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Abstract: In view of the problems of insufficient stability, low bearing capacity prediction accuracy, and poor engineering
applicability of traditional steel structure node reinforcement methods, this study proposes and verifies a systematic Fiber
Reinforced Plastic (FRP) reinforcement method to improve the comprehensive reinforcement performance of typical beam-
column joints in steel structures. A composite reinforcement strategy combining FRP wrapping, cross-section enlargement,
and steel plate bonding is adopted. Experimental validation is conducted on simplified member-level specimens, and the
methodology is extended to joint reinforcement by accounting for interface bonding and composite action. Key results
show that the stability coefficient of FRP-reinforced members reaches 0.45 at a slenderness ratio of 95, the FRP stress
utilization ratio attains 93% at a bond length of 250 mm, and the double-layer FRP scheme retains 82% of stiffness. Fatigue
life remains 650,000 cycles under low stress levels. The proposed FRP reinforcement design exhibits excellent stability,
uniform stress distribution, interfacial bond performance, and long-term durability, providing reliable theoretical support
and practical guidance for the engineering reinforcement of steel-structure joints.

Keywords: FRP reinforcement; steel structure nodes; section equivalent; energy method; stability performance;
reinforcement design.
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1. Introduction

Steel structure nodes are the core of the structural system, and their mechanical properties directly affect the load-bearing
capacity, safety and service life of the project (Tafsirojjaman et al., 2022). Therefore, it is necessary to develop efficient
reinforcement technology for steel structural nodes with insufficient bearing capacity due to increased design standards,
changes in loads, or accumulated damage. This is of great significance for ensuring structural safety and promoting the
transformation and upgrading of existing structural facilities (Jin et al., 2022; Liu et al., 2022). At present, traditional
strengthening techniques such as welding and cross-section enlargement are prone to producing heat-affected zones and
residual stresses, which degrade the base metal's performance. The bonded steel reinforcement method has high self-weight
and corrosion resistance, but poor adaptability to complex joints. In comparison, Fiber Reinforced Plastic (FRP) has become
an innovative solution to improve node performance due to its high strength, lightweight, corrosion resistance, and
convenient construction. However, current research primarily focuses on single-performance or ideal-node models and lacks
systematic support for mechanical models. To address these gaps, the proposed method improves previous studies through:
(1) a section-equivalent model for accurate FRP contribution prediction. (2) systematic optimization of bond length and
layers for enhanced interface performance. (3) a composite strategy (FRP wrapping, section enlargement, steel plate bonding)
for complex joint applicability. These are verified via theory and experiments. The cross-section equivalent method can
effectively simplify the calculation of geometric properties of FRP-steel composite sections, while the energy method has
the unique advantage of clear physical concepts and the ability to naturally consider boundary conditions and initial defects
when solving component stability problems (Bhutto and Rafi, 2024; Hosseini et al., 2023).
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Despite progress, the theoretical understanding of FRP-strengthened steel joints remains incomplete. Existing studies
focus on isolated performance indicators and lack a unified framework that describes FRP-steel interaction, initial
imperfections, and long-term interfacial behavior, leading to a reliance on empirical rules with limited accuracy and
generalizability in design. The theoretical innovation lies in combining the section equivalent and energy methods into a
unified analytical framework for FRP-steel composite members. This framework extends classical stability theory by
incorporating FRP contribution, initial imperfections, and boundary conditions into buckling analysis, enabling accurate
prediction of flexural stiffness, buckling resistance, and interfacial stress distribution.

Therefore, this study establishes a systematic process for designing reinforcement solutions through mechanical
performance analysis. By combining cross-sectional equivalence, energy methods and composite reinforcement strategies,
it effectively breaks through the bottlenecks of traditional design in terms of accuracy, efficiency and universality. The
innovation of this research lies in the establishment of a complete equivalent theory of FRP-steel combined sections, laying
the foundation for unified stability analysis and design calculations. This study constructs a buckling load solution model
based on the energy method and adopts a composite reinforcement strategy comprising FRP wrapping, cross-section
enlargement, and steel plate pasting. Through system verification and numerical simulation correction, this study establishes
a reliable design process that accounts for stability, strength and long-term performance.

It should be noted that while the experimental validation in this study is conducted on simplified member-level specimens,
the proposed design methodology is explicitly extended to joint reinforcement by incorporating interface bonding and
composite action. The distinction between member-level testing and joint-level applicability is clarified throughout the
manuscript to maintain logical coherence.

This study addresses three research questions: (1) critical mechanical behaviors of FRP-strengthened joints. (2)
Application of section equivalence and energy methods for performance prediction. (3) extent of improvement of the
proposed composite strategy over conventional methods. These questions guide subsequent analysis and validation.

2. Literature Review

At present, most existing research focuses on improving the performance of specific steel structural nodes and on repairing
damage. Ravikumar et al. (2024) addressed the problem of the connection performance of stacked glass fiber-reinforced
polymers used in structures. The study proposed a method to evaluate various connection methods (including bolts, adhesives
and hybrid connections) through compression and tensile tests. The results showed that this method provided key technology
and a design basis for its application to steel-structure node reinforcement. Nadir and Ali (2022) proposed a parametric
analysis method based on extensive experimental data to address the insufficient seismic performance of traditional
reinforced concrete beam-column joints. This study systematically examined the influence of key parameters, including
concrete strength, axial compression ratio, and reinforcement ratio, on the shear performance of joints. The results showed
that this method provided an important reference for the subsequent seismic design of FRP-reinforced steel-structure nodes.
Banu et al. (2023) proposed a research method that combines steel fiber concrete with numerical simulation to improve the
seismic performance of beam-column joints. This method confirmed that the combined action of steel fibers and ductile
details could significantly improve joint performance, and its finite element analysis provided a reliable reference for seismic
research on FRP-strengthened steel-structure joints. Shoukry et al. (2022) proposed a composite reinforcement method using
steel plates and angle steel to address the problem of defective beam-column joints being prone to brittle shear failure. This
method significantly improved strength, ductility, and energy dissipation capabilities. Its reinforcement concept had
significant reference value for the ductility design of FRP-reinforced steel-structure nodes. Shen et al. (2024) proposed a
repair method using basalt fiber-reinforced polymer plates to mitigate performance degradation in reinforced concrete beam-
column joints under the combined effects of earthquake damage and steel corrosion. This method could effectively improve
the ductility, energy-dissipation capacity, and stiffness of damaged nodes.

Scholars have used a variety of FRP reinforcement methods, such as experiments, numerical simulations and composite
reinforcement. Soltanieh et al. (2022) proposed a research method that combines shape-memory-alloy stitching with
theoretical-numerical verification to address the problem of easy delamination and instability of FRP plates under
compressive loads. The results showed that this method effectively suppressed delamination. Moreover, its theoretical
modeling and numerical simulation technologies provided important methodological support for the stability analysis of
FRP-reinforced steel structural nodes. Mohamed et al. (2024) proposed a systematic experimental research method for FRP
reinforcement to address the insufficient axial bearing capacity of short reinforced concrete column tubes in
telecommunications towers. The results showed that this method confirmed that its systematic parametric experimental
scheme provided a complete methodological reference for performance research on FRP-reinforced steel structure nodes.
Wang et al. (2024) proposed a research method that combined theoretical analysis with numerical verification to address the
problem of FRP foldable tubular masts being prone to "flowering" failure during deployment. The critical tip load was
determined by establishing an analytical model and verified by comparing it with numerical simulation and experimental
data. The results showed that it provided an effective analytical tool for predicting the stability of FRP tubular structures.
Sadrara et al. (2024) proposed an integrated analysis method based on the Rayleigh-Ritz method to address the challenges
of complex modeling and high computational cost associated with analyzing FRP building floor slabs using the traditional
finite element method. The results showed that it provided an important methodological reference for the comprehensive
performance evaluation of FRP-reinforced steel structural nodes. Rochman et al. (2025) proposed a design and experimental
method for a new multi-layer U-shaped cross-section FRP beam to address the insufficient performance of traditional FRP
beams under cyclic loading. High-cycle fatigue tests and parametric analysis were conducted on beam specimens of varying
depths. The results showed that this method significantly improved fatigue resistance and provided an important reference
for research on the fatigue performance of FRP-reinforced steel structure nodes.
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In summary, current research on FRP-strengthened steel structure nodes mostly focuses on a single performance metric
or on specific nodes, and the reinforcement design does not account for complex forces and engineering applicability. In
view of this, this study proposes a systematic design process for FRP-reinforced steel structure nodes. By evaluating the
node type, geometric dimensions and initial defects, the study clarifies its stress characteristics and determines reinforcement
targets. Subsequently, using the cross-section equivalent and energy methods, the stability, strength, and stiffness of the
FRP-steel composite structure are analyzed, and an overall performance evaluation framework is developed. Then, it is
strengthened through the composite reinforcement strategy of FRP wrapping, enlarging the cross-section and pasting steel
plates. Moreover, it can systematically perform specialized calculations, such as bearing capacity, interface bonding and
fatigue life, to ensure the reliability of the design.

3. Methodology

To assist engineers in selecting appropriate reinforcement methods based on specific project requirements, Table 1
summarizes the comparative advantages of three methods: FRP wrapping, steel plate bonding, and concrete wrapping, across
the aforementioned dimensions. FRP reinforcement is recommended for scenarios where corrosion resistance, lightweight,
fatigue performance, or complex joint geometry are prioritized. Steel plate bonding is suitable for situations where high
stiffness is required in non-corrosive environments, and concrete wrapping is appropriate for applications where space is
abundant, and cost is sensitive. This comparison framework assists engineers in making informed decisions based on specific
project requirements.

Table 1. Comparative advantages of reinforcement methods

Criteria FRP Wrapping Steel Plate Bonding Concrete Encasement

Corrosion resistance Excellent Poor (requires coating) Good

Weight increase Negligible Significant Very high

Fatigue performance Superior Moderate Limited

Complex joint adaptability High Low Moderate
Stiffness improvement Moderate High High
Construction speed Fast Moderate Slow
Cost Moderate Low Low

3.1. Mechanical Performance Analysis Model of FRP Reinforced Joints

In the wide application of steel structures, nodes often become the weak links of the structure. FRP reinforcement technology
has become an effective solution for improving node performance due to its high strength, light weight, and corrosion
resistance. To accurately predict the mechanical behavior of nodes after FRP reinforcement, this study first constructs a set
of systematic mechanical analysis models. The core of this model is to quantify FRP's contribution to the stiffness, stability,
and stress distribution of steel structural nodes using theoretical methods (Esmaeeli and Shadan, 2023; Erum and Ahmad,
2024). This study first calculates the buckling load of the ideal axial compression member and uses it as the basis for analysis,
and then determines the theoretical limit of the member's stable bearing capacity under ideal conditions. Its Euler critical
force formula is given by Eq. (1).
2

Ner = T[C_fl (D
In Eq. (1), N, represents the Euler critical load. £ represents the elastic modulus of the material. ! represents the
moment of inertia of the section about the buckling direction. c represents the effective length of the member
(Alhawamdeh, 2024). To characterize the effect of FRP reinforcement, the geometric characteristics and stress modes of
the reinforced components are analyzed. The stress state and cross-section of the FRP reinforced axial pressure steel pipe
are shown in Fig. 1.
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Fig. 1. Stress state and cross-section of axially compressed steel pipes reinforced with FRP cloth
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As shown in Fig. 1 (a), the FRP-cloth-reinforced steel pipe under axial compression changes from the initial axial
compression state to a slightly bent state under the action of an external load. The cross-sectional view shows that FRP cloth
is wrapped around the outer surface of the steel pipe to form a composite reinforcement layer that together withstands
pressure and enhances the component's overall stability and load-bearing capacity. This study further considers the overall
bending stiffness of the FRP-strengthened member to improve the accuracy of the buckling analysis. The calculation formula
for the bending stiffness of the combined section of FRP and steel is shown in Eq. (2).

(EDcs = p’ [(G+ 2t)4 - G4]/12 + Es - (641—294) 2

E
In Eq. (2), (ED),, represents the flexural stiffness of the combined section of FRP and steel.  ? represents the elastic

modulus of FRP along the axis direction. ~ represents the elastic modulus of steel. G represents the cross-sectional outer
dimensions of the external steel component. & represents the internal dimension of the section of the external steel member.
! represents the thickness of the FRP layer on one side.

The deformation of the member in the buckling state is described by a sinusoidal deflection curve, with the maximum
deflection occurring at mid-span.b = § X sin(ma/C)Based on this assumed deformation shape, this study employs the
energy method to derive the buckling load of FRP-reinforced axial compression members, particularly considering the
influence of reinforcement length, thereby enabling accurate evaluation of the stability performance of locally reinforced
components (Tafsirojjaman et al., 2025; Ghaidan et al., 2024). The buckling load calculation formula is shown in Eq. (3).

1 [(EDcs (C-Cq) . (C-Cq)
New = m2(ED)s/C? x 1/ {1 42 e 1| KD i (K2 3)
In Eq. (3), G represents the length of the FRP reinforcement section. El represents the bending stiffness of the

unreinforced steel member itself. To integrate the material properties of FRP into the existing steel structure design system,
the FRP section is treated as equivalent to a steel section. The calculation formula of its equivalent cross-sectional area is
shown in Eq. (4).

Mg = Mg + AM; “)

In Eq. (4), = « represents the equivalent steel cross-sectional area. M represents the cross-sectional area of the steel

pipe. ~ / represents the cross-sectional area of FRP. 4 stands for modulus ratio. Meanwhile, a calculation formula for the
equivalent moment of inertia of the combined section is also established, specifically for stability analysis. The calculation
formula of its equivalent section moment of inertia is shown in Eq. (5).

Ies = I + Alf %)
In Eq. (5), L represents the equivalent moment of inertia of the combined section. L represents the moment of inertia

of the steel member section relative to its own centroidal axis. I represents the moment of inertia of the FRP section
relative to the centroidal axis of the entire combined section. In the analysis of flexural members, this study uses the strength
method to determine the interface shear stress distribution and evaluate the bonding performance. Considering a simply
supported beam subjected to a concentrated load, the bending moment and shear force diagrams can be established to
identify critical sections for reinforcement design. To ensure the bonding reliability of the interface between FRP and steel,
it is necessary to calculate the shear stress of the FRP reinforced steel beam, as shown in Eq. (6).

T(a) _ ( JiP ) % [(lye::@l)] (6)

25EsWs

In Eq. (6), z(a) represents the shear stress at the bonding interface between FRP and steel at position 4. Ji represents
the shear modulus of the bonding layer. P represents the axial load acting on the steel member. S represents the width of

the FRP board. 7, represents the section modulus of steel members. ! represents a coefficient related to loads and

boundary conditions. 7 stands for load transfer parameter. The tensile stress in the FRP can then be determined from
equilibrium conditions once the interface shear stress distribution is known. o.(a) = (k.J,P/2sM.E;W;) X [a +
1(1 — e™"*)]/y*M, Through the above processing, this study established a comprehensive mechanical performance
analysis framework for FRP-reinforced steel structure nodes, from stability to interface behavior, providing a quantitative
theoretical basis for subsequent reinforcement design. The framework is shown in Fig. 2.

As shown in Fig. 2, the research first establishes the stability benchmark through Euler critical force and stress state
analysis, then calculates the combined section stiffness of FRP and steel, and uses the energy method to derive the buckling
load. Meanwhile, the FRP material is converted into an equivalent steel section for design using the section-equivalent
simplification method. For bending members, the control section is determined through internal force analysis, and the
reliability of the FRP-steel interface bonding and the member's own tensile stress are evaluated, respectively. Therefore, it
can systematically and comprehensively complete the mechanical performance evaluation after reinforcement.

3.2. FRP Reinforcement Design Based on Mechanical Model

Based on the established mechanical model, this study proposes a set of FRP reinforcement design solutions suitable for
typical steel structure nodes. The plan first clarifies its stress characteristics by evaluating node type, geometric dimensions,
material properties, and initial defects. In turn, it can determine reinforcement goals centered on improving buckling load,
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bending capacity, or ductility, and develop a systematic engineering practice plan. The study uses FRP cloth or plates to
wrap or paste the node areas to provide lateral restraint and enhance bending resistance. FRP material has high strength and
corrosion resistance, and is suitable for complex node shapes. To address the shortcomings of FRP in stiffness improvement,
this study further employs the increasing cross-section reinforcement method to strengthen the nodes. Additional steel plates
or T-shaped steel sections are welded at the node to increase the cross-sectional area and improve overall stiffness and
bearing capacity. Its typical structure is shown in Fig. 3.

FRP reinforced steel structure nodes
|

Stability analysis Analysis of bending
components
Calc.u.late Euler's -~ Derive Analyze the
critical force buckling load T ——
internal forces
Analyze the l
t tat Equivalent L
SHESE S . m(i)liﬁ - Evaluate interface
: - of cross-section adhesion
Composite section performance
bending stiffness l l
l Calculate
Describe buckling equivalent Analyze the tensile
deformation ~_ moment of inertia stress of FRP

Fig. 2. Mechanical performance analysis framework for FRP reinforced steel structure nodes
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Fig. 3. Schematic diagram of increasing cross-sectional reinforcement

As shown in Fig. 3, a typical structure is used to reinforce H-shaped steel beam-column joints using the enlarged cross-
section method. This study effectively increases the cross-sectional area and moment of inertia of the component by welding
additional steel plates inside and outside the beam and column flanges, or welding T-shaped steel under the beam. This can
improve the joint's bending capacity, stiffness and stability. This reinforcement method offers clear force transmission and
reliable construction and is a common means of improving the performance of steel structural nodes. To verify joint strength
after increasing the cross-section reinforcement, the joint strength is assessed in accordance with standard design codes for
steel structures, considering the effective cross-sectional area after reinforcement and the appropriate strength reduction
factor.N/M,, < n,fNM,n,f On this basis, the overall stability of the reinforced nodes is further checked. The formula for
increasing the overall stability of cross-section reinforcement is given in Eq. (7).

N *
<.0_M =< nnf (7)

In Eq. (7), @uis the axial compression stability coefficient of the cross-sectional area after reinforcement. ¢y, is the
calculated strength design value of steel. To further improve the joint's local strength, this study employs the bonded steel
plate reinforcement method as an auxiliary measure. The flexural capacity of the strengthened section is verified using
conventional analysis of reinforced steel sections, accounting for the contribution of the bonded steel plates.oc = gy + 07 =
Leo/Who + (Ly — Lio) /Wy, < N f 0001 Lo LWy oWy, To ensure that FRP and steel work together, special verification of the
interface bonding performance is required. The interface shear stress verification formula is shown in Eq. (8).

t=(V-5)/(I.- bf) < [1] (®)

In Eq. (8), Tis the interface shear stress. Vis the calculated section shear force. Sfis the area moment of FRP to the
centroid of the combined section. I is the moment of inertia of the combined section. byis the FRP width. [z]is the
allowable shear stress of the adhesive. For nodes subjected to cyclic loading, fatigue performance becomes a key design
consideration. Fatigue life is estimated using S-N curves or empirical formulas appropriate for FRP-steel interfaces, based
on the stress range in the FRP.N; = C X (40) ™ N;AcC. To optimize the structural force-transmission path, this study
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introduces a reinforcement strategy that modifies the structural system. This study modifies the stress paths of nodes to
reduce stress concentrations by adding support rods or by changing boundary conditions. The strength of the bending
member is verified using conventional section analysis, considering the combined cross-sectional spaces of the original
component and reinforcements.N /(Mg + M) + L,/ Wy, < kf MgM,,,. Finally, a comprehensive check is performed to
assess the stability of the reinforced joints under combined compression and bending. The stability-checking formula for
in-plane bending members is given in Eq. (9).

@x(Mo+Mn1)  Wix(1-0.8N/Ngx) —

In Eq. (9), @,is the stability coefficient in the plane where the bending moment acts. f,,,is the equivalent bending
moment coefficient. N, is the Euler critical force. Based on the above systematic design and verification, the final
composite-reinforced node structure is shown in Fig. 4.
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Fig. 4. Final schematic diagram of steel node reinforcement structure

As shown in Fig. 4, through the above reinforcement strategies and verification calculations, this study obtains a
composite reinforced node that integrates FRP wrapping, increases the cross-section, pastes steel plates, and changes the
structural system. This node uses FRP cloth rings to wrap around the beam-column connection, providing restraint and
enhancing fatigue resistance. Meanwhile, T-shaped steel is welded to the beam and column flanges to increase the cross-
section, and steel plates are bolted in key areas to enhance local strength. By adding diagonal braces and reinforcing plates
at the node, the structure's force transmission path is optimized, thereby reducing stress concentration at the node.

3.3. Experimental Program
To ensure reproducibility, the key assumptions, material properties, and experimental details are summarized below.

Model Assumptions: Perfect bonding and linear elasticity are assumed for FRP and steel. Initial imperfections follow a
half-sine shape with amplitude L/1000. Boundary conditions are simply supported.

Material Properties: CFRP fabric: E=230GPa, c,,=3400MPa (Megapascal or MPa is a unit of pressure or stress),
thickness 0.167 mm/layer. Steel tube (Q235): E~206GPa, f,=235MPa. Epoxy adhesive: shear modulus G,=1.2GPa,
thickness 0.5 mm.

Experimental Setup: 45 specimens (steel tube @114x4 mm, length 1500 mm) were tested. FRP was applied over bond
lengths of 150, 250, and 350 mm, in single- or double-layer configurations. Unreinforced controls were included. Tests were
conducted on an Instron machine (displacement control, 1 mm/min). Load, displacement, and strains were recorded. Three
replicates were tested per configuration to assess repeatability.

Validation: Experimental buckling loads were compared with theoretical predictions (Eq. (4)), and failure modes were
recorded.

4. Results and Analysis
4.1. Verification of the Mechanical Performance Model of FRP Reinforced Joints

All experimental results presented in this section were based on three replicate specimens for each test condition. The data
points represent the mean values, and error bars indicate the standard deviation. The 95% confidence intervals are calculated

as x t t0.05,n_1(s/\/ﬁ), where X is the sample mean, s is the sample standard deviation, and n=3.

To verify the correctness of the mechanical analysis model established by the study, the study designs and implements a
systematic performance test. Test specimens: Q235B steel tube (@114x4 mm) with slenderness ratios 20-95. FRP: carbon
fiber sheets (Toray T700, 0.167 mm/layer) bonded with epoxy (Sikadur-30). Bond lengths: 150, 250, 350 mm; single-,
double-, or three-layer. Control groups: steel plate (6 mm welded) and concrete wrapping (C30, 30 mm). Axial compression
tests (Instron 8802, 0.5 mm/min). Data: load, displacements (LVDT), strains (gauges), full-field strain (VIC-3D). Three
replicates per configuration. The software, hardware, and parameters used are shown in Table 2.
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Table 2. The preset parameters of each component in the device

Software and hardware names Parameter description
Universal testing machine Instron
Data acquisition system NI cDAQ series
Digital image related systems Correlated Solutions VIC-3D
3D optical scanner CREAFORM
Analysis software CalculiX
Front and rear processors PrePoMax
Computer aided design and manufacturing FreeCAD
Programming and data analysis Python
Literature and data management Mendeley

Based on the above software and hardware, the mechanical properties of FRP-reinforced steel structure nodes are tested
and compared with the stability performance of steel plate-reinforced and concrete-wrapped steel structure nodes. The test
results are shown in Fig. 5.
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(a) Buckling load testing of three materials (b) Stability coefficient testing of three materials

Fig. 5. Stability comparison of three reinforcement methods

Fig. 5(a) shows the buckling load test results of the three reinforcement methods. The buckling load of FRP reinforcement
showed a "three-stage nonlinear decrease" as the slenderness ratio increased. When the slenderness ratio was 20, the load
reached 182 kN. Moreover, when it was 95, it dropped to 52 kN. In the later period, the speed slowed down due to the lateral
restraint effect. The initial load of the steel plate reinforcement was 155 kN. After the slenderness ratio reached 65, it
accelerated, then decayed to 41 kN. The initial load of the concrete-wrapped reinforcement was only 83 kN, and the decrease
was most pronounced throughout the process. Fig. 5(b) shows the stability coefficient test results for the three reinforcement
methods. The stability coefficient of FRP reinforcement decreased gradually, reaching 0.45 at a slenderness ratio of 95. The
curvature was small, and the degree of weakening is minimal. The deceleration speed accelerated in the later stage of steel
plate reinforcement, and finally reached 0.35. This result verified that the stability model established in this study, based on
the energy method and cross-sectional equivalence, could accurately capture the buckling behavior of FRP reinforced
components. The study then compared the strength performance of the three reinforcement methods. The test results are
shown in Fig. 6.

Fig. 6(a) shows the ultimate bearing capacity test results of the three reinforcement methods. The ultimate bearing
capacity of FRP reinforcement showed an "asymmetric decrease" as the initial defects increased. When the defect degree
was 0, it reached180 kN, and when it was 0.3, it dropped to 130 kN. In the later period, the speed slowed down due to the
constraint effect. The initial load of the steel plate reinforcement was 150 kN, which was reduced to 100 kN when the defect
was 0.3. The initial load of the concrete-wrapped reinforcement was only 120 kN, which dropped sharply to 95 kN when the
defect was 0.1. Fig. 6(b) shows the test results of the bearing capacity improvement rate of the three reinforcement methods.
The bearing capacity improvement rate of FRP reinforcement showed a "fluctuating increase" as the number of defects
increased, reaching 116.7% when the defect was 0.3. The improvement rate in the later stage of steel plate reinforcement
rose to 66.7%. Concrete package reinforcement only slightly increased to 25.0% when the defect was 0.3. The results showed
that the combined section-equivalent model and the stability-coefficient calculation method proposed in this study, which
considers initial defects, could effectively evaluate the strength performance of FRP reinforcement under different damage
states. The study then compared the uniformity of stress distribution among the three reinforcement methods. The test results
are shown in Fig. 7.
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Fig. 6. Strength performance comparison of three strengthening methods
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Fig. 7. Comparison of stress distribution uniformity of three methods

Fig. 7(a) shows the interface maximum shear stress test results for the three reinforcement methods. The maximum shear
stress at the interface across the three methods decreased as the bonding length increased. When the bonding length increased
from 50mm to 250mm, the shear stress of the FRP reinforcement decreased from 3.5 MPa to 1.2 MPa, a significant decrease.
Fig. 7(b) shows the FRP stress utilization test results for three reinforcement methods. The stress utilization rate of FRP
reinforcement increased steadily with increasing bonding length, reaching 93% at 250mm, approaching the ideal state. The
utilization rate dropped to 78% after the steel plate was reinforced to 150mm. Concrete package reinforcement was restricted
by interface slippage, and the maximum utilization rate was only 80%. The results showed that the stress calibration and the
design of the bonding length in the FRP reinforcement method were more reasonable. This ensured effective stress transfer
and efficient material utilization in the design.

4.2. Application Performance Evaluation of Steel Structure Node Reinforcement Design

To verify the effectiveness of the above FRP reinforcement design, this study prepared a series of FRP-reinforced node
specimens using the optimized bond-length parameters. Moreover, the interface bonding performance test was conducted at
various ambient temperatures. Test setup: environmental chamber (Espec MC-712, -20°C to 60°C). Specimens conditioned
for 2 hours. Interface shear stress and slip were measured using strain gauges (at 20 mm intervals) and two LVDTs. Loading
rate: 0.2 mm/min until debonding. The test results are shown in Table 3.

In Table 3, when the ambient temperature reached 60°C, the interface shear stress of the 150mm short-bonding solution
dropped sharply from 16.0 MPa to 6.5 MPa. Meanwhile, the bond slip increased sharply to 0.68 mm, causing peeling failure
at the interface and posing safety risks. By comparing the three bonding lengths at different temperatures, the optimal
parameter combination of bonding length and interface durability could be quickly determined. It could guide the
optimization design of reinforcement plans and achieve efficient utilization of FRP materials while ensuring interface safety.
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Subsequent studies compared fatigue and long-term performance at different stress levels. The test results are shown in Fig.

8.

Table 3. Interface bonding performance testing at different temperatures

Ambient Shear stress (MPa) Slip (mm)
temperature (°C) 150mm 250mm 350mm 150mm 250mm 350mm
220 14.5 12.0 10.8 0.08 0.05 0.04
0 16.0 13.2 11.9 0.12 0.08 0.06
20 14.2 14.5 13.0 0.25 0.15 0.11
40 10.1 12.8 12.5 0.45 0.28 0.22
60 6.5 9.0 10.2 0.68 0.48 0.38

Note: Each value is the mean of three specimens; the coefficient of variation ranged from 3.2% to 8.7%.

Fig. 8(a) shows the crack growth rate test results at three stress levels. The crack growth rate at a low stress level (0.3fu)
showed a steady, gradual upward trend with increasing defect degree, and only reached 0.010mm/thousand times when the
defect was 1.2%. The medium stress level (0.5 fu) peaked at 0.035mm/thousand times when the defect was 0.3%, then
gradually fell back. Fig. 8(b) shows the fatigue life test results at three stress levels. The fatigue life of the low-stress solution
decreased steadily with increasing defect levels, and remained at 650,000 times at 1.2% defects. The life of the high-stress
solution (0.7 fu) plummets to 90,000 times that under the same conditions. The results showed that the low-stress solution
performed best in terms of long-term service performance. Finally, the stiffness performance comparison of different FRP
layer numbers was studied. The test results are shown in Fig. 9.
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Fig. 9(a) shows the stiffness degradation rate test results of three FRP layer schemes. As the number of cyclic loading
increased, the stiffness degradation rate of the single-layer FRP solution reached a peak of 22% at 150,000 times, with the
most severe fluctuations. The double-layer FRP solution performed consistently throughout the process, and the degradation
rate remained within 20%. Fig. 9(b) shows the equivalent stiffness test results of the three schemes. The equivalent stiffness
ofthe double-layer FRP solution remained the most balanced, slowly decreasing from the initial 145 kN/mm to 118.9 kN/mm,
with a stiffness retention rate of 82%. The single-layer scheme had a stiffness attenuation of up to 15%. Although the three-
layer scheme had the highest initial stiffness, the early attenuation was obvious. The results showed that the reinforcement
scheme based on double-layer FRP design performed optimally in controlling stiffness degradation and maintaining long-
term stiffness stability. This provides a reliable basis for engineering applications.

5. Conclusion

To address the limitations of traditional steel-structure joint reinforcement methods, this study integrated section-equivalent
and energy methods to develop a systematic process for FRP reinforcement design. A stability and strength analysis model
of FRP-steel composite structures was established, guiding a composite strategy of FRP wrapping, cross-section enlargement,
and steel plate bonding. Systematic verifications of bearing capacity, interface bonding, and fatigue life ensured design
reliability. Key conclusions supported by experimental data were that the stability coefficient of FRP-reinforced members
reached 0.45 at a slenderness ratio of 95, outperforming steel plate (0.35) and concrete wrapping (0.21). At a bond length of
250 mm, FRP stress utilization attained 93%, with interface shear stress reduced to 1.2 MPa, indicating efficient load transfer.
The double-layer FRP scheme maintained 82% stiffness retention after 200,000 cycles, superior to single-layer (70%) and
three-layer (68%) schemes. Under low stress (0.3 fu), the fatigue life remained 650,000 cycles even with 1.2% initial defects,
confirming good long-term performance.

The research questions posed in the introduction were addressed. The critical mechanical behaviors (buckling, strength,
stiffness and interface) were analyzed using section-equivalent and energy methods and validated experimentally with good
accuracy. The composite strategy improved stability by up to 28%, stress utilization by 15%, and stiffness retention by 12%
over conventional methods.

These findings were valid under specific conditions: The model assumed perfect bonding and linear elasticity; deviations
may occur above 60 °C or under dynamic loading. Validation used simplified member-level specimens (45 tubes, three
replicates per condition); direct application to complex joints requires further verification. Fatigue conclusions are based on
constant-amplitude loading at 10 Hz.

Limitations of this study included: (1) The experimental validation was conducted on a limited number of specimens (45
tubes) with simplified geometries, which may not fully represent the behavior of complex beam-column joints. (2) The
theoretical model assumed perfect bonding and linear elastic material behavior, neglecting the nonlinearity of the adhesive
layer and potential debonding. (3) Fatigue performance was evaluated under constant amplitude loading at 10 Hz, while real
structures often experience variable amplitude and random loading. (4) The long-term durability conclusions were based on
accelerated tests, and field validation under environmental exposure is required. (5) The study focused on monotonic and
fatigue loading, but seismic or impact loading effects were not investigated. These limitations should be addressed in future
research.

Theoretical contribution: Systematic integration of established methods into a unified design framework, extending
classical stability theory to composite action.

Practical implications: Engineers can select optimal bond lengths (250 mm) and double-layer FRP for high efficiency,
temperature-dependent data guide safe design, and fatigue curves assist maintenance planning. FRP offers a lightweight,
corrosion-resistant alternative to steel or concrete.

Future work should adopt cohesive zone models to capture interface debonding, investigate the effects of dynamic
loading, and conduct field validation of long-term durability.
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