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Abstract

Using fiber-reinforced polymer (FRP) materials to retrofit steel structure joints has become a very effective way
to make structural systems work better, last longer, and be safer. This study investigates the performance of steel
tubular T-joints retrofitted with Carbon Fibre Reinforced Polymer (CFRP), emphasising varying degrees of initial
damage, fibre orientation, and the effects of temperature fluctuations. Seventeen T-joint specimens, consisting of
rectangular and circular hollow sections with various degradation conditions, were subjected to compressive
loading in the tests. The study assessed the impact of CFRP on the load-carrying capacity, ductility, stress
distribution, and failure modes of the specimens. According to the findings, CFRP retrofitting significantly
improves joint performance by extending failure and boosting ductility; the biggest gains are observed in joints
with the least amount of damage. Higher temperatures and severe bilateral degradation, however, reduce
effectiveness because the CFRP matrix and adhesive soften with heat.
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1 Introduction

Hollow steel sections (HSS) are widely used in steel structures because of their excellent strength-to-weight ratio.
Since these sections can be manufactured from thin plate elements, they may suffer from local buckling under
axial compressive loads before reaching the yield strength of the steel (S. Chen et al., 2023). However, structural
collapse is often caused by joint failure, and T-joints are particularly vulnerable to deterioration, overloading, and
accidental damage (Y. Chen et al., 2022; Deng et al., 2019). Therefore, joints are regarded as the weakest but most
important components in tubular structures. Several methods like as external stiffeners, internal rings, partially
thickened chord walls, double plates, and collar plates used in steel tubular joints for retrofitting. However, due to
HSS reinforcement using these methods the dead load and welding fatigue makes an issue and which led to move
toward a sustainable solution like as FRP.

There are few studies on CFRP's application for strengthening tubular joints; most of the research focusses on
concrete structures and steel members. Because of its exceptional strength, resilience to deterioration, and
durability, CFRP is increasingly being used to reinforce steel structures. CFRP retrofitting techniques have been
used in recent research to increase the axial forces in tubular T-joints (Tafsirojjaman et al., 2021). Numerous studies
on FRP in metallic structures and numerical evaluations of FRP-reinforced steel tubular T-joints have
demonstrated significant improvements in performance and strength (Deng et al., 2024). The load-carrying
capacity of steel beam tension flanges was increased by applying double-layer CFRP strips (Zhao et al., 2024).
Three layers of CFRP were transversely wrapped around axially loaded thin steel square columns (at b/t = 100),
increasing their axial strength by 31% (Park et al., 2013). Studies that strengthened a variety of steel sections,
including beams, have validated the advantages of FRP confinement (Tafsirojjaman et al., 2022). Finite element
analyses and experiments showed that CFRP sheets considerably increased joint strength when compared to
unreinforced joints, thereby postponing the chord surface's plastic failure (Lesani et al., 2015).

The usefulness of CFRP in strengthening steel joints has been extensively studied, but research on repairing HSS
joints with different levels of damage is still lacking. This study examines the static retrofit performance of CFRP-
reinforced HSS tubular joints, particularly those with different levels of damage at the chord wall. Examining the
effects of varying degradation durations on CFRP retrofitting success is the aim.

2 Specimen Details and Experimental Setup

For this study, a total of 17 steel hollow tube T-joint specimens have been created. Thirteen of these specimens
had both the chord and web sections constructed entirely of Rectangular Hollow Steel Tubes (RHST). Circular
Hollow Steel Tubes (CHST) were used for the web and RHST for the chord in the remaining four specimens. The
geometrical measurements and properties of these 17 T-joint specimens, which were examined to evaluate their
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structural behaviour under various circumstances, are shown in detail in Table 2. Every specimen is labelled using
an ordered coding scheme that takes into account important design factors. Both rectangular (RR) and rectangular
chord with circular web (RC) are two examples of the chord and web configurations that are used to classify the
specimens. Additionally, samples with two- or three-inch degradation lengths (A and B) and varying degradation
levels—no degradation (TRR), one-side degradation (1s), and two-side degradation (2s)—are included in the
study. The longitudinal length of the chord was parallel to the degradation. Furthermore, the table details the
temperature conditions (25°C, 100°C, 200°C, and 300°C) and the angle of externally bonded CFRP fibres (0°, 45°,
and 90°) with respect to the web's longitudinal axis. Each specimen's geometric measurements are also described
in detail, including the web's length, diameter/width ratio, height, and thickness, as well as the chord's length,
width, height, and thickness.

Across all 17 specimens in this table, both the circular web sections maintain consistent diameters of 59 mm and,
with a uniform wall thickness of 2.9 mm and rectangular section maintain a constant cross section of 51 mm x 25
mm. The chord lengths range slightly from 307 mm to 311 mm for RHST-RHST sample and 245-246 for RHST-
CHST sample although maintain a constant cross section of 77 mm x 50 mm, indicating minor design adjustments
intended to replicate realistic degradation or fiber orientation scenarios. Additionally, samples starting with "TRR"
indicate test specimens with CFRP at 90° orientations. Three test samples are used for comparing the strength
behavior at moderate temperatures. The digit following "TRR" indicates the temperature at which the samples
were kept in the oven for 10 minutes. For these samples the CFRP orientation was 90°. The samples are without
any degradation.

Table 1. Geometric dimensions of CFRP-strengthened steel T-joint specimens.

Sl Specimen CHORD WEB
No. Name Lo bo ho to L, Di/b;y hy 1
(mm) (mm) (mm) (mm) mm) (mm) (mm)  (mm)
1 RC1SA 246 77 50 2 117 59 - 2.9
2 RC1SA0 245 77 50 2 119 59 - 2.9
3. RC1SA45 245 77 50 2 116 59 - 2.9
4, RC1SA90 246 77 50 2 121 59 - 2.9
5 RR1SB 311 77 50 2 120 51 25 2.0
6 RR1SBO0 310 77 50 2 118 51 25 2.0
7 RR1SB45 309 77 50 2 119 51 25 2.0
8. RR1SB90 307 77 50 2 118 51 25 2.0
9. RR2SB 307 77 50 2 121 51 25 2.0
10. RR2SB0 307 77 50 2 118 51 25 2.0
11. RR2SB45 308 77 50 2 118 51 25 2.0
12. RR2SB90 309 77 50 2 117 51 25 2.0
13. TRR 310 77 50 2 120 51 25 2.0
14. TRR25 309 77 50 2 121 51 25 2.0
15. TRR100 309 77 50 2 121 51 25 2.0
16. TRR200 308 77 50 2 122 51 25 2.0
17. TRR300 310 77 50 2 120 51 25 2.0

Epoxy adhesive and carbon fiber fabric offer complementary solutions for structural reinforcement, each with
unique properties suited to different applications. The epoxy adhesive is a high-performance bonding material with
a density of 1.80 + 0.1 kg/L (when mixed), providing strong adhesion to various surfaces. It has tensile strengths
of at least 5 N/mmz2 after 3 days and 8 N/mmz2 after 7 days, along with a tensile modulus of elasticity of 1500 MPa.
Its elongation at break is 0.28%, ensuring rigidity and minimal deformation, and it can be used in temperatures
ranging from +10°C to +40°C. On the other hand, carbon fiber fabric, made from unidirectional woven fibers, has
a density of 1.82 g/cm3. It offers a much higher tensile strength of 4,000 N/mm? (when dry) and an impressive
modulus of elasticity of 230,000 N/mm?. With an elongation at break of 1.7%, it’s more flexible compared to the
epoxy adhesive. Both materials are designed to improve the structural integrity of various substrates, but their
combination offers enhanced durability and strength in challenging environments. For this research single
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confinement of CFRP was used. The yield strength (fy) of high-strength steel was measured 470 MPa, while the
ultimate tensile strength (f,) was 507 MPa, with a yield strain 0.64% and ultimate strain 27.5%.

Figure 1. Geometry and loading condition of test specimen.

In the compressive load test on steel T-joints, the Linear Variable Differential Transformers (LVDTSs) are
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strategically placed to monitor the deformation of the specimen at different locations as shown in Figure 1. Two
LVDT is positioned directly on the joint of the steel T-joint in two opposite sides to measure the vertical
displacement or deformation occurring at the joint under the applied compressive load and average of the both
reading was counted in reports. Both side of the sample was free boundary condition and the bottom rests on the
plate. Besides the geometric details and CFRP rapping length has been represented in Figure 1.

3 Results and Discussion

This analysis examines the structural behavior of steel T-joints under varying degrees of damage and their
subsequent rehabilitation using CFRP strengthening. The T-joint in Figure 2(a) has a 2-inch crack along one
chordal side. Localized damage diminishes the load-carrying capacity of a steel joint between a rectangular tube
chord and a circular tube web. Applying CFRP for retrofitting counteracts this by delaying failure, thus boosting
performance well above the damaged level (load carrying capacity and ductility enhancement performance is
4.04% and 11.89% respectively for 90° Orientation).

Despite this improvement, the retrofitted joint cannot match the performance of the original, undamaged structure.
In the more severe scenario Figure 2(b), a 3-inch damage affects a joint composed entirely of RHST members. The
increased damage length critically weakens the joint by compromising a larger structural area, which results in a
pronounced reduction in load-carrying capacity and a higher vulnerability to failure. Consequently, while CFRP
retrofitting is projected to yield a greater performance enhancement (load carrying capacity and ductility
enhancement performance is 4.56% and 13.71% respectively for 90° Orientation) in this scenario compared to
Figure 1(a). Figure 2(c) depicts the most critical scenario of a T-joint with 3-inch damage on both sides of the
RHST chord, which is connected to an RHST web. This bilateral damage creates a highly degraded state, severely
compromising the joint's axial load resistance and drastically reducing its load-carrying capacity. While CFRP
strengthening cannot fully restore the joint to its original strength, it is crucial for mitigating performance loss,
preventing immediate failure, and extending service life (load carrying capacity and ductility enhancement
performance is 4.53% and 13.35% respectively for 90° Orientation).
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Figure 2. Load carrying capacity of T-joint.

A significant and non-linear degradation in load-carrying capacity with increasing temperature. At an ambient
temperature of 25°C, the CFRP-retrofitted joint sustains a peak load of 42.4 kN. This represents a significant 32%
increase in strength compared to the baseline capacity of 32.1 kN for an undamaged, unstrengthen steel joint. The
capacity drastically decreases as the temperature rises. The load capacity decreases to roughly 35.20 kN at 100°C,
where the polymer epoxy adhesive begins to soften and surpass its glass transition temperature. This decrease
persists as the heat begins to impact the CFRP matrix and further erodes the adhesive's integrity, as seen in Figure
2(d). The joint's capacity is only about 29.79 kN at 200°C and drops to about 28.20 kN at 300°C. This data clearly
indicates that although CFRP performs well at room temperature, heat significantly impairs its effectiveness; by
300°C, it has lost nearly 23% of its initial strength. The main cause of this failure is not the steel, which keeps most
of its strength up to around 400°C, but the thermal degradation of the adhesive and composite matrix, causing bond
failure and the loss of composite action long before the steel begins to weaken.
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Figure 3. Load carrying capacity of Steel T-joint at 90° orientation for different degradation.
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Figure 3 presents a key study on the effectiveness of CFRP retrofitting for steel T-joints with different types and
severities of degradation. All specimens were tested at a 90° orientation. The graph compares the load-carrying
capacity of three different scenarios, which directly correlate with the extent of the initial damage. The RHST-
CHST joint with a single 2-inch degradation shows the highest ultimate load capacity and best ductility, as the
CFRP effectively restores stiffness and allows for continued plastic deformation before failure. In contrast, the all-
RHST joint with a single 3-inch degradation shows a significant decrease in both load capacity and ductility.
Because of the CFRP's smaller contribution, there is less energy absorption and a less distinct yield peak.
Significantly reduced ductility and the lowest load-carrying capacity are found in the bilaterally degraded all-
RHST joint, which has 3-inch damage on both sides. In this case, brittle failure with little deformation results from
extensive damage that surpasses the CFRP's capacity to reinforce the joint. This demonstrates that the degree of
initial damage limits the composite’s ability to increase structural resilience.

4 Conclusions

The structural performance of CFRP-refitted steel tubular T-joints was investigated in this study, with particular
attention paid to temperature effects, fibre orientation, and different degrees of damage. The results demonstrate
that CFRP strengthening greatly increases the damaged steel joints ductility and load-bearing capacity. Using
CFRP improves energy absorption, delays failure, and increases the structure's overall resilience—even in cases
of severe or localised degradation.

The effectiveness of CFRP retrofitting was found to be significantly impacted by the extent and location of initial
damage. The greatest improvement was seen in joints with minor damage, such as RHST-CHST configurations
with a single 2-inch crack on one side. However, joints that had 3-inch cracks on both sides gained less, indicating
that the extent of the initial damage limits the benefits of CFRP. Another important factor was temperature. The
load-carrying capacity of retrofitted joints steadily decreased with increasing temperatures, even though they
functioned well in normal circumstances. Rather than any deterioration of the steel itself, this was primarily caused
by the thermal softening and degradation of the CFRP matrix and epoxy adhesive.
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