bottom fibers, the controlling material at ultimate limit state,
and the corresponding region within the N-M interaction domain are reported.

Table 1. Summary of failure modes: governing strain conditions, controlling material and position
within the N-M domain.

Failure Mode Top Fiber Strain Bottom Fiber Strain Controlling Material =~ N-M Domain Region
FM-1 g > 0 (tension) ef =¢€fq FRP rupture Pure tension
BFM-1-2 g =0 Ef =¢€fq FRP rupture Tension boundary
FM-2 0>e > —¢y € = €54 FRP rupture Tension-controlled
Simultaneous FRP
BFM-2-3 €0 = —E&¢y ef =¢€fg rupture and Balanced transition
concrete crushing
Concrete crushing o .
FM-3 €= —€cy gy < &f < €y with steel yielded Transition region
Simultaneous concrete
BFM-3-4a €0 = —E&¢y € = Esy crushing and Balanced transition
steel yielding
Concrete crushing .
FM-4a £ = —€y 0<es <eégy with steel elastic Compression-controlled
BFM-4a-4b & = —€cy er=0 Concrete crushing Compression boundary
FM-4b g = —¢&y ¢f < 0 (compression) Concrete crushing Compression-controlled
Full section .
BFM-4b-5 £ = —€y €F = —€cu approaching crushing Compression boundary
FEM-5 £ = —€cy €f = —€cu Uniform Pure compression

concrete crushing

The layer-by-layer numerical integration (LLNI) method was used to compute in-
teraction diagrams and moment—curvature relationships. The concrete cross-section is
discretized into Ng; horizontal strips of constant thickness, as schematically illustrated in
Figure 3. The axial strain of the ith concrete layer is evaluated at its centroid as a linear func-
tion of the neutral axis depth x, based on strain compatibility between the layer position
and the concrete strain at the extreme compressed fiber, ¢.. The value of ¢, may be lower
than the ultimate compressive strain €.,, depending on the governing strain state. The
concrete stress within each strip is assumed constant and is evaluated using the selected
constitutive relationship at the strip centroid strain.
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Figure 3. Cross-section, strain and stress distributions for the layer-by-layer numerical integration
method.
3.1-Salient Points-onthe N—MInteraction Diagram

In this section, the equations implemented within the LLNI method to evaluate the
design axial force and bending moment for the different failure regions and balanced
failure modes are reported. For the sake of conciseness, only the equations pertaining to
the European framework (Eurocode 2 + CNR) are reported. However, they are valid also
for the ACI framework upon the following modifications:

* the design compressive strength of concrete f,; is replaced by the specified compres-
sive strength f/;
e the design yield strength of steel f,; is replaced by the nominal yield strength f,.

All the equations are expressed in general form: stress resultants and axial force terms
are assigned their algebraic sign according to the adopted sign convention (i.e., tensile
quantities are positive and compressive quantities are negative).

https://doi.org/10.3390/infrastructures11050170
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Equations (5) represent the general expressions for the design axial force (5a) and
the design bending moment (5b), valid for all failure modes, with the stress and strain
quantities evaluated at the corresponding limit states.

Nt N;
Nra = ) 0ca(i) - bst (i) - hst (i) + ) S esya (i) - Es(i) - As(i) + Y Jepa(i) - Ep(i) - Ap(i)  (5a)

Nt N Ny
MRg =) Nea(i) - (yst (1) = yG,0) + 3 Nsa(i) - (ds(i) = yG,0) + Y Nra(i) (df(i) - yc,o> (5b)

It is worth noting that, when applied within the ACI context, Equations (5) provide
the nominal axial and bending moment capacities. The design values are then obtained by
applying the Strength Reduction Factor (SRF), as detailed in Section 3.2.

BFM-5 represents pure axial compression load with no bending moments. The design
axial compression load can be calculated using Equation (6) where the contribution of the
FRP bars is partially considered by assuming that they have the same strength and stiffness
as the surrounding concrete.

Nst

N; Ns
Ngrg = fcd ’ (Z bst(i) : hst(i) - Z As,i> + Zfsyd(i) - As (1) (6)
i i=1 i=1

BFM-4b-5 represents the condition of the neutral axis located at the least compressed
edge while maintaining the maximum concrete compressive strain at the most com-
pressed edge.

BFM-4a-4b represents the condition where the neutral axis coincides with the FRP
bars at the lowest level, while the most compressed fiber attains the ultimate concrete
compressive strain eg,.

BFM-3-4a corresponds to a neutral-axis configuration in which the most compressed
concrete fiber reaches the crushing strain limit while the outermost steel reinforcement
layer reaches the steel yielding strain. The corresponding neutral axis depth x,,3_4, is
obtained from strain compatibility:

|Scu‘

-  .d 7
|€cu| +85yd s,1 ( )

Xu3—4a =

The equilibrium between the internal force resultants and the applied external forces
is expressed by Equation (8):

Nst Ng NE
Y Ok b+ Ag - fyan+ ) Asi-0si+ Y Agj-0pi = Ngg 8)
k=1 i=2 =1

In this formulation, A, refers to the outermost tensile steel layer (layer-1), which
has reached the yielding strain 5, while the summation from i = 2 to N accounts for all
remaining steel layers, which may or may not have yielded depending on their position
relative to the neutral axis.

For a given applied axial load, the amount of reinforcement, both steel and FRP, that
provides the condition of BEM-3-4a can be computed through Equation (9), obtained by
rearranging Equation (8):

NS Nr Nt
Aq - fyan + Y Asi-0si+ Y Agi-0f;=Ngg— Y 0cj- by hy &)
i—2 =1 k=1
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The reinforcement amount required to satisfy this condition is frequently incompatible
with the adopted cross-sectional dimensions and with the detailing provisions prescribed
by current design standards [38]. Such a configuration may only be attained under high
axial compression levels and is generally associated with brittle failure mechanisms [13].

In the hypothesis of steel reinforcement only, the tensile steel rebar area satisfying
Equation (9), A 3—4,, is obtained by setting the contribution of the tensile FRP reinforcement
to zero; the ordinate of the diagram in Figure 4 is thus obtained.

d
Ngg — Zk 19k bk hk - Zl 1 Asz s(iompresse ) Ns A s,i
As,3f4u - - Asl + Z (10)
fyd 1 i=2 fyd 1

Under the same equilibrium framework, elimination of the tensile area of steel yields
the abscissa of the diagram in Figure 4, corresponding to the FRP reinforcement area leading
to the BFM-3-4a condition in the absence of tensile steel reinforcement:

Npg — lec\j;:tl ek by -y — Z Ng As;i (COmPressed) - Np Af,j 05

Sl

g =1 7

Afz gq = (11)

where 0y 1 represents the stress in the outermost FRP layer, evaluated at a level lower than
its rupture strength.

BFM-2-3 corresponds to a neutral-axis configuration in which the most compressed
concrete fiber reaches the crushing strain limit while the outermost FRP layer simultane-
ously attains its rupture strain, with the outermost steel layer already yielded. The corre-
sponding neutral-axis depth x; >3 is obtained from strain compatibility:

lecul

e 12
lecul +epa 12

Xu2-3 =

The equilibrium between the resultant of the internal forces and the applied axial load
is expressed by Equation (13).

Nt NF

Z‘Tck by - hk+ZAsz 05+ Af1- ffd1+2Af] 0f,; = N4 (13)
i=1 j=2

For a given applied axial load, the total amount of reinforcement corresponding to the
condition of BFM-2-3 is provided by Equation (14), obtained by rearranging Equation (13):

NS Nt

Y AsiositAp - ffd1+ZAf] Uf]—NEd—ZUck by - hy (14)
i=1 =

In the hypothesis of steel reinforcement only, the total rebar area satisfying Equation (14),
As—3, is obtained by setting the contribution of the FRP reinforcement to zero; the ordinate
of the diagram in Figure 4 is thus obtained.

i d
A Ngg — lec\];tl Ock by - hy — Z A : (compresse ) — At %S: A51 Us,i (15)
2-3 = = sl
’ fyan =

Similarly, neglecting the summation terms associated with tensile steel reinforcement,
the abscissa of the diagram in Figure 4 is obtained.

d
A Nea = 53 Oeie- b o — £ gy o0 = A +%4Aﬂf"7f’f (16)
fas = fraa N = fraa
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Figure 4. (a) Failure mode regions in the tensile reinforcement plane As—A and (b) HRC cross-section
with ULS strain distributions for most typical failure modes.

3.2. ACI Framework

The application of Equations (5) to the ACI framework provides the nominal value of
the resistant axial force and bending moment. Design values are then obtained by applying
the SRF ¢.

For members reinforced exclusively with steel bars, ACI 318-25 prescribes ¢ = 0.90

when the net tensile strain in the extreme steel layer at nominal strength is at least 0.005,
corresponding to the tension-controlled classification. For compression-controlled sections,
the prescribed value is ¢ = 0.65. A linear transition applies between the two limits as a
function of the net tensile strain at the extreme tension reinforcement. The higher value
assigned to tension-controlled behavior reflects the ductile nature of steel yielding, which
provides energy dissipation and warning of impending failure.

For members reinforced exclusively with GFRP bars, ACI 440.11-22 adopts a different
SRF format. The tension-controlled limit is set at ¢ = 0.55, reflecting the brittle nature
of FRP rupture at ultimate conditions. The compression-controlled limit is ¢ = 0.65.
A linear transition applies between the two thresholds. This represents the opposite trend
with respect to ACI 318-25. The inversion reflects the fundamentally different failure
characteristics of the two reinforcement types. FRP rupture is sudden and provides no
warning. Compression-controlled failure in GFRP-RC sections involves concrete crushing,
which is comparatively less brittle and exhibits larger deformations prior to collapse. This
justifies the higher SRF value assigned to the compression-controlled regime.

For steel-RC members strengthened with externally bonded FRP systems, ACI 440.2R-
17 introduces an additional material reduction factor ¢y = 0.85, applied to the FRP con-
tribution prior to the global SRF ¢. This factor accounts for the additional uncertainty
associated with FRP material properties, manufacturing variability and bond behavior,
and is independent of the strain-dependent ¢ factor applied at the sectional level.

No specific SRF provisions are currently codified for HRC sections combining inter-
nal steel and internal FRP longitudinal bars. When the steel reinforcement in an HRC
section satisfies the tension-controlled threshold (e; > 0.005), the adoption of ¢ = 0.90
from ACI 318-25 remains mechanically consistent with the ductility-based rationale of the
code, as proposed by Hussain et al. [39]. However, HRC members may reach ultimate
conditions with steel strains exceeding yield by approximately 0.003 while FRP simulta-
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neously approaches rupture. Although the steel formally satisfies the tension-controlled
threshold, the ULS is partially governed by the brittle FRP response. Reliability-based
investigations indicate that a reduction in the SRF below 0.90 is recommended in such
cases [14,40]. For instance, Tarawneh et al. [41] found that ¢ = 0.80 provides reliability
levels consistent with design targets for hybrid sections.

In the present study, a different approach is applied, in which the additional uncer-
tainty introduced by FRP reinforcement is explicitly addressed through a dedicated material
reduction factor ¢y = 0.85, applied to the FRP contribution prior to SRE. This two-factor
format separates FRP material variability from the global ductility-based factor, extending
to internal hybrid reinforcement the concept introduced by ACI 440.2R-17 for externally
bonded systems. Accordingly, ¢ = 0.90 is retained, consistent with the tension-controlled
classification of ACI 318-25, since the FRP-related uncertainty is independently captured
by 9. The nominal flexural strength of HRC sections is thus computed by multiplying the
FRP contribution by i = 0.85 and subsequently applying ¢ = 0.90, acknowledging that
this extension represents an approximation pending code provisions specifically calibrated
for HRC structural elements.

In addition to the application of the SRF, the compressive branch of the N-M interac-
tion domain is limited by a maximum nominal axial strength, Ny, computed with the
following expressions:

Nysax = 0.8- [0.85 - fL - (Ag — As) + fy - As] (17)

according to ACI 318-25.

For HRC sections subjected to combined axial compression and bending, the FRP
bars located on the tensile side of the neutral axis may develop tensile strains despite
the overall compressive loading state. When the design axial load exceeds 10% of the
gross concrete capacity (i.e.,, Ngg > 0.10 - f{ - Ag), the tensile strain in the FRP longitudi-
nal bars is limited to 0.01, since mobilizing the full tensile capacity of FRP may exceed
2%, leading to excessive and structurally unacceptable column curvature. Accordingly,
within the proposed LLNI equilibrium procedure, the design tensile strength of FRP bars
is taken as the lesser of the design rupture strength ff, and the stress corresponding to
the strain limit, i.e., ff = min(fy,, Ef-0.01), and this capped value is used in the force
and moment resultant calculations. The compressive contribution of FRP reinforcement is
neglected and the compression zone is treated as plain concrete, in accordance with current
ACl-based provisions. While experimental investigations report compressive-to-tensile
strength ratios in the range 0.6-0.9 and compressive modulus values approaching the
tensile modulus [42,43], substantial variability attributed to slenderness effects, boundary
conditions, and micro-fiber buckling precludes the definition of standardized compressive
material properties [44]. It is acknowledged that this conservative assumption may result
in an underestimation of the actual load-carrying capacity of compression members [45].

3.3. Numerical Procedure for N—M Interaction Diagram

The N-M interaction diagram is constructed using a direct strain-controlled approach
that directly prescribes limit strain states at critical section fibers, thereby avoiding iterative
equilibrium searches. The BFMs corresponding to the transition between adjacent strain
fields are schematically illustrated in Figure 1. Under the assumption that plane sections
remain plane, the longitudinal strain field across the section depth is fully described
by two kinematic parameters: the axial strain at the centroid of the section, A, and the
curvature, x. The strain at an arbitrary vertical coordinate y is expressed as:

ey) =A+x- (¥ —Yco) (18)
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Figure 5. N-M interaction domain algorithm workflow.

The interaction domain is decomposed into the six distinct strain Fields 1-2-3-4a-4b-5.
For each field, a boundary strain parameter is varied linearly over a predefined number of
discretization points, while the complementary fiber strain is governed by the correspond-
ing failure condition. Sectional force resultants are evaluated through the LLNI method.

3.4. Numerical Procedure for Moment—Curvature Relationship

The moment-curvature relationship is constructed under prescribed constant axial
force Ng;, with curvature x as the independent variable. The longitudinal strain distri-
bution follows plane-section kinematics in accordance with Equation (18). The analy-
sis proceeds in two sequential phases: determination of the admissible curvature range
[Xmin, Xmax), followed by iterative construction of the M-y diagram over that range, as il-
lustrated in Figure 6.
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Figure 6. Moment—curvature algorithm workflow.

Curvature Limits

The limit curvatures bounding the range of admissible response are established sep-
arately for positive and negative bending. For each sign of curvature, the extreme
compressed concrete fiber is fixed at the ultimate compressive strain ¢.,, while the op-
posite (tensioned) boundary strain is treated as the single free variable and initialized
at the FRP design ultimate strain ¢¢, as a starting estimate. An iterative correction
scheme then adjusts the tensioned-boundary strain until axial equilibrium with the
target force N, is satisfied. At each iteration, the sign of the axial-force residual
determines the direction of the correction: the tensioned-fiber strain is increased when
N < Ng, (insufficient compression) and decreased when N > Np; (excess compres-
sion). The strain increment is computed under the assumption of a locally linear axial
response governed by the secant concrete modulus at peak stress:

‘N(X(k)) *NEd‘
fed

€2

Ae — (19)

.Ag

where X(k) is the trial curvature at iteration k, f,; is the concrete compressive strength,
€c2 is the strain at peak stress (not the ultimate strain ¢c,,), and Ay is the gross cross-
sectional area. The curvature is updated at each step as:

(k) 557{) —€cu
=t (20)
re
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(k)

where ¢, is the current tensioned-boundary strain and d,.y is the distance from the
compressed fiber to the extreme reinforcement layer. Convergence is declared when:

|fcd| 'Ag

N(x®) = Ngg| < 7 = 1000

(21)
The converged curvatures Xuqx (positive bending) and x,i, (negative bending) define
the sweep range for the moment-curvature diagram.

. Moment—Curvature Construction

At each curvature level y;, the centroidal strain A, which at fixed curvature rigidly
shifts the strain profile of Equation (18) along the section depth and thereby controls
the resultant axial force, is treated as a free variable and adjusted iteratively to enforce
N = Ng;. The centroidal strain update is given by:

ar = N = Nea (22)
fed| . o
€c2 g

To prevent numerical overshooting in the vicinity of material limit states, where
constitutive nonlinearities are most pronounced, the correction is scaled by a relaxation
factor: a more conservative value is applied when | x| increases, since this drives the
section toward concrete crushing where the response is highly nonlinear, while a
less restrictive value is used when |x| decreases, as the resulting tensile-dominated
strain state yields a more stable iterative response. Convergence is declared when
INgs — N| < tol. Upon convergence, the resulting bending moment is recorded
and the procedure advances to the next increment. The complete M—x relationship
is thereby assembled continuously from the uncracked elastic regime through the
ultimate limit state, governed by concrete crushing, steel yielding, or FRP rupture
depending on the controlling failure mode.

4. Verification of the Proposed Model

The reliability of the proposed sectional model is assessed through a systematic com-
parison with experimental results available in the literature, focusing on two response quan-
tities of primary structural significance: the yielding moment and the ultimate moment.

4.1. Experimental Database

A comprehensive benchmark database is compiled from the literature, collecting
93 HRC beams drawn from 18 independent experimental campaigns. All specimens are
simply supported beams reaching failure in flexure, with no governing shear or bond
mechanisms reported in the original sources. All specimens combine longitudinal steel and
FRP reinforcement. The geometric and mechanical properties of all specimens are reported
in Table A1 (Appendix A).

The collected database covers a wide range of governing parameters, as summarized
in Table 2. The geometric parameters include the cross-section width b, the total depth
h, the total beam span Ly, and the shear span L,. The reinforcement layout is described
by the tensile steel area A;, the tensile FRP area A fr and the compressive steel area Al.
The distances ys and y; denote the position of the centroid of the steel and FRP tensile
reinforcement layers measured from the nearest tensile edge of the cross-section, respec-
tively. The distance y, denotes the position of the centroid of the compressive steel layer
measured from the nearest compressive edge. The mechanical properties include the con-
crete compressive strength f/, the steel yield strength f,, the FRP ultimate tensile strength
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ffu, and the FRP tensile modulus of elasticity E;. Distributional symmetry is classified
according to the absolute value of skewness [46]: || < 0.5 approximately symmetric,
0.5 < |71] < 1.0 moderately skewed, |y1| > 1.0 highly skewed. Kurtosis values refer to
excess kurtosis (Fisher’s definition). A similar statistical characterization of experimental
databases for FRP-concrete systems can be found in [47,48].

Table 2. Descriptive statistics of the experimental database input parameters.

Parameter Mean Std. Deviation CoV Min Median Max Skewness Kurtosis
b [mm] 188 55.6 0.30 100 180 400 1.71 5.07
h [mm)] 271 50 0.18 200 250 400 0.64 0.56
Lot [mm] 2619 861 0.33 1350 2500 4600 0.62 —0.62
Ly [mm] 923 374 041 458 850 2100 1.03 1.24
As [mm?] 291.5 211.6 0.73 78.5 226.2 981.7 1.82 2.90
Ay [mm?] 231.6 151.7 0.65 28.0 226.2 981.7 1.76 5.60
Al [mm?] 130.7 41.2 0.31 28.3 142.0 253.4 0.24 1.40
Ys [mm] 46.6 159 0.34 25.0 40.0 90.0 1.46 1.36
Yy [mm] 37.0 8.6 0.23 15.0 35.0 55.0 -0.17 0.56
f. [MPa] 36.9 11.3 0.31 20.0 34.0 75.9 1.25 2.08
fy [MPa] 467.5 60.4 0.13 336.0 470.0 597.0 —0.82 —0.12
fru [MPa] 1144.6 627.5 0.55 449.0 956.4 2850.0 1.64 191
Ef [GPa] 62.1 38.0 0.61 35.0 46.0 165.0 1.92 2.20

The geometric parameters span a representative range of laboratory-scale specimens.
The cross-section width b (mean 188 mm, CoV = 0.30) is highly positively skewed (y; = 1.71,
excess kurtosis 5.07), indicating a concentration in the lower range with few wider sections
up to 400 mm. The depth /i (mean 271 mm, CoV = 0.18) and total span L, show moderate
positive skewness, consistent with the prevalence of laboratory-scale testing. The shear
span Ly (71 = 1.03) is highly positively skewed, reflecting a concentration of shorter shear
spans with few specimens exceeding 1500 mm.

Among the mechanical properties, f, is the least dispersed parameter (CoV = 0.13),
with a moderately left-skewed distribution (y; = —0.82) and near-zero excess kurtosis.
The FRP tensile strength fr, (mean 1144.6 MPa, CoV = 0.55) and modulus E; (mean
62.1 GPa, CoV = 0.61) both exhibit highly right-skewed distributions, reflecting the predom-
inance of low-modulus GFRP with a smaller subset of carbon or aramid fiber specimens in
the upper tail. The concrete compressive strength f/ ranges from 20.0 to 75.9 MPa (mean
36.9 MPa), with a highly positively skewed distribution (7y; = 1.25) produced by a subset
of higher-strength specimens.

The reinforcement areas A; and Ay are both highly right-skewed (skewness 1.82 and
1.76, excess kurtosis 2.90 and 5.60), with the higher kurtosis of A indicating a sharper peak
and heavier right tail. The compression area A/, is approximately symmetric (skewness 0.24),
reflecting standardised compression detailing. The cover distance y; (mean 46.6 mm) is
highly positively skewed (71 = 1.46), while y; (mean 37.0 mm) is approximately symmetric
(71 = —0.17). The lower mean FRP cover confirms the typical HRC layout, consistent with
the practice of placing corrosion-resistant reinforcement in the outermost layers.

The composition of the database in terms of FRP type, failure mode, and bar position
is reported in Table 3. GFRP accounts for 61.29% of the specimens, followed by CFRP
(17.20%), BFRP (16.13%), and AFRP (5.38%).

FM-3 (steel yielding followed by concrete crushing) dominates with 97.85% of speci-
mens. FM-2 (FRP rupture with steel yielded) accounts for 2.15%. Regarding bar position,
52.69% of specimens have FRP and steel at the same level, while 45.16% feature external
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FRP. Only 2.15% adopt external steel. The database is not perfectly balanced across all
parameters. GFRP and FM-3 are over-represented. This reflects the actual distribution of
available experimental data rather than a selection bias. The substantial size and hetero-
geneity of the 18 source campaigns mitigate the influence of any single program on the
validation statistics.

Table 3. Distribution of FRP type, failure mode (FM), and bar position in the experimental database.

FRP Type Count M Count Bar Position Count
GFRP 57 (61.29%) | FM-3 91 (97.85%) | FRP and steel same level 49 (52.69%)
BFRP 15 (16.13%) | FM-2 2 (2.15%) External FRP 42 (45.16%)
CFRP 16 (17.2%) External steel 2 (2.15%)
AFRP 5 (5.38%)

4.2. Validation Results

The numerical yielding and ultimate moments are computed for each of the 93 speci-
mens using mean material properties as input. No partial safety factors or strength reduc-
tion factors are applied. The specimen-by-specimen comparison is provided in Table A2
(Appendix B).

The results are reported in Table 4 and visualized in Figures 7 and 8.

Table 4. Descriptive statistics of experimental and numerical yielding and ultimate moments.

Parameter Mean Std. Deviation Skewness Kurtosis R?
My, [kNm] 39.21 33.042 2.39 6.67 0.9885
My, num [KNm] 38.24 32.491 2.56 7.39 ’
M, e [KNm] 62.41 40.580 243 7.89 0.9887
My num [KNm] 62.02 40.803 2.37 7.28 ’

For the yielding moment, the mean numerical-to-experimental ratio is 0.978 with
R% = 0.9885. The systematic underestimation is consistent with the adoption of an
elastic—perfectly plastic constitutive law for steel, which neglects strain hardening at the
yield transition.

For the ultimate moment, the mean ratio is 0.992 with R? = 0.9887. The close agree-
ment confirms that the model does not exhibit a statistically significant bias at the 95%
confidence level.

Figure 7. Relationship between experimental and theoretical yielding moments of the benchmark
HRC beams.
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Figure 8. Relationship between experimental and theoretical ultimate moments of the benchmark
HRC beams.

4.2.1. Yielding Moment

Across the 93 specimens, the mean numerical-to-experimental yielding moment ratio is
0.975. The coefficient of determination is R? = 0.9885. The slight underestimation captured
by the mean ratio reflects the adoption of an elastic—perfectly plastic constitutive law for
steel, which neglects strain hardening at the yield transition. The scatter plot in Figure 7
confirms that the predicted values cluster tightly around the line of perfect agreement.
The vast majority of points lie within the £20% deviation bands across the full range of
yielding moments, from approximately 8 to 184 kNm. No systematic deviation at high or
low moment levels is detected.

Among available studies in the literature, explicit validation of the yielding moment
across a comprehensive database is rarely reported. Most existing models for HRC sections
focus exclusively on ultimate capacity. The present validation provides a quantitative
benchmark for this response quantity across all four FRP types and a wide range of
reinforcement configurations.

4.2.2. Ultimate Moment

The mean numerical-to-experimental ultimate moment ratio is 0.993, with a standard
deviation of 0.063 and a coefficient of variation of 6.3%. The coefficient of determination
is R? = 0.9887. The scatter plot in Figure 8 confirms close agreement across the full range
of ultimate moments, from approximately 14 to 252 kNm. All data points fall within the
£20% deviation bands. The distribution is symmetric around the line of perfect agreement,
with no visible bias.

Closed-form formulations developed within the ACI 440.1R and CSA S806 frameworks
have been reported in previous studies to yield mean ratios around 0.89 to 0.94 with
coefficients of variation of 13 to 15%. The proposed model achieves a mean ratio closer to
unity and approximately half the coefficient of variation. This improvement reflects the
more refined treatment of strain compatibility, force equilibrium, and concrete compressive
behavior implemented in the layer-by-layer numerical integration procedure.

4.2.3. Failure Mode Classification

The predicted failure modes align with the experimental observations. The model
classifies each specimen according to the strain field at the ultimate condition. The dominant
prediction is steel yielding followed by concrete crushing (SY-CC), consistent with the
observed prevalence of this mechanism in the database. Cases involving steel yielding
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followed by concrete crushing and FRP rupture (SY-CC-FR) are also correctly identified.
This consistency between predicted and observed failure modes provides an additional
indicator of the mechanical soundness of the proposed formulation.

5. Numerical Study
5.1. Dimensionless Sectional Parameters

This section presents a parametric investigation aimed at characterizing the structural
response of HRC sections. Interaction domains are expressed in dimensionless form to
allow consistent comparison between sections with different geometrical and mechanical
properties [24]. Two sets of dimensionless parameters are used, according to the adopted
design formats. Their expressions are reported in Table 5.

Table 5. Dimensionless parameters according to EN 1992-1-1 and ACI 318.

Dimensionless Parameter EC2+CNR ACI
Axial load, v Nra ¢ - Nu
fea-b-h fe-b-h
Bending moment, u MR4 ¢ My
fog b2 i b-h2
FRP mechanical reinf. ratio, w £ Af f fd Af f fu
b-h fud b-h f!
Steel mechanical reinf. ratio, wy As - f, yd As- fy
b-h-fea b-h-f
Hybridization index, R Ws _ As tot - f, yd Ws _ Astot - fy
Wy Afpor fra W Afpor fru

The hybridization parameter R quantifies the relative contribution of steel and FRP
longitudinal reinforcement to the tensile resistance of the section. It governs the balance
between ductile and brittle reinforcement and therefore directly influences the governing
failure mode and curvature capacity of hybrid sections.

Once the reinforcement design properties are fixed, variations of R can be achieved
only by modifying reinforcement areas. Under this assumption, the total mechanical
reinforcement ratio of an HRC section can be expressed as:

wh:ws-(lJrIl{):wf-(lJrR) (23)

The hybrid mechanical ratio wy, represents the total longitudinal resistant capacity
normalized with respect to the concrete compressive resistance and therefore governs
the global strength level of the section and the extension of both the axial force-bending
moment interaction domain and the moment-curvature response.

Within this dimensionless framework, parametric investigation is performed by vary-
ing the total hybrid mechanical reinforcement ratio wy, the hybridization ratio R and the
normalized axial load level v, while maintaining concrete and reinforcement material prop-
erties constant. The combined variation of these parameters allows systematic identification
of transition regions between FRP rupture, steel yielding followed by concrete crushing,
and hybrid failure mechanisms under combined axial load and bending moment.

From a practical design perspective, v indicates the axial load level and determines
the governing failure-mode region within the N-M domain. The parameter u quantifies
the bending utilization of the section. The ratio wy, controls the global reinforcement
level and the extension of the interaction domain. The parameter R governs the balance
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between steel and FRP contributions and therefore controls the failure mode, curvature
ductility, and energy dissipation capacity. A professional engineer can use these four
parameters to identify the reinforcement configuration that satisfies both strength and
ductility requirements for a given axial load level.

5.2. Material Properties

The procedures used to derive design material strengths and the corresponding re-
duction coefficients are described in Section 2. The material properties adopted in the
study are summarized in the following sections. Specifically, Table 6 reports the mechanical
properties of concrete, Table 7 presents the properties of steel reinforcement, and Table 8
summarizes the mechanical properties of GFRP bars. The selected values are consistent
with the respective European (EN 1992-1-1 and CNR-DT 203) and American (ACI 318
and ACI 440.11-22) design frameworks and are representative of conventional structural
materials adopted in hybrid steel-GFRP reinforced concrete applications.

Table 6. Concrete properties according to EN 1992-1-1 and ACI 318-25.

Concrete C25/30-EN 1992-1-1

Characteristic compressive strength fox 250 MPa
Design compressive strength fea 142 MPa
Compressive strain at elastic limit e 20 %o
Ultimate compressive strain €y 35 %0

Concrete-ACI 318-25

Specified compressive strength . 250 MPa
Ultimate compressive strain ey 3.0 %o

Table 7. Steel bar properties according to EN 1992-1-1 and ACI 318-25.

Steel B450C-EN 1992-1-1

Tensile modulus of elasticity E; 200 GPa
Characteristic yield strength fyx 450.0 MPa
Characteristic yield strain ey 2.25 %o
Design yield strength fya 3913 MPa
Design yield strain gy 196 %o
Steel-ACI 318-25

Tensile modulus of elasticity E; 200 GPa
Yield strength fy 4200 MPa
Yield strain ey 200 %00

Table 8. GFRP bar properties according to CNR-DT 203 and ACI 440.11-22.

ASTM D8505/D8505M-23

Mean tensile modulus of elasticity Er 60 GPa
Guaranteed tensile strength fre 898 MPa
Guaranteed tensile strain err 14967 Yo
CNR-DT 203 R1/2026

Design tensile strength fra 431 MPa
Design tensile strain €rg 7184 %0

ACI 440.11-22

Design tensile strength fru 7633  MPa
Design tensile strain ep 12721 %o
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5.3. Parametric Analysis

The parametric study is conducted on a reference HRC section with fixed geometry and
material properties, as described in Section 2, which serve as the normalization basis for all
dimensionless reinforcement and mechanical parameters introduced in Table 5. The section
features a four-layer longitudinal reinforcement layout, with FRP bars positioned near the
extreme fibers and steel reinforcement in the internal layers; this configuration defines the
effective depth parameters d; and d ¢, which enter the moment calculation but do not affect
the dimensionless reinforcement parameters wy,, ws, w s and R.

The reinforcement areas As and Ay are determined under EC2+CNR provisions by
prescribing the hybridization coefficient R equal to 0.5, 1.0 and 2.0 and the total hybrid
mechanical reinforcement ratio wy, in the range 0.1 to 1.0 with increments of 0.1, using
the material properties given in Tables 6-8. The same physical section, with identical
reinforcement areas, is subsequently characterized under ACI provisions, yielding the
corresponding ACI-normalized quantities v, y, wy, and R. It is worth noting that this
approach replicates a realistic design scenario in which a single physical section, defined
by identical geometry and reinforcement areas, is assessed under two different normative
frameworks. The difference between the two normalizations arises exclusively from the
distinct material strength definitions adopted by each standard, thereby enabling a direct
comparison of the safety formats without altering the underlying structural configuration.

Three values of R are considered: 0.5, corresponding to a predominant FRP tensile
contribution; 1.0, corresponding to comparable steel and FRP contributions; and 2.0, corre-
sponding to a predominant steel contribution. The parametric combinations are completed
by two configurations of normalized cover distances ¢;/H and cy/H, where ¢; and ¢
denote the distance between the centroid of the steel and FRP reinforcement layers and the
nearest edge of the cross-section, respectively, as summarized in Table 9.

Table 9. Investigated parametric combinations of section geometry and reinforcement.

ID REc2+cNR Racr cf/H cs/H
T w0
T w0
S5 050 0303 005 01

Figure 9 illustrates the decomposition of wy, into its steel and FRP components, w;
and w iz for the three values of R. For a fixed wy, increasing R redistributes the total tensile
mechanical capacity toward the steel contribution, resulting in higher w;s and lower wy
while preserving the global normalized capacity. The hybridization coefficient R therefore
governs not only the relative reinforcement areas but also the expected strain regime and
the controlling failure mode under combined axial force and bending.

The Af-As diagrams in Figures 10 and 11 report the balanced failure mode boundaries
BFM 2-3 and BFM 3-4a for each parametric configuration, computed according to the
EC2+CNR framework. The markers identify the investigated parametric configurations,
each corresponding to a discrete combination of steel and FRP reinforcement areas (As,
Ay) associated with prescribed values of wy and R. The green lines (BFM 2-3) separate the
FRP rupture-controlled domain (FM-2) from the steel-yielding-controlled domain (FM-3);
the red lines (BFM 3-4a) bound the transition toward concrete crushing-controlled failure
(FM-4a). Increasing wy, from 0.1 to 1.0 shifts the design configurations progressively from
FM-2 toward FM-3, reflecting the growing steel contribution to tensile capacity and the
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associated enhancement in deformation capacity prior to concrete crushing. It is worth
noting that the BEM boundary lines are not universal: their position depends explicitly
on the applied axial load level Ng;, which enters directly into the intercept expressions of
Equations (9) and (14). As a consequence, a parametric configuration may fall in different
failure mode domains depending on the applied axial load level. Each marker is therefore
associated with a corresponding pair of BEM boundary lines, one green (BFM 2-3) and
one red (BFM 3-4a), whose relative position with respect to the marker determines the
governing failure mode of that configuration.
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Figure 9. Hybrid reinforcement ratio components distribution for different R values.

Figure 10. A¢-A; diagram failure mode domain of the sectional groups A under pure bending regime,
according to the EC2+CNR framework.

Figure 10 presents the BEM boundaries under pure bending (v = 0). Increasing wy,
displaces the configurations progressively toward larger reinforcement areas, with a con-
current outward translation of the BEM boundaries. The trajectory of the configurations in
the As-A; plane is controlled by R: higher R values produce a displacement predominantly
along the A; axis, reflecting a proportionally greater steel contribution, whereas lower
R values yield a displacement predominantly along the A axis, consistent with a larger
relative FRP contribution.

Figure 11 illustrates the influence of compressive axial force on the balanced failure
boundaries, evaluated at a normalized axial load level v = 0.1. Increasing axial compression
translates the BEM boundaries toward the origin, reducing both intercepts and causing
configurations classified within the FM-3 domain under pure bending to shift toward FM-2
or FM-4a. Under elevated compression, sections with moderate w ¢ may exhibit concrete
crushing prior to FRP rupture, producing a sectional response analogous to that of more
heavily reinforced configurations under pure bending.
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Figure 11. A¢-A; diagram failure mode domain of the sectional Group A under combined axial load
and bending regime at v = 0.1, according to the EC2+CNR framework.

5.4. v-u Interaction Domains
5.4.1. European Framework

The parametric results for the European framework (EC2+CNR) are presented in
Figure 12 (Group A, i.e., with ¢,/H = 0.1 and ¢;/H = 0.2) and Figure 13 (Group B,
ie, withcg/H = 0.05and ¢;/H = 0.1), showing the v- interaction domains for a total of
60 sections, 30 per group, covering three hybridization ratios (R = 0.5, 1.0, 2.0) and ten
hybrid mechanical reinforcement ratios (w;, = 0.1 to 1.0). The results demonstrate that
increasing wy, produces a global expansion of the v-y interaction domain, with a more
pronounced increase at the BFM 2-3 transition boundary, indicating a stronger sensitivity of
steel-yielding transitions to the total reinforcement level relative to compression-controlled
transitions. Increasing R shifts both the BFM 3-4a and BFM 2-3 transitions toward higher
axial compression and moment levels. A systematic influence of the reinforcement layout
is observed: Group B sections (Figure 13) exhibit higher BFM 2-3 and BFM 3-4a transition
values than Group A sections (Figure 12), consistent with the smaller cover distances
adopted in Group B, which increase the effective lever arm of both steel and FRP reinforce-
ment, thereby enhancing the sectional flexural capacity under combined axial force and
bending moment.

5.4.2. American Framework

Figure 14 (Group A) and Figure 15 (Group B) show the v-p interaction domains for
the same 60 sections designed according to the American framework (ACI 318-25 and
ACI 440.11-22). In each figure, dashed curves represent nominal capacities, while solid
curves represent design capacities reduced by the strain-dependent SRF. The nominal
interaction domains are comparable in extent to those obtained within the European
framework. The reduction introduced by the SRF is most significant in the compression-
controlled region (v < 0), where the gap between nominal and design domains is largest,
while in the tension-controlled region (v > 0) the two sets of curves remain closely aligned.
The value of ¢ = 0.90 is applied consistently across all tension-controlled configurations,
as indicated in the subplot titles of the y-) diagrams. A further distinctive feature of the
ACI design domain is the vertical cutoff on the left part that corresponds to the maximum
design axial load limit imposed by ACI 318-25. This limit, which has no counterpart in
the European framework, truncates the design domain at an axial compression level that
depends on the steel reinforcement content and gross sectional area, as the FRP contribution
is neglected under pure compression conditions according to ACI provisions.
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Figure 12. Section Group A dimensionless diagrams according to EC2 and CNR.

Figure 13. Section Group B dimensionless diagrams according to EC2 and CNR.
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Figure 14. Section Group A nominal (dashed) and design (solid) dimensionless diagrams according
to ACL

Figure 15. Section Group B nominal (dashed) and design (solid) dimensionless diagrams according
to ACL
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5.5. M—x Response Under Zero Axial Load v
5.5.1. European Framework

The p-x responses at v = 0 are shown in the right column of Figure 12 for Group A
and in the right column of Figure 13 for Group B. For Group A, the FM-2 to FM-3 transition
occurs at approximately wy, = 0.5 for R = 0.5, w, = 0.6 for R = 1.0, and wy, = 0.7 for
R =2.0. Beyond this threshold, X peqx decreases while i, py and xy continue to increase,
confirming that the FM-2 to FM-3 transition reduces ultimate deformation capacity without
affecting flexural strength or the yielding response. The shift of the transition threshold
toward higher wy, as R increases indicates that a larger steel contribution extends the wy,
range over which FM-2 governs, delaying the transition to FM-3.

For Group B, the transition occurs at values of wy, higher than those relative to Group
A. For R = 0.5, the FM-2 to FM-3 transition begins at approximately wj;, = 0.7. For R = 1.0,
only the configuration with wy, = 1.0 reaches FM-3, while lower wy, levels remain governed
by FM-2. For R = 2.0, all investigated configurations remain governed by FM-2, indicating
that the increased lever arm of Group B maintains FRP rupture as the governing failure
mechanism over a wider reinforcement range.

Increasing R at constant axial load produces a progressive increase in both e, and
py, while )y, remains approximately unchanged and x yeq increases moderately within the
FM-2 regime, confirming that hybridization primarily enhances flexural strength rather
than modifying the deformation threshold associated with steel activation.

5.5.2. American Framework

The p-x responses at v = 0 for the American framework are shown in the right column
of Figure 14 for Group A and in the right column of Figure 15 for Group B. The same
failure mode characteristics observed in the European framework are confirmed: sections
governed by FM-2 exhibit an abrupt drop in moment capacity due to FRP rupture fol-
lowed by a horizontal plateau, while sections governed by FM-3 terminate more gradually.
The application of the SRF reduces the design moment response relative to the nominal
curves, affecting both yielding moment (yy) and peak moment (), while curvature
quantities (Xy, X peak) remain at their nominal values. The reduction is more pronounced for
sections in the tension-controlled regime.

5.6. Influence of Axial Load Level v

The combined influence of R, wy, and v is illustrated in Figure 16 for the European
framework and in Figure 17 for the American framework, for v = 0.10, 0.25 and 0.50,
corresponding to increasing levels of compressive axial load. Axial compression modifies
both the governing failure mechanism and the moment—curvature response: increasing
v reduces peak moment and curvature at higher wy,, while at v = 0.50 ultimate curvature
stabilizes and becomes insensitive to wy,. Increasing R raises peak moment at constant axial
load, with comparatively moderate effects on curvature capacity.

For wy, < 0.3, moderate axial compression increases y peak in both frameworks: com-
pression shifts the neutral axis in a way that enhances the internal lever arm of the tensile
reinforcement without triggering premature concrete crushing. For wy, 2 0.4, pipeqr contin-
ues to grow with wy, regardless of v, as the steel contribution to flexural strength in the FM-3
regime more than offsets the compression-induced reduction in the tensile zone. Within the
American framework, the strain-dependent factor ¢(¢;) introduces an additional reduction
that becomes increasingly penalising as conditions shift toward compression-controlled
behavior, widening the gap between EC2+CNR and ACI predictions with increasing v.
As shown in Figure 17, the range of ¢ values narrows progressively with increasing com-
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pression: from ¢ = 0.81 +-0.90 at v = 0.10 to ¢ = 0.65 at v = 0.50, reflecting the transition
toward fully compression-controlled behavior where ¢ is no longer strain-dependent.

Figure 16. Combined effect of wy, v and R ratios on M-y relationships according to EC2 and CNR.

Figure 17. Combined effect of wy, v and R ratios on M-y relationships according to ACIL.
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Curvature capacity exhibits a non-monotonic dependence on wy, and v in both frame-
works, reflecting transitions between failure mechanisms. For w), < 0.3, Xpeak Increases
with moderate compression, consistent with the FM-2 regime in which compression de-
lays FRP rupture by reducing tensile strain demand. For wy 2 0.4, the rate of increase
in X peak With wy, diminishes progressively at higher v, owing to earlier attainment of the
concrete compressive strain limit. At v = 0.50, x, stabilizes and becomes insensitive to wy,
converging to a value governed by €., /x;,: compression-controlled conditions constrain
the strain field near the crushing limit regardless of reinforcement content, so that section
geometry rather than reinforcement configuration determines ultimate curvature. This
saturation is observed in both frameworks; within the ACI framework, the decrease in ¢
under compression-controlled conditions further reduces design moment capacity relative
to European predictions, producing a penalty on flexural resistance absent in the EC2+CNR
safety format.

Atv = 0.10 and low wy, a pronounced nonlinearity is visible in the pre-yield branch
of the moment—curvature response, progressively disappearing as wy, increases. At low wy,
FRP reinforcement, whose elastic-linear response extends to rupture without yielding, dom-
inates tensile stiffness; the gradual neutral axis shift under increasing curvature produces a
non-proportional stress redistribution between FRP and concrete, manifesting as pre-yield
nonlinearity. At high wy, steel dominates sectional stiffness and its bilinear constitutive
response regularises the pre-yield branch, masking the FRP contribution. Within the ACI
framework, this feature is partially attenuated by the uniform scaling of ¢, which reduces
the amplitude of the nonlinear branch without altering its physical origin.

At v = 0.50, compression suppresses steel yielding entirely across the majority of
configurations: the concrete compressive strain limit is reached before ¢4 is attained, p,,
and ), are undefined, and the ductility factor is not applicable. A distinctive feature of
the American framework is the identification of configurations governed solely by steel
yielding without FRP rupture, not encountered in the European framework for the same
physical sections. This reflects the more conservative FRP design strengths of ACI 440.11-22
relative to CNR-DT 203 R1/2026, which reduce tensile FRP demand and shift the governing
failure mechanism toward steel yielding across a wider reinforcement range.

The observed failure mode transitions are governed by neutral axis migration under
increasing axial compression. When v increases, the neutral axis shifts toward the tension
side of the section. This reduces the tensile strain available at the reinforcement level for
a given compressive strain at the top fiber. The concrete extreme fiber reaches ¢, before
the FRP bars attain their ultimate strain €,. The section therefore transitions from FM-2,
where FRP rupture governs, to FM-3 or FM-4a, where concrete crushing controls. This
transition occurs at progressively lower values of wy, as v increases, because the additional
compression further constrains the tensile strain field. The saturation of ultimate curvature
Xxu at v = 0.50 results from the same mechanism. At high axial load levels, the curvature
is constrained by the ratio ¢, /x, where x is the neutral axis depth. Since both ¢, and
x become nearly insensitive to wj, in the compression-controlled regime, x, stabilizes
regardless of reinforcement content.

5.7. Ductility Estimation

Ductility estimation is introduced to provide a deformation-capacity indicator for
HRC sections governed by steel-yield-controlled failure modes, particularly within FM-2
and FM-3 domains. The curvature ductility factor is adopted as representative indicator of
deformation capacity, and it is defined as:

Dyes = % (24)
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where x;, is the ultimate curvature and Xy is the curvature at first steel yielding. This defini-
tion is adopted for both the European (EC2+CNR) and American (ACI) design frameworks.

Ductility was assessed for Group A and Group B sections under normalized axial load
levels up to v = 0.25. Results are reported in Figure 18 (EC2+CNR) and Figure 19 (ACI).
Across all configurations, increasing axial compression reduces sectional ductility, driven
by earlier attainment of the concrete compressive strain limit and a progressive shift toward
compression-controlled failure.

For Group A sections within the European framework (Figure 18, left), ductility under
zero axial load remains approximately constant up to wy, ~ 0.6 and then decreases. At
v = 0.10, the plateau shortens to wy, ~ 0.3. At v = 0.25, ductility decreases monotonically
across the full wy, range. For Group B sections (Figure 18, right), a broader plateau is
observed at low axial load: ductility remains nearly constant across the full wy, range at
v =0, and up to wy, ~ 0.5 at v = 0.10. At higher axial load the decreasing trend becomes
dominant. Group B sections consistently exhibit higher ductility than Group A sections at
equivalent wy, and v levels, owing to the increased effective lever arm associated with the
smaller cover distances of Group B.

Figure 18. Ductility according to EC2 and CNR.

Consistent trends are observed within the American framework (Figure 19). For Group
A sections, ductility at zero axial load reaches a peak at wy, ~ 0.2-0.3 for R = 0.303, and then
decreases monotonically. At v = 0.10 and 0.25, the peak shifts toward lower wj), values
and the overall ductility level is reduced. For Group B sections, higher ductility values are
observed at low wj, for v = 0, particularly for lower R values. Across all configurations,
ductility decreases across the entire wj, range at higher axial compression, confirming the
dominant influence of axial compression on deformation capacity independently of the
design framework.

The influence of hybridization ratio R on ductility is not monotonic and depends on
the wy, range and reinforcement layout. Within the European framework, lower R values
tend to correspond to higher ductility at low-to-moderate wy,, but this ordering is not
preserved at higher reinforcement levels, where the curves converge or cross. Within the
ACI framework, for Group A sections, higher ductility is associated with configurations
characterized by a larger relative FRP contribution, provided the governing failure mode
remains steel yielding without FRP rupture activation: under these conditions, the section
exploits the full deformation capacity associated with steel yielding while retaining the
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stiffness contribution of FRP. This trend is not observed for Group B sections, where
the relationship between R and ductility depends more strongly on the specific failure
mechanism activated within each configuration.

Figure 19. Ductility according to ACI.

5.8. Energy Dissipation

Energy dissipation provides a complementary indicator of ultimate limit state behavior,
quantifying the area under the moment—curvature response beyond what sectional ductility
alone captures. The same configurations considered in the ductility assessment were
evaluated; results are reported in Figure 20 (EC2+CNR) and Figure 21 (ACI).

Group A sections systematically exhibit lower energy dissipation than Group B across
both frameworks. This difference reflects the reinforcement layout: in Group B, steel and
FRP are positioned closer to the external fibers, increasing the internal lever arm, promoting
larger curvature development prior to failure, and consequently enlarging the area under
the response.

Within Group A, the ACI framework predicts lower design energy dissipation than
EC2+CNR, particularly for wy, 2 0.7, where the strain-dependent reduction in ¢ reduces
the design moment ordinates of the moment—curvature response. Across all configurations,
dissipated energy increases rapidly with wj; while the response is governed by FM-2
FRP rupture. As wj, enters the FM-3 steel-yielding regime, the rate of increase reduces,
producing a bilinear trend that reflects the transition from FRP-controlled failure toward
steel yielding. This bilinear behavior progressively attenuates with increasing axial load
and disappears at v = —0.25, where compression-controlled conditions limit curvature
development and suppress the energy accumulation associated with steel yielding. In the
ACI framework, Group B sections reach significantly higher dissipated energy values than
Group A at equivalent wy, and v levels, confirming the dominant role of the reinforcement
layout on energy dissipation capacity.

The non-monotonic relationship between R and curvature ductility is explained by
competing effects of the two reinforcement types. At low R values, the dominant FRP
contribution provides high tensile stiffness but limits ductility because of the brittle FRP
failure mode. Increasing R, the proportion of steel reinforcement raises. Steel bars, having
a lower elastic modulus than FRP bars, attract a smaller share of the tensile force at equal
strain. This reduces the strain demand on the FRP bars and delays the attainment of ¢,,.
The larger steel component yields before ULS, enhancing energy dissipation and curvature
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ductility. Beyond a critical R value, the reduced FRP content lowers the overall tensile
capacity of the section. This leads to a shallower post-yielding branch and earlier concrete
crushing. The net effect is a peak in curvature ductility at an intermediate R value that
depends on wy, and v.

Figure 20. Dissipated energy according to EC2 and CNR.

Figure 21. Dissipated energy according to ACI.

6. Conclusions

The present study developed a parametric approach for the ULS assessment of HRC
sections, incorporating an inner layer of steel reinforcement and an outer layer of FRP
bars under combined axial force and bending moment. A sectional model based on strain
compatibility and force equilibrium was implemented through a LLNI procedure to gener-
ate N-M interaction domains and M-y relationships within both European (EC2+CNR)
and American (ACI 318-25 and ACI 440.11-22) normative frameworks. The dimensionless
formulation in terms of v, y, w;, and R enabled systematic comparison between hybrid
configurations and identification of balanced failure transitions.

The main findings may be summarized as follows:
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¢  The proposed validation against a benchmark database of 93 hybrid reinforced con-
crete beams collected from 18 independent experimental campaigns demonstrated the
reliability of the sectional model in modeling HRC members. The mean numerical-
to-experimental ratio is 0.975 for the yielding moment (CoV = 7.7%, R? = 0.9885) and
0.993 for the ultimate moment (CoV = 6.3%, RZ = 0.9887). The predicted failure modes
are consistent with the experimental observations across all four FRP types (GFRP,
CFRP, BERP, AFRP). These results confirm the reliability of the model and provide the
basis for the parametric investigation developed in the subsequent sections.

¢ Increasing wy, produces a global expansion of the N-M interaction domain, with a
pronounced increase at the BEM 2-3 transition, reflecting the growing influence of
steel yielding on sectional resistance.

* Increasing R shifts the BFM 3-4a transition toward higher axial compression and
bending levels, indicating delayed FRP rupture and enhanced steel participation in
the tensile response.

*  As wy and R increase, the governing failure mechanism evolves from FRP rupture
(FM-2) toward steel yielding followed by concrete crushing (FM-3), with transition
thresholds dependent on reinforcement layout and cover distances.

e Under zero axial load, both frameworks predict a reduction in curvature ductility with
increasing wy, consistent with the linear-elastic brittle response of FRP reinforcement.

* Axial compression modifies both the governing failure mechanism and the
moment—curvature response. Increasing v reduces peak moment and curvature at
higher wy. At v = 0.25, compression-controlled conditions become dominant and
suppress the bilinear energy accumulation associated with steel yielding. At v = 0.50,
ultimate curvature stabilizes and becomes insensitive to wy,, governed by section
geometry rather than reinforcement configuration.

¢ Dissipated energy increases with wy, in the FM-2 regime; the rate of increase reduces
upon transition to FM-3.

Systematic differences are observed between the two regulatory frameworks:

¢ The European provisions generally predict FRP rupture (FM-2) at ultimate conditions
and do not apply a strain-dependent strength reduction, resulting in higher design
curvature and energy dissipation capacities relative to the American framework.

¢  The American provisions incorporate a strain-dependent ¢ factor that contracts the
interaction domain under compression-controlled conditions and penalizes moment
capacity and energy dissipation. Curvature quantities remain at their nominal values,
and therefore the penalty is limited to the moment ordinate of the design response,
unlike the EC2+CNR safety format where no strain-dependent reduction is applied.

*  The American framework identifies configurations governed solely by steel yielding
without FRP rupture activation across a wider reinforcement range, reflecting the more
conservative FRP design strengths of ACI 440.11-22 relative to CNR-DT 203 R1/2026.

*  The effect of R on ductility is not monotonic and depends on wj), range and reinforce-
ment layout; within the ACI framework, higher FRP contribution can increase ductility
in Group A sections provided steel yielding remains the governing failure mode.
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Appendix A. Benchmark Database for Model Validation

This appendix reports the complete geometric and mechanical properties of the
93 hybrid reinforced concrete beams used for the model validation presented in Section 4.

Table Al. Experimental database of FRP-reinforced concrete beams collected from the literature.

2 4 u As A A’ E < ’
Reference Beam bxchimml o i (mm?] [mm?] [(GPal [mml [mml [mm] TRETyPe
Aiello (2002) [8] Al 150 x 200 45.7 465.0 1674.0 101.0 88.0 101.0 49.0 50 25 25 AFRP
A2 150 x 200 45.7 465.0 1366.0 101.0 157.0 101.0 50.1 50 25 25 AFRP
A3 150 x 200 45.7 465.0 1366.0 226.0 236.0 101.0 50.1 50 25 25 AFRP
C1 150 x 200 45.7 465.0 1366.0 101.0 88.0 101.0 49.0 25 25 25 AFRP
Qu (2009) [9] B3 180 x 250 33.1 336.0 782.0 226.1 253.2 157.0 45.0 30 25 30 GFRP
B4 180 x 250 33.1 336.0 755.0 201.0 396.9 157.0 41.0 30 25 30 GFRP
B5 180 x 250 344 336.0 778.0 401.9 141.7 157.0 37.7 30 25 30 GFRP
B6 180 x 250 34.4 336.0 782.0 401.9 253.2 157.0 45.0 30 25 30 GFRP
B7 180 x 250 40.7 336.0 778.0 113.0 141.7 157.0 37.7 30 25 30 GFRP
Lueng (2003) [49] L2 150 x 200 28.5 460.0 760.0 157.0 141.7 157.0 40.8 70 40 40 GFRP
L5 150 x 200 28.5 460.0 760.0 235.5 212.5 157.0 40.8 70 40 40 GFRP
H2 150 x 200 48.5 460.0 760.0 157.0 141.7 157.0 40.8 70 40 40 GFRP
Yoon (2011) [50] CS 230 x 250 759 470.0 2130.0 485.0 128.0 56.5 146.2 88 44 40 CFRP
GS 230 x 250 75.9 470.0 941.0 485.0 381.0 56.5 48.1 88 44 40 GFRP
Lau (2010) [51] G0.3-MD1.0-A90 280 x 380 41.3 336.0 588.0 981.7 283.5 56.5 39.5 40 35 25 GFRP
G1.0-T0.7-A90 280 x 380 39.8 597.0 582.0 628.3 981.7 56.5 38.0 40 35 25 GFRP
G0.6-T1.0-A90 280 x 380 44.6 550.0 588.0 981.7 567.1 56.5 39.5 40 35 25 GFRP
Mohamed (2013) [52] BlO‘BS 100 x 200 30.0 530.0 755.0 157.0 100.6 100.6 39.0 65 20 65 GFRP
310‘6‘5 100 x 200 30.0 530.0 780.0 157.0 56.6 100.6 41.0 65 20 65 GFRP
312\85 100 x 200 30.0 470.0 755.0 226.0 100.6 100.6 39.0 65 20 65 GFRP
B12|6S 100 x 200 30.0 470.0 780.0 226.0 56.6 100.6 41.0 65 20 65 GFRP
Hong (2011) [53] ALII-2 250 x 400 27.0 525.0 2850.0 596.0 56.0 142.0 165.0 44 44 44 CFRP
AMI-2 250 x 400 34.0 525.0 2850.0 380.0 56.0 142.0 165.0 44 44 44 CFRP
AMIII-2 250 x 400 34.0 512.0 2850.0 860.0 56.0 142.0 165.0 44 44 44 CFRP
AMIII-3 250 x 400 34.0 512.0 2850.0 860.0 84.0 142.0 165.0 44 44 44 CFRP
BMIV-1 400 x 200 34.0 512.0 2850.0 860.0 28.0 142.0 165.0 44 44 44 CFRP
BMIV-2 400 x 200 34.0 512.0 2850.0 860.0 56.0 142.0 165.0 44 44 44 CFRP
BMIV-3 400 x 200 34.0 512.0 2850.0 860.0 84.0 142.0 165.0 44 44 44 CFRP
Almusallam (2013) [54] RWI1F 150 x 200 36.6 408.0 743.0 157.1 78.5 28.3 40.0 30 15 25 GFRP
RW2F 150 x 200 36.6 408.0 743.0 78.5 157.1 28.3 40.0 30 15 25 GFRP
Badawi (2009) [55] NonPrs 152 x 254 45.0 440.0 1970.0 400.0 70.9 200.0 136.0 45 45 45 CFRP
Wang (2022) [56] B1.09-50.25-0.23 150 x 250 38.2 492.0 1077.0 78.5 339.3 157.1 50.0 35 35 25 BFRP
B0.75-50.36-0.48 150 x 250 38.2 495.0 1166.0 113.1 235.6 157.1 51.3 35 35 25 BEFRP
B0.55-50.53-0.96 150 x 250 38.2 478.0 1166.0 150.8 157.1 157.1 51.3 35 35 25 BEFRP
B0.52-S0.52-1.00 150 x 250 38.2 478.0 1220.0 150.8 150.8 157.1 515 35 35 25 BFRP
B0.35-50.54-1.56 150 x 250 38.2 492.0 1220.0 157.1 100.5 157.1 51.5 35 35 25 BFRP
Ruan (2020) [57] 2G12-2512 180 x 300 30.3 517.0 868.2 226.2 226.2 100.5 40.1 35 35 30 GFRP
2G16-2512 180 x 300 30.3 517.0 958.2 226.2 402.1 100.5 45.7 35 35 30 GFRP
2G12-1S16 180 x 300 30.3 540.0 868.2 201.1 226.2 100.5 40.1 35 35 30 GFRP
2G16-1S16 180 x 300 30.3 540.0 958.2 201.1 402.1 100.5 45.7 35 35 30 GFRP
2G12-2512 (D) 180 x 300 30.3 517.0 868.2 226.2 226.2 100.5 40.1 60 35 30 GFRP
2G16-2512 (D) 180 x 300 30.3 517.0 958.2 226.2 402.1 100.5 457 60 35 30 GFRP
Maranan (2019) [58] 2G_2G1S 200 x 300 31.0 500.0 1184.0 200.0 395.8 253.4 62.6 50 50 35 GFRP
2G_2G2S (D) 200 x 300 31.0 500.0 1184.0 400.0 395.8 253.4 62.6 90 45 35 GFRP
2G_3G2S (D) 200 x 300 31.0 500.0 1184.0 400.0 593.7 253.4 62.6 90 45 35 GFRP
El Refai(2015) [59] 2G12-1510 230 x 300 40.0 520.0 1000.0 78.5 226.2 100.5 50.0 55 55 50 GFRP
2G12-2510 230 x 300 40.0 520.0 1000.0 157.1 226.2 100.5 50.0 55 55 50 GFRP
2G12-2512 230 x 300 40.0 520.0 1000.0 226.2 226.2 100.5 50.0 55 55 50 GFRP
2G16-2510 230 x 300 40.0 520.0 1000.0 157.1 402.1 100.5 50.0 55 55 50 GFRP
2G16-2512 230 x 300 40.0 520.0 1000.0 226.2 402.1 100.5 50.0 55 55 50 GFRP
2G16-2516 230 x 300 40.0 520.0 1000.0 402.1 402.1 100.5 50.0 55 55 50 GFRP
Ge (2015) [60] FS1 200 x 300 33.6 360.0 880.0 314.0 301.0 100.5 55.0 35 35 35 BERP
FS2 200 x 300 33.6 360.0 880.0 393.0 251.0 100.5 55.0 35 35 35 BERP
FS3 200 x 300 33.6 360.0 880.0 471.0 201.0 100.5 55.0 35 35 35 BERP
Kim (2019) [61] CFRP-40S 150 x 250 40.9 446.0 1655.0 142.6 142.6 142.6 103.0 85 35 35 CFRP
CFRP-60S 150 x 250 61.7 446.0 1655.0 142.6 142.6 142.6 103.0 85 35 35 CFRP
GFRP-40S 150 x 250 40.9 446.0 1118.0 142.6 253.4 142.6 48.0 85 35 35 GFRP
GFRP-60S 150 x 250 61.7 446.0 1118.0 142.6 253.4 142.6 48.0 85 35 35 GFRP
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Table Al. Cont.

2 4 u As A A’ E s ’
Reference Beam b X h [mm?*] [Nﬁ’a] [R/{Iy’a] [h]/c[,i’a] mm?]  [m 1:1;1 2 Im [; 2] [GPfa] [n!'{m] [nz{n 1 [n]{:n ] FRP Type
Wei (2024) [62] H-A12-C55 180 x 250 56.3 521.2 1306.2 226.2 226.2 100.5 50.1 40 35 35 AFRP
H-B12-C55 180 x 250 56.3 521.2 912.7 226.2 226.2 100.5 55.6 40 35 35 BFRP
H-C12-C55 180 x 250 56.3 521.2 2102.1 226.2 226.2 100.5 1242 40 35 35 CFRP
H-G10-C55 180 x 250 56.3 521.2 956.4 226.2 157.1 100.5 487 40 35 35 GFRP
H-G12-C55 180 x 250 56.3 521.2 910.6 226.2 226.2 100.5 45.0 40 35 35 GFRP
H-G14-C55 180 x 250 56.3 521.2 880.6 226.2 307.9 100.5 43.4 40 35 35 GFRP
H-G16-C55 180 x 250 56.3 521.2 855.7 226.2 402.1 100.5 41.1 40 35 35 GFRP
H-G12-C30 180 x 250 344 521.2 910.6 226.2 226.2 100.5 45.0 40 35 35 GFRP
H-G12-C40 180 x 250 425 521.2 910.6 226.2 226.2 100.5 45.0 40 35 35 GFRP
H-G12-C50 180 x 250 51.7 521.2 910.6 226.2 226.2 100.5 45.0 40 35 35 GFRP
Thamrin (2022) [15] BHG-1 125 x 250 20.0 375.0 788.0 265.5 132.7 157.1 439 35 35 35 GFRP
BHG-2 125 x 250 20.0 375.0 788.0 132.7 265.5 157.1 439 35 35 35 GFRP
BHG-3 125 x 250 20.0 375.0 788.0 265.5 132.7 157.1 439 35 50 35 GFRP
BHG-4 125 x 250 20.0 375.0 788.0 132.7 265.5 157.1 439 50 35 35 GFRP
BHC-1 125 x 250 20.0 375.0 2070.0 265.5 132.7 157.1 124.0 35 35 35 CFRP
BHC-2 125 x 250 20.0 375.0 2070.0 132.7 265.5 157.1 124.0 35 35 35 CFRP
BHC-3 125 x 250 20.0 375.0 2070.0 265.5 132.7 157.1 124.0 35 50 35 CFRP
BHC-4 125 x 250 20.0 375.0 2070.0 132.7 265.5 157.1 124.0 50 35 35 CFRP
Kartal (2023) [63] B1S4 200 x 300 31.3 470.0 1034.0 452.4 59.1 157.1 43.0 40 40 40 BFRP
B2S3 200 x 300 31.3 470.0 1034.0 339.3 118.3 157.1 43.0 40 40 40 BFRP
B3S2 200 x 300 313 470.0 1034.0 226.2 177.4 157.1 43.0 40 40 40 BFRP
B4S1 200 x 300 313 470.0 1034.0 113.1 236.5 157.1 43.0 40 40 40 BFRP
G154 200 x 300 31.3 470.0 449.0 452.4 129.9 157.1 35.0 40 40 40 GFRP
G2S3 200 x 300 31.3 470.0 449.0 339.3 259.7 157.1 35.0 40 40 40 GFRP
G352 200 x 300 313 470.0 449.0 226.2 389.6 157.1 35.0 40 40 40 GFRP
G4s1 200 x 300 313 470.0 449.0 113.1 519.4 157.1 35.0 40 40 40 GFRP
G1S5 200.8 x 301.86 30.5 470.0 580.0 565.5 117.4 157.1 46.0 40 40 40 GFRP
G254 199.8 x 301.14 30.5 470.0 580.0 452.4 234.9 157.1 46.0 40 40 40 GFRP
G3S3 200.6 x 304.43 30.5 470.0 580.0 339.3 352.3 157.1 46.0 40 40 40 GFRP
G452 198.6 x 304.57 30.5 470.0 580.0 226.2 469.7 157.1 46.0 40 40 40 GFRP
G551 200.6 x 306 30.5 470.0 580.0 113.1 587.2 157.1 46.0 40 40 40 GFRP
B1S2 199.8 x 308 30.5 470.0 1034.0 226.2 59.1 157.1 43.0 40 40 40 BFRP
B2S1 199.2 x 301.71 30.5 470.0 1034.0 113.1 118.3 157.1 43.0 40 40 40 BFRP
G1S2 198.6 x 304.86 30.5 470.0 580.0 226.2 117.4 157.1 46.0 40 40 40 GFRP
G2s1 202 x 301.57 30.5 470.0 580.0 113.1 2349 157.1 46.0 40 40 40 GFRP

Appendix B. Experimental and Numerical Comparison of Yielding and
Ultimate Moments

Table A2 reports the comparison between the experimental and numerical yielding mo-
ments and ultimate moments for each specimen in the benchmark database. The numerical-
to-experimental ratios are provided for both response quantities. The predicted failure
mode is reported in the last column.

Table A2. Comparison between experimental and numerical yielding and ultimate moments.

Reference Beam My, [kNm] My, uum [kNm] My, uum! My, M, [kKNm] M, um [KNm] M, pum! My e FM
Aiello (2002) [8] Al 8.92 8.51 0.95 20.14 21.53 1.07 FM-3
A2 9.09 9.46 1.04 28.46 27.78 0.98 FM-3
A3 19.67 17.60 0.89 34.55 35.96 1.04 FM-3
C1 8.63 9.28 1.08 22.37 22.74 1.02 FM-3
Qu (2009) [9] B3 20.77 19.21 0.93 40.64 43.84 1.08 FM-3
B4 18.94 20.67 1.09 39.60 40.00 1.01 FM-3
B5 20.77 19.21 0.93 40.64 43.84 1.08 FM-3
B6 30.00 33.48 1.12 42.57 40.15 0.94 FM-3
B7 73.70 78.67 1.07 73.70 78.67 1.07 FM-3
Lueng

(2003) [49] L2 13.65 10.45 0.77 22.23 17.26 0.78 FM-3
L5 15.40 11.31 0.73 23.07 19.44 0.84 FM-3
H2 11.90 11.08 0.93 21.11 22.61 1.07 FM-3
Yoon (2011) [50] CS 45.60 4445 0.97 77.60 87.34 1.13 FM-3
GS 46.00 41.54 0.90 82.00 78.45 0.96 FM-3
Lau (2010) [51] G0.3-MD1.0-A90 101.85 107.22 1.05 147.00 144.59 0.98 FM-3
G1.0-T0.7-A90 157.50 154.05 0.98 252.00 238.39 0.95 FM-3
G0.6-T1.0-A90 183.75 184.10 1.00 229.00 236.30 1.03 FM-3

Mohamed
(2013) [52] B10|8S 13.27 12.88 0.97 14.41 14.97 1.04 FM-3
B10|6S 12.58 11.44 091 14.09 13.25 0.94 FM-3
B12|8S 14.87 14.75 0.99 16.24 16.89 1.04 FM-3
B12|6S 13.73 13.61 0.99 14.89 15.79 1.06 FM-3
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Table A2. Cont.
Reference Beam M, [kNm] My, [KNm] My um! My, M,,. [kKNm] M,y uum [KNm] M,y um! M, M
Hong (2011) [53] ALIL-2 124.50 109.91 0.88 145.50 150.35 1.03 FM-3
AMI-2 83.34 74.37 0.89 110.25 115.97 1.05 FM-3
AMII-2 146.25 145.22 0.99 174.00 187.44 1.08 FM-3
AMIIL-3 150.00 153.65 1.02 180.00 176.54 0.98 FM-3
BMIV-1 60.00 60.95 1.02 66.75 68.44 1.03 FM-3
BMIV-2 60.00 62.28 1.04 7125 75.29 1.06 FM-3
BMIV-3 63.00 64.77 1.03 78.75 81.01 1.03 FM-3
Almusallam
2013 [54] RWIF 12.60 1130 0.90 21.84 19.41 0.89 FM-2
RW2F 1125 1152 1.02 23.03 2438 1.06 FM-2
(2%33?&] NonPrs 35.75 35.25 0.99 53.08 57.65 1.09 FM-3
Wang (2022) [56] ~ B1.09-50.25-0.23 18.00 17.81 0.99 45.00 46.31 1.03 FM-3
B0.75-50.36-0.48 20.50 19.29 0.94 45.75 42.45 0.93 FM-3
B0.55-50.53-0.96 18.90 18.83 1.00 37.50 38.12 1.02 FM-3
B0.52-50.52-1.00 17.00 17.61 1.04 40.75 37.66 0.92 FM-3
B0.35-50.54-1.56 18.40 19.13 1.04 34.00 33.38 0.98 FM-3
Ruan (2020) [57] 2G12-2512 40.25 40.90 1.02 57.50 60.03 1.04 FM-3
2G16-2512 50.64 51.09 1.01 63.30 59.85 0.95 FM-3
2G12-1516 33.84 31.20 0.92 56.40 55.36 0.98 FM-3
2G16-1516 40.02 39.93 1.00 66.70 69.48 1.04 FM-3
2G12-2512 (D) 37.66 36.76 0.98 53.80 53.10 0.99 FM-3
2G16-2512 (D) 38.15 4225 111 50.60 52.67 1.04 FM-3
Maranan 2G_2G1S 52.30 4177 0.80 88.55 76.54 0.86 FM-3
(2019) [58] ~ : : ' : - :
2G_2G25 (D) 69.85 57.40 0.82 88.00 78.85 0.90 FM-3
2G_3G2S (D) 79.75 65.20 0.82 96.25 87.99 0.91 FM-3
El Refai
(2015) [39] 2G12-1510 15.60 16.62 1.07 47.60 5215 110 FM-3
2G12-2510 25.30 26.09 1.03 53.50 57.48 1.07 FM-3
2G12-2512 34.06 34.20 1.00 58.90 6233 1.06 FM-3
2G16-2510 30.06 29.60 0.98 73.20 70.62 0.96 FM-3
2G16-2512 40.44 38.75 0.96 77.00 7491 0.97 FM-3
2G16-2516 55.60 58.41 1.05 81.40 86.35 1.06 FM-3
Ge (2015) [60] FS1 37.33 34.81 0.93 74.40 73.90 0.99 FM-3
FS2 4245 40.04 0.94 7350 73.20 1.00 FM-3
FS3 47.80 45.16 0.94 72.80 7243 0.99 FM-3
Kim (2019) [61] CFRP-405 17.89 19.26 1.08 46.04 44.65 0.97 FM-3
CFRP-605 19.98 2153 1.08 63.61 55.66 0.87 FM-3
GFRP-405 19.26 1827 0.95 41.54 41.48 1.00 FM-3
GFRP-605 19.98 19.56 0.98 51.96 5152 0.99 FM-3
Wei (2024) [62] H-A12-C55 30.68 30.79 1.00 49.50 51.63 1.04 FM-3
H-B12-C55 29.31 29.25 1.00 51.00 51.63 1.01 FM-3
H-C12-C55 32.32 29.80 0.92 65.40 66.36 1.01 FM-3
H-G10-C55 30.00 30.80 1.03 47.00 45.40 0.97 FM-3
H-G12-C55 29.60 30.80 1.04 48.06 48.89 1.02 FM-3
H-G14-C35 31.00 30.80 0.99 52.64 51.63 0.98 FM-3
H-G16-C55 29.50 28.56 097 52.64 53.67 1.02 FM-3
H-G12-C30 28.09 28.46 1.01 48.56 48.89 1.01 FM-3
H-G12-C40 28.18 28.49 1.01 45.23 46.79 1.03 FM-3
H-G12-C50 28.18 28.94 1.03 59.87 58.87 0.98 FM-3
Thamrin BHG-1 21.00 20.00 095 30.00 27.66 092 FM-3
(2022) [15] : : ' : | :
BHG-2 13.70 13.19 0.96 29.00 27.92 0.96 FM-3
BHG-3 21.00 20.04 0.95 27.00 25.77 0.95 FM-3
BHG-4 13.60 14.80 1.09 28.90 30.71 1.06 FM-3
BHC-1 24.40 21.40 0.88 38.10 37.63 0.99 FM-3
BHC-2 21.40 20.90 0.98 41.40 37.97 0.92 FM-3
BHC-3 22.70 21.40 0.94 33.40 31.60 0.95 FM-3
BHC-4 23.30 21.40 0.92 39.90 36.97 0.93 FM-3
Kartal (2023) [63] B1S4 56.18 52.40 0.93 70.30 65.00 0.92 FM-3
B2S3 45.02 42.60 0.95 67.07 64.77 0.97 FM-3
B3S2 33.24 31.60 0.95 67.04 64.77 0.97 FM-3
B4S1 23.00 2043 0.89 71.05 64.77 0.91 FM-3
G154 56.33 53.40 0.95 7459 6691 0.90 FM-3
G253 44.13 44.50 1.01 75.27 68.57 0.91 FM-3
G3s2 33.04 35.06 1.06 74.88 70.32 0.94 FM-3
G4S1 20.52 23.58 1.15 73.72 72.18 0.98 FM-3
G185 65.79 65.78 1.00 78.19 81.41 1.04 FM-3
G254 61.99 56.50 0.91 81.10 85.15 1.05 FM-3
G3S3 53.04 48.07 091 88.27 89.05 1.01 FM-3
G4S2 37.17 39.87 1.07 87.40 90.92 1.04 FM-3
G551 30.12 30.12 1.00 85.96 9247 1.08 FM-3
B1S2 30.71 29.40 0.96 48.20 45.79 0.95 FM-3
B251 18.63 2041 1.10 45.51 47.72 1.05 FM-3
G1S2 30.76 29.40 0.96 49.17 45.26 0.92 FM-3
G251 20.70 19.50 0.94 58.22 48.53 0.83 FM-3
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