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Abstract

Glass fiber-reinforced polymer (GFRP) is increasingly used in civil engineering because
of its high strength-to-weight ratio, corrosion resistance, durability, and low maintenance
requirements. However, its inherently brittle behavior and limited ductility restrict its
application in seismic regions due to poor energy dissipation capacity. To address this
limitation, this study proposes a novel hybrid system comprising pultruded GFRP profiles
and a replaceable steel link with ductile pipe sections. The pipe element confines inelastic
deformation to the steel components while keeping the GFRP members elastic. Numerical
results demonstrate stable hysteretic behavior with no significant degradation in strength or
stiffness, confirming the effectiveness of the proposed system. Also, increasing the ratio of
the pipe thickness to the flange thickness of the steel link () ensures suitable performance
provided that plastic hinge formation remains confined to the ductile pipe element and
replaceable steel link. Adding the pipe element to the I-shaped steel link increases web
stress when < 1.0 (leading to web yielding), while stresses in the flange, GFRP beam,
and GFRP columns are reduced by 46-51%, 17-60%, and 15—40%, respectively. However,
for > 1.0, stresses in GFRP components are not reduced but slightly increase by 1-9%
(negligible), making B > 1.0 not recommended. Also, by changing the g = 0.50 to 0.75,
1.00, 1.25, and 1.50, the flexural capacity, stiffness, and energy dissipation are enhanced by
1.51 times to 2.46 times, 1.18 times to 1.38 times, and 1.35 times to 1.68 times, respectively.
Finally, the necessary design equations for the proposed system are presented.

Keywords: GFRP; pultruded profile; moment-resisting frame; ductile fuse; replaceable;
seismic energy dissipation; finite element analysis

1. Introduction

The persistent demand for durable, lightweight, and corrosion-resistant infrastructure
has driven significant innovation in construction materials, with fibre-reinforced poly-
mer (FRP) composites emerging as a viable alternative to conventional steel and concrete.
Among these, glass fibre-reinforced polymer (GFRP) has garnered particular attention in
structural engineering due to its advantageous properties, including a high strength-to-
weight ratio, approximately one-quarter the weight of steel, superior corrosion resistance,
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and non-conductive characteristics [1]. These attributes render GFRP particularly suitable
for applications in aggressive environments, such as marine structures, bridge decks, and
chemical processing facilities, where traditional reinforcing materials are prone to deterio-
ration. Figure 1 illustrates a schematic view of utilizing FRP in structural engineering.

Early Applications
(Pedestrian Bridges)

Early use of pultruded GFRP

Applications of Pultruded GFRP Profile Sections

O 0 6 6

Lightweight Corrosion- High Strength- Low
Resistant to-Weight Ratio Maintenance

in Structural Engineering

Small-Scale Applications Expanded Structural Use Current Applications
(Pedestrian Bridge (Building and Industrial (Large-Scale Infrastructure)
Structures) Frames)

Applications in small-scale Use in building frames, industrial Adoption in large-scale

profiles in lightweight pedestrian structures such as pedestrian platforms, and structural infrastructure including bridges,
bridges. bridges and walkways. support systems. marine structures, and platforms.

Figure 1. Schematic illustration of pultruded GFRP profile sections and representative structural
engineering applications.

The pultrusion manufacturing process has enabled the production of standardized
GFRP profile sections, including I-beams, box sections, channels, and tubes, that can be
directly employed as primary load-bearing members in civil infrastructure [2]. Unlike FRP
reinforcing bars used in concrete, which have been the subject of design codes such as
ACI 440.11-22 and CSA S806-12, pultruded GFRP profiles used as standalone structural
sections present distinct challenges related to their anisotropic nature, low elastic modulus,
and susceptibility to local buckling and web crippling failures [3,4]. These characteris-
tics necessitate a dedicated investigation into their structural behaviour under various
loading conditions.

The growing appeal of GFRP profiles in structural engineering stems from a unique
combination of material and structural benefits that address many limitations of conven-
tional construction materials. GFRP profiles typically exhibit a tensile strength comparable
to or exceeding that of mild steel (300-600 MPa) while possessing only approximately
20-25% of the density of steel (1.5-2.0 g/cm?® versus 7.85 g/cm?3 for steel) [1,3]. This high
strength-to-weight ratio reduces transportation, handling, and erection costs, and allows
for longer spans and lighter foundations. In seismic regions, reduced self-weight directly
translates to lower inertial forces, enhancing overall structural resilience [4]. By using a
lightweight structure with suitable ductility, the steel structure pertains to high energy
dissipation capacity [5-7]. Unlike steel, which requires protective coatings or galvanisa-
tion in aggressive environments, GFRP profiles are inherently resistant to chlorides, acids,
alkalis, and saltwater. This makes them ideal for marine piers, chemical plant platforms,
wastewater treatment facilities, and bridge decks exposed to de-icing salts [2,8]. The elimi-
nation of regular painting and maintenance interventions yields significant life-cycle cost
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savings, often rendering GFRP more economical than steel over a 50-100-year service
life [9]. GFRP is electrically and thermally non-conductive, unlike steel or aluminum. This
property is critical for applications near railway electrification systems, power substations,
telecommunication towers (where signal interference must be minimized), and magnetic
resonance imaging (MRI) facility structures [3,10,11]. Furthermore, GFRP does not generate
eddy currents, making it suitable for sensitive electronic environments. GFRP composites
demonstrate excellent fatigue resistance under cyclic loading, with fatigue limits often
exceeding 60% of static strength, compared to 40-50% for structural steel [4]. The glass
fibres effectively arrest crack propagation, and the polymeric matrix absorbs energy under
impact loads. Studies have shown that GFRP profiles retain over 85% of their initial stiffness
after two million fatigue cycles [11]. Pultrusion allows the continuous production of pro-
files with custom fibre architectures (unidirectional rovings for axial stiffness, continuous
filament mats for shear resistance, and woven fabrics for multi-directional strength) [2].
This enables engineers to optimize the profile’s mechanical response for specific loading
scenarios—e.g., aligning fibres along principal stress trajectories in beams or columns. Mod-
ern GFRP formulations incorporate ultraviolet (UV) stabilisers and moisture-resistant resins
(e.g., vinyl ester or isophthalic polyester), resulting in excellent long-term durability. Ac-
celerated aging studies indicate that properly designed GFRP profiles retain over 80% of
their initial flexural and compressive strength after 50 years of simulated outdoor exposure
provided that service temperatures remain below the resin glass transition temperature
(typically 80-110 °C) [1,12]. The lightweight nature of GFRP profiles facilitates manual
handling without heavy lifting equipment, and prefabricated modular sections can be
rapidly bolted or bonded on-site. Case studies report up to 60% reduction in installation
time compared to equivalent steel structures [5,13]. Although GFRP production is energy-
intensive, the extended service life, reduced maintenance, and potential for end-of-life
recycling (via pyrolysis or cement kiln co-processing) contribute to a favourable life-cycle
environmental profile. Additionally, the absence of corrosion eliminates the need for toxic
anti-corrosive paints [3,14].

Despite the inherent advantages of GFRP profiles, their effective implementation in
structural systems is critically dependent on the performance of connections—particularly
those incorporating steel fasteners. Steel-bolted connections remain the most prevalent
method for joining GFRP profiles to each other and to conventional steel members owing to
their ease of assembly and disassembly for inspection and their compatibility with existing
construction practices [15]. A critical review of 350 published experimental tests on bolted
connections in pultruded FRP revealed that connection strength often governs the overall
design of FRP frames, with resistance factors (¢-factors) prescribed in ASCE/SEI 74-23
generally lower than those for conventional materials due to higher uncertainty and brittle-
ness [16]. That statistical analysis employing first-order reliability methods highlights the
need for refined resistance models that account for geometric parameters, fibre architecture,
and hole preparation quality. The use of steel cleats (angles) and gusset plates represents a
practical solution for beam-to-column joints in GFRP frames. Recent experimental investi-
gations on exterior weak-axis beam-to-column bolted connections between GFRP I-shaped
pultruded profiles using stainless steel cleats demonstrated that cleat thickness significantly
influences flange-cleated configurations but not web-cleated connections [14]. Under mono-
tonic and cyclic loads, flange-cleated connections exhibited semi-rigid behaviour, while
web-cleated connections behaved as pinned joints. Both configurations showed substantial
resistance and rotation capacity—markedly superior to connections using GFRP cleats
reported in prior studies. However, cyclic tests revealed limited energy dissipation capacity,
indicating that such connections are not suitable for seismic energy dissipation without
supplemental devices [14]. Notably, premature shear-out failure occurred when beam edge
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distances were insufficient, underscoring the importance of detailing geometric parameters.
To address the stress concentrations inherent in bolted-only connections, hybrid adhesive-
bolted joints have emerged as a superior alternative. The failure mode shifted from brittle
bolt-bearing failure to more gradual adhesive debonding followed by bolt engagement.
Finite element (FE) analyses using ANSYS confirmed that hybrid connections achieve
higher load utilisation of the GFRP profile’s longitudinal strength, which can reach up to
1400 MPa in tension, compared to bolted-only configurations where transverse and shear
strengths (typically tens of MPa) often govern design [15]. For joining tubular GFRP profiles
to steel members, bonded sleeve connections offer distinct advantages. Zhang et al. [16]
numerically investigated bonded sleeve connections combining adhesive bonding with end-
plates and bolts, comparing them against conventional steel angle connections. Parametric
studies revealed that endplate thickness dominates initial stiffness and elastic moment
capacity, while the inclusion of central one-sided bolts improves elastic moment capacity
by providing redundancy and load-path continuity. Conversely, GFRP profiles and plates
are increasingly employed to strengthen existing steel connections. Khelifa et al. [17] devel-
oped numerical models for steel connections strengthened with GFRP and CFRP under
monotonic and cyclic loading by utilising the Cohesive Zone Model (CZM) in Abaqus
to simulate adhesive behaviour. Their parametric study on I-section steel connections
demonstrated that GFRP strengthening effectively enhances load-carrying capacity without
adding significant dead weight or corrosion risk—advantages over traditional steel plate
strengthening. However, the effectiveness of GFRP strengthening was found to be highly
dependent on adhesive selection, surface preparation, and the stiffness mismatch between
steel (200 GPa) and GFRP (2040 GPa).

Despite the aforementioned advantages, the widespread adoption of GFRP profiles
has been constrained by several challenges: low elastic modulus (typically 20-40 GPa,
compared to 200 GPa for steel), anisotropic failure modes (fibre rupture, matrix cracking,
delamination, and interface debonding), and susceptibility to local buckling and web
crippling due to thin-walled sections [2,4,12]. Early studies on pultruded GFRP beams
identified that flexural capacity is often governed by compression flange local buckling
rather than material strength. Dehshirizadeh et al. [2] conducted a state-of-the-art review on
pultruded GFRP box beams and demonstrated that current design expressions (ASCE 2010)
overestimate critical buckling stresses by up to 40%, leading to unconservative predictions.
Similarly, Al-Ezzi et al. [8] reviewed concrete-filled GFRP tube composite beams, showing
that concrete infill effectively delays local buckling and enhances ductility, though failure
is often triggered by shear debonding at the tube—concrete interface. Web crippling—a
localised crushing failure at support or load points—is particularly critical for thin-walled
GFRP I-sections and channels. Soumbourou et al. [4] systematically reviewed experimental,
numerical, and theoretical analyses of web crippling in pultruded GFRP profiles. Their
synthesis identified that elevated temperatures (above 60 °C) reduce crippling capacity
by 30-50% due to resin softening and that current design standards (AASHTO, Eurocode-
inspired FRP provisions) lack validated reduction factors for temperature effects. They
further highlighted the promising role of machine learning models to predict crippling
strength based on geometry, loading configuration, and material properties. Khalil et al. [9]
experimentally and theoretically investigated GFRP I-profile composite columns under
axial compression. Their results showed that filling the profile with concrete or confining
with FRP wraps increased load capacity by 150-200% and transformed the failure mode
from unstable local buckling to ductile concrete crushing. For truss systems, the full-scale
testing of pultruded GFRP trusses with through-bolt mechanical inserts revealed that
connections often govern capacity; Hizam et al. [18] demonstrated that stainless steel
through-bolts with adhesively bonded mechanical inserts enabled a double-chorded GFRP
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truss to resist up to 450 kN under four-point bending, with minor bearing damage observed
at diagonal member joints when axial compression forces exceeded theoretical capacities
by only 2%. The performance of GFRP profiles is critically dependent on connection design.
Bolted joints suffer from stress concentrations and bearing failure, while bonded joints
offer uniform stress transfer but require surface preparation and are sensitive to moisture.
Hybrid joints exhibit superior strength and fatigue life [3,9,14]. Steel-bolted connections,
despite their widespread use, require careful detailing of edge distances, bolt spacing, and
washer sizes to prevent premature brittle failures [10,14]. Despite extensive research on the
use and numerous advantages of GFRP in civil engineering applications, the widespread
adoption of pultruded GFRP profile sections remains challenging due to their inherently
brittle behavior. This limitation has created a significant knowledge gap regarding the
development of structural systems that can effectively exploit the benefits of GFRP while
mitigating its brittle failure characteristics. Therefore, this study aims to address this
challenge by proposing and evaluating an innovative approach to improve the structural
performance and applicability of pultruded GFRP profile sections.

2. The Proposed Approach to the Use of GFRP in Hybrid Systems

Pultruded fiber-reinforced polymer (FRP) profiles offer significant advantages such as
a high strength-to-weight ratio, excellent corrosion resistance, low maintenance require-
ments, and ease of installation. However, they also present notable drawbacks, including
low ductility and the requirement for complicated connections to be used as a moment-
resisting frame (MRF) system for seismic zones. To capitalize on the inherent benefits of
pultruded FRP profiles while effectively mitigating or eliminating their primary limitations,
this paper introduces an innovative structural concept and design methodology. The pro-
posed approach not only preserves the well-documented advantages of FRP composites but
also addresses key shortcomings through novel material combinations, geometric optimiza-
tions, and/or hybrid systems, thereby expanding the practical applicability of pultruded
FRP members for a moment-resisting system, as illustrated in Figure 2. As revealed in this
figure, the hybrid system features the pultruded FRP profile section connected with a steel
link. In civil engineering applications of pultruded profiles, the primary distinction be-
tween carbon fiber-reinforced polymer (CFRP) and glass fiber-reinforced polymer (GFRP)
lies in the balance between structural performance and cost. CFRP offers significantly
superior mechanical properties; it is characterized by a much higher tensile strength and
elastic modulus, leading to enhanced load-carrying capacity and stiffness. Research on pul-
truded sections has demonstrated that CFRP provides substantially greater improvements
in ultimate strength and stiffness, with studies showing significant enhancements [19,20].
However, this enhanced performance comes with a much higher material cost, making
it less economical for large-scale, general-purpose applications [21]. Conversely, GFRP is
the more cost-effective and widely used option for pultruded profiles in infrastructure,
such as pedestrian bridges and building components [22]. While GFRP has a lower stiff-
ness and strength, it is favored for its affordability and adequate performance for most
standard structural needs [19,22]. Consequently, a hybrid approach is often employed in
practice, where an economical GFRP profile serves as the primary structural member and
is selectively strengthened or wrapped with high-performance CFRP in critical zones to
achieve a cost-effective balance of stiffness, ductility, and strength [19-23]. Accordingly,
the pultruded GFRP profiles are used for beams and columns in this study. As revealed in
Figure 2, the steel link is intended to yield and act as a ductile fuse, and the FRP component
remains elastic so that the link acts as a ductile fuse to dissipate imposed seismic energy.
Two end plates are connected to the ends of the ductile steel that connect to columns and
beams. At the location connected to the FRP beam, a shear plate (to carry the shear loading)
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and top and bottom plates (to transfer the flexural bending moment) are connected to
the end plate. Also, stiffeners are installed on the top and bottom plates to prevent any
buckling of the plates. As shown in this figure, the connection of the FRP profile section
to the ductile link is performed without any complication. Also, since the ductile link is
expected to yield, and the elastic performance of the FRP is due to its inherent properties,
replacing the ductile link is done after a severe earthquake.

FRP profile section (Column)

\
Ductile pipe
element \

Plates to transfer the bending moment
through the FRP and steel link (welded to
end plate and bolted to FRP-beam section)

Figure 2. The proposed system, made of an FRP profile section and a ductile steel link.

The lateral load applied to the MRF system causes forces to develop in the main beam
and column. Since the GFRP components are expected to remain elastic, they are designed
for an amplified capacity of the replaceable steel link. Accordingly, Equations (1) and (2)
must be satisfied.

Mpjink < OmMs,Gerp 1
Votink < Qv Vs Gerp (2)

Mjink and V)i are the plastic moment and shear plastic capacity of the steel link,
respectively. Also, M; grrp and V; grrp, are, respectively, the flexural capacity and shear
capacity of the GFRP beam. Similarly, @)s and @y are coefficient factors less than one as
reduction factors for bending moment capacity and shear capacity, respectively, which are
measured as @y = 0.9 and @y = 0.8.

Also, the flexural capacity of the top and bottom plate, M, must be greater than
the M; prp. Accordingly, M, > @pM; prp must be satisfied. As the flexural capacity of
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the connections creates couple forces, the equation of t,b,; > Oggp IP“’ must be satisfied to

remain elastic in connections. In this equation, ¢, b, d, and F, are the thickness of the top
(as well as bottom) plates, the width of the top (as well as bottom) plates, the depth of the
GFRP beam, and the yielding stress of the steel plate connections (top and bottom plate as
well as shear plates). Accordingly, the flexural capacity of the GFRP beam is determined as
M; rrp = S.F, crrp Where S is the section modulus and F, grrp is the ultimate stress of the
GFRP profile section.

Also, to transfer the shear force between the GFRP and the replaceable link, the
equation of V,,; > @y V; prp must be satisfied, where ”'b pb’ >0.8 “GFRP - i, typ and d, are
the thickness of the shear plate, the thickness of the web of the steel link, and the height of
the shear plate, respectively.

Since it is expected that the imposed seismic energy is dissipated by the ductile pipe
section component, the balance design of the pipe elements, web plate steel link, flange
plate of the I-shaped steel link, and elements outside the steel link must be satisfied.

The bending moment of the replaceable ductile steel link imposes tension and com-
pressive force, P, on the two sides of the ductile steel link, which causes four plastic hinges
in the pipe elements [24] as illustrated in Figure 3.

Figure 3. Plastic analysis of the pipe element.

The relationships between the strength of material, variation of the ductile steel link
radius, R, and its internal forces in the elastic zone under load P are shown in Figure 3.
Moreover, according to Castigliano’s second theorem [25], 6y = oU /9dV, dx = ol /9H, and
8 = oU/dMy, where U is the complementary energy of flexure, V is the vertical force, H
is the horizontal force, 0 is the rotation of the upper end, and My represents two different
variables: Mt = 0.318PR, which is the bending moment at 6 = g, and M~ = 0.182,
which is the bending moment at # = 0. Accordingly, by calculating the horizontal (Jy)
and vertical (Jy) displacements of the pipe section end, respectively, as §, = —0.1491315—1{13
and &, = +0.137LR" ERI , as well as the forces of axial force of T = %Pcos 0 and shear forces of
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V=-— %Psin 8, the P is determined as follows. In the mentioned equation, the moment of
BL
inertia of the pipe elements is calculated as I = 5 where t, and L are the thickness and

width of the ductile pipe section, respectively.
Four plastic hinges (M}, ;) are formed in the ductile steel link, as shown in Figure 3.
To impose the plastic hinge formation in the pipe element before yielding of the ductile

steel link, Equation (3) must be satisfied. This equation has been derived based on the as-
LF,
plty

sumption that the stability equation gives the 2M,, ;. = % and knowing My, yipe = 5,
where L is the length of the pipe element.
M d
_F 2
P= = Mp > tLF - 3)

In this equation, Mp and d are the plastic flexural capacity and depth of the replaceable
steel link without considering the ductile pipe element. As observed, the bearing load ca-
pacity of the ductile steel link is directly correlated with its length (that is equal to the flange
width of the replaceable steel link, by), yielding stress, and ductile pipe element thickness

squared and the ratio of i—; Accordingly, in this paper, the normalized i—; is considered.

3. Method of Study

To maintain the elasticity of GFRP components and confine the yielding through
the ductile pipe elements, a parametric study was conducted to achieve the optimum
configuration. To do so, first, a conventional I-shaped steel link was designed and analyzed.
For this model, an I-shaped steel link with a depth of d = 244 mm, width of b ¢ =144 mm,
flange thickness of ¢ r=16mm, and web thickness of t;, = 10 mm was used. The M), of the
models was measured as 127.8 MPa. Accordingly, to achieve ¢ = 0.9, H-shaped pultruded
GFRP profile sections with depth, d = 340 mm, flange wide, b ¢ = 300 mm, and thickness
(for flanges and web) of 18 mm were used; the section was determined according to
the production of a company (https://fiberprofil.com/en/products/fiberglass-reinforced-
profiles/i-beams, accessed on 1 June 2026). The H-shaped GFRP section model was
kept for all models. Then, keeping the designed sections, the pipe section was added
to the middle of the ductile I-shaped steel link. The diameter of the pipe elements was
selected as d/4 = 60 mm. The thickness, t,, of the ductile pipe elements was considered
as tp = 0.5t7,0.75t¢,1.0t¢, 1.25¢¢, 1.5t ¢ and 2.0tf where tris the flange thickness of steel
link. For all models, the link length of e = 500 mm was used. Subsequently, variable j
was defined as i—” to consider the optimum ratio of tptot 1z Hence, in the next sections, a
name is designed for each model where I represents the system with a conventional I-shape
without a pipe element, and models featuring a ductile pipe section are defined by S.

4. Numerical Study
4.1. Simulation of FE Models

To conduct the finite element (FE) analysis of the models, ANSYS 2021 R2 software was
used. Although all components can be modeled using solid elements, doing so significantly
increases the computational time. Since through-thickness stress evaluation is not required,
the GFRP members, pipe elements, and steel link were modeled using shell elements
(SHELL281). Only the connecting plates, including the top and bottom plates, shear plate,
and the end plates, were modeled with solid elements (SOLID186). Also, since it is expected
that the bolts will not fracture, they were simulated by the BEAM188 element, where this
element can capture the nonlinear response. These elements are capable of accounting for
yielding, buckling, and large deformation. The mesh size was selected in such a way that,
in the locations with the possibility of yielding, a smaller mesh size was used than in the
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expected elastic zones. Accordingly, 28,769 elements were utilized for the simulation of each
model; the schematic view of the meshing of the models is shown in Figure 4. During the
analysis of the models, an imperfection was applied to the models to account for geometric
nonlinearity. To do so, first, a buckling analysis was performed. Then, the buckled shape of
each model based on the first buckling mode was imported to the software, considering a
coefficient of 0.001 to account for the imperfection.

=
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o e
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/1]
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End plate
(Solid element)

Connections between beam
sand replaceable steel link
(Solid element)

Figure 4. Simulation of the finite element model.

To model damage in ANSYS, the Hashin Failure Criterion was used. It is available
in ANSYS Composite PrepPost (ACP) and in certain composite material models. This
criterion, specifically developed for fiber-reinforced composites (e.g., GFRP and CFRP),
separately predicts fiber tension failure, fiber compression failure, matrix tension failure,
and matrix compression failure.

4.2. Boundary Conditions and Materials

Under lateral loading, inflection points in MRF systems are located at the middle of
beams and columns, and the boundary conditions, as illustrated in Figure 5, were used.
The two ends of the columns were restricted to deflection and free to rotate to achieve the
zero-bending moment. In practical projects, the floor beam burden through the floor, also
known as out-of-plane displacement, is restricted. Also, cyclic loading was applied to the
end of the beam. The loading protocol monitored a displacement-controlled loading as
FAy, F2A0y, F3Ay, F4, where Ay represents the yield displacement of the system. The yield
displacement is determined as the starting yield through the model. Accordingly, for each
model, first a monotonic analysis was carried out to measure the A, then analysis of the
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models under cyclic loading was completed based on the mentioned loading protocol. This
sequence was repeated in both positive and negative directions until a maximum interstory
drift corresponding to a beam-end rotation of 0.04 radians was achieved, in accordance with
established seismic testing protocols (e.g., AISC 341 or FEMA 461). Each displacement level
was cycled three times to capture stiffness degradation, pinching behavior, and cumulative
damage effects.

Cyclic Loading

(displacement control)

Figure 5. Boundary conditions.

Material properties for the GFRP components are listed in Table 1. For the Pultex®
SuperStructural 1525 series profiles, the finite element (FE) models utilized orthotropic
elastic properties, defined by a tensile strength of 300 MPa and a modulus of elasticity of
70 GPa. These GFRP components were modeled as linear-elastic, and damage initiation was
evaluated using the Hashin failure criterion. For the steel components, the A36 steel was
assigned a modulus of elasticity of 200 GPa, and yield and ultimate strengths of 240 MPa
and 370 MPa, respectively.

Table 1. Material properties of GFRP.

Property Symbol Typical Value Used in ANSYS *
Longitudinal Young’s modulus Er 23-70 GPa 70 GPa
Transverse Young’s modulus Er 7-10 GPa 8 GPa
In-plane shear modulus Gir 3-5 GPa 3 GPa
Through-thickness shear modulus Grz 2.5-4 GPa 2.5 GPa
Major Poisson’s ratio viT 0.25-0.35 0.3
Minor Poisson’s ratio vTz 0.30-0.40 0.3
Density P 18002000 kg/m? 2000 kg/m?
Tensile strength (longitudinal) fiL 300-600 MPa 300 MPa
Compressive strength (longitudinal) fer 200-400 MPa 200 MPa
Flexural strength v 300-550 MPa 300 MPa
In-plane shear strength fo 30-80 MPa 30 MPa
Ultimate tensile strain ety 0.4-2.5% 0.43%

* The values have been selected according to Réchling Industrial (www.roechling-industrial.com) and Refs. [26-28].

4.3. Verification of FE Simulation

To verify the accuracy of the FE modeling approach, two experimental studies con-
ducted by Qureshi et al., as reported in [26] under monotonic loading (Figure 6) and as
reported in [27,28] under cyclic loading (Figure 7), were selected, as their configuration
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closely resembles the connection system investigated in the present paper. The referenced
tests involved GFRP beams and columns connected using steel components, making them
highly relevant, although not identical, to the connection system examined in this study. All
material properties, including the elastic moduli, shear moduli, and strength parameters
for both GFRP and steel components, were input into the FE software ANSYS 2021 R2
in strict accordance with the experimental data reported in the cited studies. Likewise,
the boundary conditions, such as support restraints and loading application points, were
replicated precisely to reproduce the physical test setups. At the two ends of columns
for both tests, the displacements were restrained, where their free rotation was applied to
create a simple connection. In Figure 6, the curve on the left corresponds to upward loading,
which induces a positive moment at the support, while the curve on the right represents
downward loading, resulting in a negative (hogging) moment. Within the linear elastic
range, the FE and experimental curves are in close agreement, with discrepancies of less
than 2%. In the nonlinear range, where material degradation and local buckling may occur,
the maximum deviation is approximately 7%, a margin widely regarded as acceptable in
structural simulations of composite systems. Correspondingly, in Figure 7, there is around
2% error in linear zones, whereas the differences between the FE results and experimental
results in the nonlinear zone are less than 6%. These comparative analyses reveal suitable
agreement between the numerical predictions and experimental measurements.

_.— Steel holding frame

Hydraulic Jack

Pinned connection
L\\ Hydraulic Jack
| 150%100%x17
Steel column Load Cell
700mm
£ e
O
o] S Y —
8 o R
< \
=

/ LVDT
| 150x100x10 FRP beam E

| Pinned support

(a)

Rotation (mrad)
() (d)

Figure 6. The verification of FE results under monotonic loading: (a) properties of test specimen [26],

(b) experimental photo [26], (c) FE simulation, (d) comparing the test results and experimental results.
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Figure 7. The verification of FE results under cyclic loading: (a) properties of test specimen [27,28],
(b) experimental photo [27,28], (c) FE simulation, (d) comparing the FE results and experimental results.

5. Discussion and Results
5.1. Hysteresis Curves

As valuable information regarding the response of any structure is extracted by hys-
teresis curves, in Figure 8, the hysteresis curves of the analyzed FE models are plotted.
As revealed in this figure, the models featuring replaceable steel links with or without a
ductile pipe element exhibited stable hysteresis loops without any degradation in strength,
stiffness, and energy dissipation. This finding confirms that ductile behavior governs the
system response. Comparing the curves also shows that, by increasing B, the hysteresis
curves tend to enhance, qualifying the enhancement to guarantee suitable performance,
while the plastic hinge formation is confined through the ductile pipe element as well as
the replaceable steel link that is considered in the next sections. The capacity of the models
with = 0.5 reaches around 1.0, whereas by increasing §, it rises to around 3.0.

5.2. Monotonic Response

To have a better comparison of the results, the skeleton curves of the FE models were
compared. The skeleton curves of each model were extracted as illustrated in Figure 9.
Since symmetrical hysteresis curves were obtained for the FE models, the skeleton curves
are helpful to consider the behavior of the system. Utilizing these curves, the structural
parameters are easier to extract than hysteresis curves.
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Figure 8. The hysteresis curves of the FE models.
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Figure 9. Schematic view of extracting the skeleton curve.

Referring to Figure 10, by increasing B, the response of the system is closer to the
hybrid system featuring an I-shaped replaceable link. A notable finding is that, for all
systems, the nonlinear behavior of each system commences around a rotation of 0.01 rad.
After yielding, the strength of the system not only dropped but also tended to rise, but with
a different rate related to B. For the models with g < 1 and B > 1, the slope of the response
represents the rate of strength enhancement after yielding began, which is different. For
the models of B < 1 after yielding emerged through the models, the rise was less than that
of models with 8 > 1. For the models, the slope of strength is divided into three ranges:
rotation < 0.01 rad, 0.01 < rotation < 0.02 rad, and rotation > 0.02 rad. During rotation
greater than 0.02 rad, the slope of the skeleton curves tends towards zero in systems with
B < 1 around rotation 0.02 rad. Accordingly, it is recommended not to use models with
B < 1. Referring to the curves of M/Mp versus rotation indicates that the flexural capacity
of only model 8 = 0.5 reached Mp at the end of loading. For models of § > 1, M/Mp =1
was achieved around a rotation of 0.01 rad.

0.04

—I-shaped

—tp=1.50tf

—tp=1.25tf -2 —tp=1. 25t
=320 —tp=1.0tf 25 —tp=1.0tf
Rofation (rad) tp=0.75tf Rotation (rad) tp=0.75tf

—tp=0.5tf —tp=0.5tf

Figure 10. Comparing the monotonic response (skeleton curve) of the FE models.

5.3. Structural Parameters

Plotting the structural parameters, including bending moment capacity, M, elastic
stiffness, K, energy dissipation, E, and equivalent damping ratio, ¢, of the FE models versus
B (Figure 11) shows that by increasing 3, the values of M, K, and E tend to increase and ¢
tends to decrease. However, at § = 1, the rate of the structural parameters is seen. To do so,
the results are listed and compared in Table 2. Comparing the results indicates that adding
the ductile pipe element reduced M, K, and E but changed the { related to 8. Adding the
pipe with B = 0.5 reduced M, K, and E by 60%, 31%, and 45%, respectively, whereas it
increased { by 36%. However, when the system with § = 1is used, an M, K, and E of 16%,
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11%, and 12%, respectively, and an enhancement of 4% in ¢ were obtained. Also, utilizing
B > 1, a close response with ignorable reduction in M (1% to 3%, K (5% to 7%), and E (7%
to 9%) is revealed, but the { was also reduced by 7%. Considering the results as well as the
yielding distribution, utilizing a system with g = 1, where the thickness of pipe elements
equals the flange thickness of the replaceable steel link, is strongly recommended.

2000 T
- = 1500 /’/‘
Z . F
= Z.1000 +
= L4 .
500 +
50 A [
0 F— : —t : | |
0.5 0.75 1 1.25 15 0.5 0.75 1 1.25 1.5
p p
50 T 25000
40 \ 20000
530 £ E 15000
S . E %
20 + 10000
10 + 5000
0'.;..:....:....:....: 1 JS S N S Y T N S T Y R Y S R N TN S
0.5 0.75 1 125 L5 0.5 0.75 1 1.25 15
p p

Figure 11. Structural parameters of models featuring ductile pipe element versus .

Table 2. Comparing the structural parameters of the FE models.

Model M (kN-m) K (N/mm) E (kN-mm) ¢
I-shaped 316.22 1838.52 25,047.85 32.08
B =050 126.95 1269.01 13,896.58 43.75
B=0.75 191.27 1502.23 18,758.91 39.16
B =1.00 265.31 1634.44 22,089.73 33.46
=125 305.18 1705.84 22,772.84 29.90
B =150 311.94 1746.56 23,321.95 29.93

System with pipe/I-shaped

B =050 0.40 0.69 0.55 1.36
B=0.75 0.60 0.82 0.75 1.22
B=1.00 0.84 0.89 0.88 1.04
B=125 0.97 0.93 0.91 0.93
B =150 0.99 0.95 0.93 0.93

Pipe =i/(pipe with g = 0.50)

B=0.75 1.51 1.18 1.35 0.90
B =1.00 2.09 1.29 1.59 0.76
=125 2.40 1.34 1.64 0.68
B =150 2.46 1.38 1.68 0.68
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Also, by changing f = 0.50to § = 0.75, B = 1.00, § = 1.25, and B = 1.50, the values
of M, K, and E were enhanced by 1.51 times to 2.46 times, 1.18 times to 1.38 times, and
1.35 times to 1.68 times, respectively, whereas { was reduced by 10% to 32%. Accordingly,
itis indicated that M, E, K, and { are related to f.

5.4. Distribution of Stress Through the Components

One of the main features of using the replaceable steel link equipped with the ductile
pipe section is confining damage in predictable locations. In other words, a primary
advantage of integrating a replaceable steel link equipped with a ductile pipe section is the
ability to concentrate structural damage within predictable, controlled locations. Figure 12
illustrates the stress states of the models, confirming that the connections maintained elastic
behavior throughout the loading history. While the glass fiber-reinforced polymer (GFRP)
components also remained within the elastic range, the models with capacity ratios of
B = 1.25 and B = 1.50 demonstrate that the panel zone stresses approached the ultimate
capacity of the GFRP material. Conversely, the inclusion of the pipe element successfully
localized yielding to the pipe section and the adjacent web of the steel I-shaped link; this is
a highly desirable performance characteristic, as it effectively shields the GFRP beams and
columns from excessive stress provided that g < 1.0. Consequently, systems designed with
B < 1.0 utilize the pipe section as a sacrificial ductile fuse, ensuring the robust protection of
the primary structural members.

Further insights are provided in Figures 13 and 14, which track the von Mises stress of
individual components relative to rotation and cycle number. A notable transition in stress
behavior occurred across all components at a rotation of approximately 0.01 radians; this in-
flection point marks the onset of yielding in specific elements, which subsequently triggers
a redistribution of internal forces throughout the entire system. A comparative analysis of
the I-shaped link versus the enhanced configuration, the link augmented with the ductile
pipe section, reveals that the most significant stress reductions occurred in the steel link
flanges. By incorporating the ductile pipe fuse, the overall stress demand is substantially
mitigated, validating the efficacy of this hybrid system in enhancing structural resilience.

1.6 4 12 16 20 24 28 32 36 MPa
— 2 — |
I-shaped

Figure 12. Cont.
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B =125

1.6 4 12 16 20
— .
B =15

Figure 12. The von Mises stress distribution in the models.

The maximum stress in each component is listed in Table 3. As found in this table, by
adding the pipe element to the I-shaped steel link, the stress of the web of the I-shaped
steel link is increased while B < 1.0, as expected. In contrast, the stress of the flange of
the I-shaped steel link, the GFRP beams, and the GFRP columns were reduced by 46% to
51%, 17% to 60%, and 15% to 40%, respectively. However, while B > 1.0, not only were
the stresses in the GFRP components not reduced, but they were also increased by 1% to
9%, which is ignorable. More importantly, the noticeable finding is that by p > 1.0, the
stress in the GFRP element is not reduced as expected. Therefore, it is not recommended to
use B > 1.0.
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Figure 13. Distribution of stress through the components versus rotation.
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Figure 14. Comparing the stress distribution of components of models featuring the ductile

pipe element.

Table 3. Comparison of the stress in the components of the FE models.

Von Mises Stress on the Steel Link (MPa)

Von Mises Stress on the

Models GFRP Components (MPa)
Pipe Web Flange Beam Column
I-shaped e 277.55 292.40 60.91 274.63
B =0.50 358.86 352.87 163.08 24.23 106.02
B=0.75 334.49 360.06 182.40 36.47 160.03
g =1.00 301.69 309.14 143.09 50.43 233.12
=125 248.49 228.54 171.87 61.81 289.49
=150 247.25 221.46 181.96 64.06 298.09
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Table 3. Cont.

Von Mises Stress on the Steel Link (MPa) Von Mises Stress on the

Models GFRP Components (MPa)
Pipe Web Flange Beam Column
Models with Pipe section divided by model with I-shaped steel link
B =0.50 -— 1.27 0.56 0.40 0.39
B =0.75 - 1.30 0.62 0.60 0.58
B =1.00 - 1.11 0.49 0.83 0.85
B =125 - 0.82 0.59 1.01 1.05
B =150 — 0.80 0.62 1.05 1.09

6. Conclusions

In this paper, an innovative hybrid moment-resisting frame composed of GFRP pro-

file sections for beams and columns with a replaceable steel link equipped with ductile

pipe elements was studied parametrically and numerically. Accordingly, the findings are
summarized as follows:

The system response is governed by ductile behavior, with hysteresis curves improving
as f (the ratio of pipe thickness to the flange thickness of the steel link) increases.
Increasing f also raises the capacity from approximately 1.0 for = 0.5 to about 3.0
for higher f values. This enhancement ensures suitable performance provided that
plastic hinge formation remains confined to the ductile pipe element and replaceable
steel link, as discussed in subsequent sections.

A key advantage of the replaceable steel link with a ductile pipe section is its ability
to confine damage to predictable, controlled locations, though panel zone stresses in
models with g = 1.25 and 1.50 approach the GFRP’s ultimate capacity. For g < 1.0,
yielding is successfully localized to the pipe and steel link web, acting as a sacrificial
tuse, thereby protecting GFRP beams and columns from excessive stress.

For all systems, nonlinear behavior initiates around a rotation of 0.01 rad, after which
strength does not drop but increases at a rate dependent on 8. Models with g <1
exhibit slower post-yield strength gain and reach zero stiffness near 0.02 rad, whereas
models with B > 1 show steeper hardening and achieve M/Mp = 1 at approxi-
mately 0.01 rad, except for 8 = 0.5, which only reaches full plastic moment (Mp)
at the end of loading. Consequently, using 8 < 1 is not recommended due to limited
post-yield performance.

Adding the pipe element to the I-shaped steel link increases web stress when § < 1.0
(leading to web yielding), while stresses in the flange, GFRP beam, and GFRP columns
reduce by 46-51%, 17-60%, and 15-40%, respectively. However, for B > 1.0, stresses in
GFRP components are not reduced but slightly increase by 1-9% (negligible), making
B > 1.0 not recommended.

Recommendation for future work: The present study focuses on the behavior and
performance of the proposed beam-to-column connection. To further validate its
applicability in practical structural systems, future research should investigate the
performance of the proposed connection in multi-story GFRP frame structures sub-
jected to both gravity and seismic loading. In addition, comprehensive nonlinear
analyses should be conducted to determine the seismic design parameters, including
the response modification factor (R), overstrength factor (1), and displacement ampli-
fication factor (Cd) in accordance with performance-based seismic design provisions.
Finally, the seismic behavior of the proposed hybrid GFRP-steel system should be
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systematically compared with that of conventional steel moment-resisting frames
to evaluate its structural efficiency, energy dissipation capacity, ductility, damage
distribution, overall seismic performance, and economic aspects.
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