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A B S T R A C T   

Fiber-reinforced polymer (FRP) composite materials have gained popularity in civil, mechanical, 
aircraft, and chemical engineering domains due to their superior mechanical properties and 
durability. They have been used for strength and durability enhancements of civil structures and a 
wide range of steel structures subject to static (flexure, compression) and dynamic (fatigue, 
impact, and seismic) loads have been strengthened and retrofitted. The strength enhancement 
provided by FRP composites to steel structures depends on several parameters including fiber 
types, fiber orientations, number of fiber layers, steel section types (geometry and grade), 
member slenderness etc. Although the superior properties of FRP are sometimes affected by se-
vere environmental conditions that the structures are exposed to, these adverse effects can be 
minimized. This paper provides a comprehensive review of various techniques to improve the 
performance and design of steel structures using FRP composites. Strength prediction models 
under a range of loading and environmental conditions are presented in this single document for 
the evaluation and safe design of FRP strengthened steel structures and thereby minimise their 
vulnerability to failure.   

1. Introduction 

Steel structures are the most commonly used structures due to their many advantages including high strength to weight ratio, 
industrial applications, ease of transportation, and construction [1]. During their service lives these structures may need strength-
ening/retrofitting due to changes in the building usage or building code requirements. Also, the structures may undergo severe 
deterioration due to fatigue loads and aggressive environmental effects leading to their premature failure. It is important to select 
suitable strengthening/retrofitting materials and evaluate the effects of influencing parameters to improve the performance of steel 
structures. In the past, the steel structures were upgraded by welding external steel plates to the existing structure, but this method was 
rendered unsuitable due to increased weight, difficulty in application, and susceptibility to corrosion and fatigue damages [2]. An 
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excellent alternative for upgrading structures is the use of fiber-reinforced polymer (FRP) composite materials which have been 
increasingly preferred due to higher strength to weight ratios [3,4], extremely low-self weight [5,6], easy installation and application 
[7,8] as well as good durability [9,10]. In addition to civil structures, FRPs are also preferred in aeronautical, mechanical, and ma-
terials engineering fields due to their superior properties. 

FRP is a composite material consisting of fibers embedded in resin. The fibers contribute to the mechanical strength of the FRPs, 
whereas the resin helps in the transfer and distribution of stresses between the fibers. Based on the type of fibers used, there are several 
types of FRPs including carbon, glass, basalt, and aramid FRPs named as CFRP, GFRP, BFRP, and AFRP, respectively [11]. Among these 
FRPs, CFRP has the highest strength and deformation resistance, but its drawbacks include higher costs, anisotropy, and susceptibility 
to galvanic corrosion [12]. GFRP is relatively cheaper compared to other types of FRPs but it has lower long-term strength due to stress 
rupture as well as lower alkaline and humidity resistance [11]. AFRP has higher strength against static and impact loads, however, its 
use is limited due to manufacturing and construction difficulties, lower long-term strength as well as their sensitivity to ultra-violet 
(UV) radiation [13]. BFRP exhibits high tensile strength, good durability, and higher resistance to environmental conditions 
including corrosion, UV radiations, acids, and high temperatures [14]. There are two types of resins: thermoplastic and thermosetting 
polymers where thermosetting polymers are preferred as they have higher rigidity, higher thermal, and dimensional stability as well as 
good resistance against chemical and electrical actions [11]. The fibers and resin can be combined to form FRP laminates, dry fibers, 
sheets, or rods that can be bonded to the steel structure either by adhesives, fasteners, or clamps. Applications of FRP in various types of 
structures have already been demonstrated including normal [15-19] and lightweight [20,21] concrete structures, steel structures [22- 
24], steel–concrete composite structures [25-28] masonry structures [29,30] and timber structures [31,32]. 

The selection of the suitable type of FRPs for strengthening or retrofitting applications depends on several factors including the 
applied loads, required strength, service conditions, economy of construction, and types of materials in the existing structures. In 
addition, parameters related to the mechanical properties and application mechanisms of FRPs also influence the effectiveness of the 
strengthening. Recently, Siddika et al. [33] summarized the superior performance of FRP strengthened concrete structures in a 
literature study along with challenges associated with FRP strengthening. To fill the literature gap in FRP strengthening of steel 
structures and to aid designers and researchers to select an optimal strengthening scheme, a comprehensive literature review on the 
behaviour of FRP strengthened steel structures in a range and combination of parameters will be useful. Holloway and Cadei [34] 
highlighted the problems encountered by FRP strengthened steel structures during their service lives, such as bond behaviour between 
steel and FRP, the durability of FRP composites, and the effect of pre-stressing the FRP plates on strengthening effectiveness. In another 
study, Shaat et al. [35] provided a review on retrofitting of steel structures with FRPs and highlighted the improvements in fatigue life 
of bridge girders, techniques to avoid debonding failure, and durability of FRP retrofitted steel structures. Zhao and Zhang [36] 
categorized the various bond strength testing methods into four categories and recommended the type of tests that can be employed for 
examining the bond-slip relationship between FRP and steel. In addition, their review paper includes strengthening steel hollow 
sections in compression, flexure, and fatigue. Similarly, Teng et al. [37] conducted a detailed literature review on the bond behavior 
between FRP and steel, and the strengthening of steel structures in flexure, fatigue, and the confinement effect of steel hollow sections 
and concrete-filled steel tubes. They also recommended future studies on durability and fire resistance of FRP strengthened steel 
structures and strength enhancement of steel structures against blast and impact loadings. 

During the past few years, significant studies have been conducted to improve the performance of steel structures under a range of 
failure modes including flexure [38-50], compression [51-60], impact [61-70], seismic [71-78] as well as fatigue [79-86]. These 
studies revealed that the effectiveness of FRP strengthening depends on a number of parameters including type of strengthening 
technique and configuration [47,48], the number of FRP layers and their orientations [43,44,53,57,58,60], slenderness of the steel 
sections [39,41,55,57,59], types of FRPs and their moduli of elasticity [38,42], and initial imperfections in the steel members [56]. 
During their service lives, steel structures often require strengthening and/or retrofitting and the selection of an optimal strength-
ening/retrofitting scheme is imperative for meeting the desired objectives. To help future designers and researchers to select a suitable 
strengthening scheme, a detailed literature review of the latest studies in this area was carried out and the findings are presented in this 
paper along with a discussion on the influencing parameters based on the loading conditions. Steel structural members are commonly 
used as beams and columns in buildings and bridges where flexural, fatigue and compressive stresses are induced in these members. 
Also, the failure statistics of metallic bridges [87] indicated that buckling and fatigue are their most common failure modes. 
Strengthening/retrofitting against flexural, compressive, and fatigue loads are therefore covered in this literature review in detail. In 
addition, steel members are prone to external extreme events such as impact loads from traffic and blasts, as well as seismic loads due 
to earthquakes. Despite the increased occurrence of these extreme loadings, no previous literature review has covered the strength-
ening of steel structures against these loads, to the best of the authors’ knowledge and this is the first comprehensive review on these 
important topics. Furthermore, exposure to aggressive environmental conditions affects the durability of FRP strengthened steel 
structures [88]. Hence the parameters that influence durability have also been discussed in the present paper. Strength prediction 
models of FRP strengthened steel structures under a range of failure modes and service conditions have also been summarized in this 
single document to enable their safe designs and minimise their vulnerability to failure. 

2. FRP strengthening of steel members under static loads 

During their service lives, steel structural members are generally subjected to three types of static loads i.e., tensile, compressive, 
and flexural loads. Since the nature of applied loads is different, the response of steel members to each type of load will also be different 
with different failure modes. Typically, steel tension members fail either in yielding in the gross-section, fracture in the net section 
(bolted/riveted connection), or in the block shear mode depending on which strength is the lowest [89]. However, under both 
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compression and flexural loads, steel members can either fail under local or global buckling [90]. Local buckling (LB), which could 
occur at any cross-section of a member depending on its width-to-thickness ratio, results in a reduction in the stiffness of the member 
against global buckling. Global buckling, on the other hand, depends on the boundary conditions, un-braced length, and radius of 
gyration of the steel member. Global buckling in the form of lateral-torsional buckling (LTB) can be caused by flexural forces or in the 
form of flexural buckling (FB), torsional buckling (TB), or flexural torsional (FTB) buckling by compressive forces. As with local 
buckling limitations, design codes specify the limiting values that specify whether the global buckling would be elastic or inelastic. 
Since the strengthening of steel members is to reduce the possibility of triggering a failure mode under the loading that a member is 
subjected to, divisions have been made as per the types of stresses in the steel members. The next sections will discuss the strengthening 
options that can be employed to improve the resistance against local and global buckling. 

2.1. Local buckling 

Design codes such as AISC 360–16 [91] and Eurocodes [92] have specified limiting width-to-thickness (plate slenderness) ratios for 
the plates elements in steel cross-sections under both compressive and flexural loads. These limiting plate slenderness values specify 
whether a cross-section will reach its full plastic capacity (compact section), or the cross-section plate elements will buckle locally 
before (slender section) or after (non-compact) the onset of yielding. During their service lives, these cross-section elements need to be 
strengthened against local buckling to either enhance the capacity of a steel section to plastic capacity and/or improve the plastic hinge 
behaviour to enhance the ductility of the member. Wrapping steel sections with FRPs can delay the occurrence of local as well as global 
buckling and can also increase the plastic hinge size, thus contributing to enhanced load, rotation, and energy dissipation capacities as 
well as reduced strain demands [93]. The strengthening effectiveness depends on several factors including the employed fiber ori-
entations, modulus of the FRPs as well as their location. 

Application of FRPs can either be done by orientating the fibers in the direction parallel to the axis of the member (longitudinal, L), 
perpendicular to the axis (transverse/hoop, T) (Fig. 1), or at an angle to the member’s axis. The employed orientation of fibers affects 
the strengthening effectiveness of FRPs. Al-Sayyed [94] conducted finite element analysis of I-section beams with different web height 
to thickness ratios (49.8, 107.8, 148, and 296.2) and bonded FRP strips at mid-height of these webs. Web buckling behaviour 
significantly improved with these longitudinally oriented FRPs and the maximum increase in critical load was observed for class-4 
(slender) sections as the critical buckling and ultimate loads increased by 20–60% and 29% respectively. Effect of the wrapping 
scheme to improve the local and global buckling behaviour of double channel members of a truss moment frame was also evaluated by 
Ekiz et al. [93] and Tawil et al. [95]. They conducted cyclic tests on local buckling (LB) and lateral-torsional buckling (LTB) prone 
members and assessed the improvement in plastic hinge behaviour of these sections using CFRPs. In the first type of specimen, only 
flange was reinforced with four (4L) and six (4L + 2 T) while the other type of specimen was fully wrapped with six (3L + 3 T) CFRP 
layers. They concluded that longitudinally oriented fibers were beneficial in improving the local buckling behaviour whereas a 
combination of longitudinally and transversely oriented fibers was beneficial for improving the LTB behaviour. Overall, all the 
wrapping schemes delayed the onset of LB as well as LTB and increased the size of the plastic hinge region. 

Interestingly, it has been found that the mismatch in elastic moduli of the steel and FRPs have proven to be beneficial in improving 
the local buckling behaviour of the steel sections. FRPs with lower modulus are moderately stressed at the onset of local buckling and 
their entire flexural capacity is available for bracing the underlying steel members [96]. Accord and Earls [40] used GFRPs to 
strengthen compression flanges of cantilever I-section beams. The primary aim of their investigation was to assess the feasibility of 
GFRPs in performance enhancement as the low modulus GFRPs will be stressed less at the onset of local buckling compared to the 
CFRPs and this will lead to enhanced flexural resistance. They concluded that longitudinally oriented GFRPs provide adequate ductility 
to the steel members, however, no comparisons with CFRPs were made. The comparison between the effectiveness of CFRPs and GFRPs 
was conducted by Ragheb et al. [97] as they used uni-directional (UD) and bi-oriented (0/90) degree oriented GFRP layers with 
longitudinal, transverse, and shear moduli of 30, 4.5, and 5.0 and 24.0, 24.0, 5.0 respectively and the same for CFRP layers were CFRP 
layers were 120, 4.5, and 5.0 and 66.0, 66.0, 5.0. They found a higher rotation index for GFRP strengthened (25%) beams compared to 
CFRP strengthened beams (12%) with the bi-oriented sheets resulting in a higher rotation index compared to uni-directional (UD) 
sheets. 

The impact of the location/placement of the FRPs was experimentally assessed by Harries et al. [96] through concentric cyclic tests 
on WT sections. They strengthened the local buckling prone webs of the WT sections with two different strengthening schemes: (1) 
using a single 50.8 mm wide and 1.4 mm thick strip and (2) using two 25.4 mm wide and 1.4 mm thick strips. Both the strips had the 

Fig. 1. Orientations of fibers in longitudinal and transverse directions.  
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same area and centroid and the length of the specimen was 356 mm. The capacity of the specimens increased by 4–14%, and the 
specimen with two 25.4 mm wide strips performed better. Accord and Earls [40] also assessed the effect of location of GFRPs on 
improvement in ductility of cantilever I-section beams using finite element analysis. They considered isotropic material behavior 
considering only longitudinal modulus of elasticity and concluded that placing the GFRP strips away from the web-flange junction 
result in improved ductility of the members. On the other hand, Ragheb et al. [97,98] considered the orthotropic material behaviour in 
elastic and inelastic stability analysis of CFRP strengthened steel elements in compression and flexure. Contradicting with the results of 
Accord and Earls [40], they concluded that CFRP strips placed closer to the web-flange junction are more effective in increasing the 
ultimate loads. They also concluded that the shear modulus of the FRPs had a significant influence on restraining the local buckling of 
the flanges while the longitudinal and transverse moduli did not contribute much. However, for web strengthening, transverse 
modulus has a significant effect when the strips are placed at the mid-height of the web. If the strips are placed on the web near the 
web-flange junction, shear modulus also has a significant impact. 

2.2. Global buckling 

Only a small amount of FRP reinforcement is required for strengthening steel members against local buckling, as sufficient stability 
can be achieved by a small bracing force. However, for global buckling, this small amount is insufficient for strengthening as global 
buckling depends on the overall length, radius of gyration, and support conditions of the member. This insufficiency of small amount of 
FRP reinforcement against preventing global buckling was demonstrated by Harries et al. [96] by using the same amount of FRP 
reinforcement on the same section with different lengths. The first strengthening scheme was the use of a single 50.8x1.4 mm thick 
strip and the second scheme was the use of two 25.4x1.4 mm thick strips. For each type of strengthening scheme, two samples were 
prepared with varying lengths. These two lengths were 356 mm and 1664 mm resulting in web local buckling (WLB) prone and flexural 
torsional buckling (FTB) prone specimens. As the strength gain reduced from 1.14 for WLB prone specimens to 0.97 for FTB prone 
specimens with CFRP strengthening, they concluded that the small amounts of FRPs, usually suitable for strengthening against local 
buckling, are not sufficient for preventing global buckling. Therefore, a relatively larger amount of FRPs is required to strengthen the 
member against global buckling. In this review study, strengthening effectiveness against global buckling has been treated separately 
for flexural and compression members. 

2.2.1. Flexural members 
The behaviour and failure mode of members in flexure depends on the cross-sectional shapes. There can be three types of cross- 

sectional shapes i.e., closed sections with the same radius of gyration about both axes (circular or square hollow sections), closed 
sections with different radii of gyration about both axes (rectangular hollow sections), and open cross-sections (W, C, and angle 
sections, etc). Closed sections that are symmetrical about both the axes can either fail by yielding or by local buckling of the 

Table 1 
Effects of fiber orientations on bending strengths of members with different slenderness ratios [39,43,44,51,52,99].  

Section type λs σy
(s) 

(N/mm2) 
Fibre orientation Mp

(s) 

(kN.m) 
Mu 

(kN.m) 
Mu

(cs)/Mu
(s) Reference 

Compact  24.0 479 –  1.48  1.55  – [32]  
33.2 327 –  15.06  15.35  – [36]  
24.2 479 HHL  1.46  1.60  1.03 [32]  
33.2 327 LHL  12.86  20.34  1.33 [36]  
33.2 327 HHL  12.86  20.06  1.30 [36]  
33.2 327 LLH  12.86  20.40  1.33 [36]  
24.0 479 HHLL  1.48  2.24  1.45   

Non-compact  50.3 380 –  4.76  5.30  –   
80.0 455 –  6.70  5.80  – [32]  
50.3 380 LLH  4.76  8.00  1.51   
79.1 455 HHL  6.78  7.77  1.34 [32]  
78.0 455 HHLL  6.88  8.45  1.46 [32]  

Slender  122.1 470 –  4.47  3.32  –   
139.1 457 –  3.66  2.69  – [44]  
163.9 457 –  3.07  2.13  –   
147.8 468 L  3.61  2.98  1.11 [44]  
141.2 468 LH  3.78  3.66  1.36 [44]  
116.5 470 HHL  4.71  5.24  1.58 [32]  
138.3 457 HHL  3.68  4.32  1.60 [44]  
124.1 470 HHLL  4.37  5.30  1.60   
138.7 457 LHLH  3.65  4.48  1.67 [44]  
172.1 468 HLHL  3.06  4.08  1.92   
179.2 470 HHLL  2.95  3.91  1.84    
180.1 468 HHHL  2.92  3.23  1.52   
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compression flanges. For closed sections with different radii of gyration about the 2 axes and for open sections, lateral-torsional 
buckling (LTB) can cause the failure of the members in addition to local buckling [91]. LTB occurs because of the compression on 
one side, which tends to buckle the member and the tension on the other side which tends to keep the member straight resulting in 
combined torsion and buckling of the member. Depending on the member’s slenderness and bracing conditions, these members can 
utilize their full plastic moment capacity, undergo buckling after a part of the cross-section has yielded (inelastic buckling), or buckle 
even before the attainment of yield stress (elastic buckling). The strengthening of flexural members, in either case, depends on several 
factors including the amount of fiber reinforcement, fiber orientations, tensile modulus of the FRPs, and the slenderness of the member. 

2.2.1.1. Amount of fibers and fiber orientations and fiber moduli. The amount of fibers and their orientations play a critical role on the 
effectiveness of FRP strengthening of members. Both the critical elastic buckling loads and the ultimate loads increase with an increase 
in the number of FRP layers and/or thickness of fiber reinforcements due to the restrictions on the buckling deformations provided by 
fiber reinforcements [60]. Fibers are normally oriented in two directions: (i) transverse (T) or hoop (H) direction and (ii) longitudinal 
(L) direction (Fig. 1). Transverse or hoop layers, oriented perpendicular to the longitudinal axis of the member, exert a circumferential 
restraint on the buckling of the compression side wall of the steel member. Longitudinal fibers, oriented parallel to the longitudinal axis 
of the beam, enhance the capacity of the tension side wall of the member [39]. In addition, there can be a third orientation in which 
fibers are oriented at an angle to the longitudinal axis of the member. 

For the closed sections susceptible to local buckling and yielding, a combination of the hoop and longitudinal layers is necessary to 
improve the capacity of the section. Haedir et al. [39,51,52], Tafsirojjaman et al. [99] and Kabir et al. [43,44] conducted detailed 
experimental tests on compact (C), non-compact (NC), and slender (S) CHS beams to assess the effect of the amount of fiber re-
inforcements and orientations of the fibers on strength improvement. The cross-section slenderness (λs), steel yield stress (σy

(s)), fiber 
orientation, plastic moment capacity of the steel section (Mp

(s)), experimental ultimate moment capacity (Mu), and the ratio of ca-
pacities of composite and steel sections (Mu

(cs)/Mu
(s)) are presented in Table 1. For the same number of fiber layers, more longitudinal 

layers result in higher moment capacity, however, more hoop layers result in increased rotational capacity. For slender beams 
strengthened with HHLL and HLHL orientations, the capacity of the beams increased even more than the plastic capacity of the section, 
whereas beams with HHHL had lower capacities than the previous two. Overall, it is recommended to use LHL layers for better strength 
enhancement and moisture control. 

Rasheed et al. [100] conducted numerical investigations on the effect of the amount of fiber reinforcement and fiber layup on 
critical bending moments of LTB prone steel-FRP hybrid beams with thin-walled rectangular cross-sections. They studied the effect of 
stacking fiber layers on either one or both sides of individual plate elements of the section. They concluded that maximum critical 
bending moment is achieved when the fibers are stacked at one side of the cross-sectional plate elements compared to the plate el-
ements in the middle of FRPs. They also plotted critical bending moments for different angles of fiber orientations from 0◦ to 90◦ with 
increments of 5◦ and concluded that maximum capacity is achieved for ply-layup of [20/-20/20/20/-20/20/ST] (Fig. 2). For such an 
angle, maximum lateral and torsional effectiveness is obtained resulting in optimal strength enhancement, but it is recommended to 
conduct further studies to verify the effect of inclined fiber layups. 

For open sections prone to LTB, researchers suggested converting the open cross-section into a closed section and wrapping it with 
FRPs. Deng et al. [101] converted a cruciform-shaped open section of a buckling restrained brace (BRB) with GFRP tubes and then 
wrapped it with GFRP (Fig. 3). They evaluated the effect of two parameters i.e. thickness and wrapping angle of the GFRP layer. Two 
different layer thicknesses of 3 mm and 6 mm were used along with two wrapping schemes i.e., transverse and mixed (one transverse 
layer and one at an angle of 45◦ to the transverse layer). They concluded that a thickness of 6 mm was necessary to wrap the BRBs 
effectively and the wrapping angle had no significant effect as the GFRP tube was effective in the longitudinal direction and wrapping 
layers in the transverse direction. Global buckling was avoided with this strengthening scheme, but the specimen failed by local 
buckling at the ends, for which they recommended to use GFRP tubes with better local stability. Selvaraj and Madhavan [47] 

Fig. 2. Variation of moment capacity with change in fiber layups [100].  
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strengthened deep C-sections in two different ways; (i) CFRP wrapping around the perimeter (SS) and (ii) closing of C-sections with 
cardboard and wrapping with CFRP (CS) using both uni-directional (U) and bi-directional (B) layers. They concluded that the surface 
strengthening technique was not suitable to resist LTB as the SS-1U and SS-1B had increased ultimate load capacities of 7.1% and 
14.52% respectively. Similarly, the application of unidirectional CFRPs on closed sections was not suitable due to the tearing of 
stitching fibers. However, using a single bi-directional layer improved the moment capacity by 33.64% compared to the un- 
strengthened specimen and a combination of uni and bi-directional layers (1U + 1B + 1U + 1B) increased the moment capacity up 
to the plastic moment capacity. 

Modulus of elasticity of the FRP also affects the strengthening effectiveness as the material with a higher elastic modulus (E) attracts 
more stresses. When bonded with FRPs of higher tensile moduli, stresses in the underlying steel element reduce leading to improved 
section capacity. Also, the stiffness of the composite section is increased leading to reduced deflections. However, FRPs with higher 
tensile moduli have lower values of ultimate strains which may affect the post-elastic ductility and ultimate strength of the beam. 

Kabir et al. [43] conducted numerical investigations on the effect of CFRP modulus on CHS strengthened beams. They used three 
CFRPs with varying moduli of elasticity of 150, 210, and 552 GPa and used the same layer orientation of LHL. The yield load capacity 
increased by 22% as the CFRP modulus increased from 150 GPa to 552 GPa alongwith stiffness of the specimen. Siwoski and Siwoska 
[48] tested steel I-section beams with CFRP plates of two different moduli of elasticity i.e. 160 GPa and 207 GPa. An increase in the 
elastic modulus did not affect the ultimate strength of the beam but the yield flexural capacity improved by 5%. However, the increase 
in elastic modulus of beams reduced the ductile performance of beams in the post-elastic range. Ghafoori and Motavalli [38] used 
normal (100–200 GPa), high (200–400 GPa), and ultra-high modulus (greater than 400 GPa) CFRPs for strengthening of I-section 
beams. They found that the increase in the modulus of elasticity of CFRP resulted in increased elastic stiffness of the beam and reduced 
tensile stresses in the bonded flange. However, the interfacial shear stresses also increased which led to premature debonding of the 
laminates. This premature debonding can be eliminated by using mechanical clamps or epoxies with high ductility. 

2.2.1.2. Slenderness of underlying steel member. As the slenderness of the steel member as well as that of individual steel plate elements 
of the cross-section increases, the susceptibility of the member to buckling deformations also increases. Wrapping with FRPs exerts a 
restraint on these buckling deformations due to which the percentage gain in strength also increases with increasing plate or member 
slenderness as shown in Table 1. For sections that do not undergo elastic buckling (either local or global), the effectiveness of FRP 
strengthening is minimal. 

Siddique and El Damatty [41] conducted numerical investigations on built-up sections with slender flanges and compact webs. The 
load and deflection improvement factors for a simply supported beam under four-point loads were 1.34 and 5.09 for the compact beam 
with a 19 mm thick GFRP plate, whereas the same improvement factors for slender beams were 1.85 and 8.71 respectively. Haider 
et al. [39] conducted tests on compact, non-compact, and slender CHS sections as per AS4100 standards [102]. The strength gain 
variation was directly proportional to the increase in cross-section slenderness and amount of fiber reinforcement with 92% strength 
gain in sections with the highest slenderness and maximum amount of fiber reinforcements. 

2.2.2. Compression members 
Steel members subjected to compressive forces can fail either in local buckling or one of the three modes of global buckling i.e. 

flexural buckling (FB), torsional buckling (TB), or flexural torsional buckling (FTB), depending on the cross-section shape [91]. 
Flexural buckling occurs in the members about the axis with the largest slenderness ratio and/or least radius of gyration. Torsional 
buckling occurs in doubly symmetric cross-sections about the longitudinal axis. Flexural torsional buckling, the simultaneous bending 

Fig. 3. Proposed strengthening scheme for open sections Deng et al [101].  
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and twisting of the members, occur in un-symmetrical cross-sections with one axis of symmetry. Overall, similar to flexural members, 
the strengthening effect of FRPs for compression members depends on the amount and orientations of fibers, the tensile modulus of the 
fibers, and the slenderness of the plate elements or members. There is, however, an additional factor due to initial imperfections which 
also has a significant effect on compression members. 

2.2.2.1. Amount of fibers, fiber orientations, and fiber moduli. The compressive strength enhancement of steel members with FRPs is 
directly related to number of layers [103-105]. The effect of fiber orientations, however, depends on whether the compression member 
is short or long. Effects of fiber orientation on strength enhancement of short columns with and without slender cross-sections are 
presented in Table 2. Shaat and Fam [58,106] strengthened non-slender (class-2) short and long SHS columns with CFRPs. They 
strengthened short columns with 1H, 2H, 1L, and 1L1H layers and long columns with 1L, 3L, and 5L layers. It was concluded that 
transverse layers were more effective in increasing the capacity of short columns and a maximum strength gain of 18% was achieved 
with two transverse layers. For the long columns, strength gain was in the range of 13–23% with the maximum strength gain for three 
longitudinal layers. Although the strength gain increases with the increase in layers, however, the results were affected by initial out- 
of-straightness of the long columns. To assess the exclusive contribution of the number of layers, they conducted a finite element study 
[55] and found a direct relationship between the number of CFRP layers and strengthening effectiveness. However, no comparison was 
drawn for longitudinal and transverse layers for long columns. 

Kumar and Senthil [53] used four different fiber orientations i.e. 1L, 1H, 1L1H, and 2L2H on CHS columns with a slenderness ratio 
of 25. They concluded that transverse layers were more effective than the longitudinal fibers as they prevented the lateral expansion of 
the steel tubes. The authors recommended using one hoop layer for a 10% strength increase and a combination of the hoop and 
transverse layers for a 25–35% increase in strength compared to the bare member. Haedir and Zhao [103] also recommended using a 
combination of longitudinal and transverse fibers for optimal strength and ductility enhancements. 

Imran et al. [60] conducted experimental and numerical investigations of CFRP strengthened short SHS CFS columns under axial 
static compression loading to see the effect of CFRP wrapping orientations. Contrary to previous studies of Shaat and Fam [58] and 
Kumar and Senthil [53] under axial static loading, they found that longitudinally oriented fibers outperformed the transverse fibers. 
This is due to the fact that their cross-sections were slender, and the longitudinally oriented fibers delayed the onset of local buckling as 
the failure mode also changed from local buckling for the control specimen to yielding for the specimen with two layers. They, 
however, also recommended using a combination of transverse and longitudinal fibers to control the membrane stresses developed in 
both directions. Moreover, the CFRP was applied in SHSs and CHSs by wet-layup technique with adhesive by Kumar and Senthil [53], 
Shaat and Fam [58] and Imran et al. [60]. First, the steel specimens were sandblasted to make the surface rough and achieve a better 
bond between FRP and steel surface. Then the sandblasted surface was cleaned with acetone to remove any debris on the surface. 
Before applying the adhesive, they applied an adhesion promoter to the acetone treated surface to enhance the bond strength and cured 
for 15 min. Then the two-part saturated resin was mixed as per manufacturer guided ratio and applied on both surfaces of the FRP using 
a rib-roller to ensure that the FRPs were fully saturated with adhesive. Then the saturated FRP was placed on the steel specimen and the 
rib-roller was moved along the FRP thoroughly to achieve a good finish. For the case of multi-layer FRP strengthening, the 
strengthened specimen was allowed to cure for about 60 min before the applying the the subsequent layers. All strengthened specimens 

Table 2 
Effects of fiber orientation on strength of short columns.  

Section  
Application 

λs σy
(s) Fibre orientation Pu

(s) Pu
(cs)/Pu

(s) 

(N/mm2) (kN) 

SHS [58]      

Short and long columns 

23.1 380 –  396.30  
H  455.00  1.15 
HH  467.30  1.18 
L  431.00  1.09 
LH  455.00  1.15 
H  427.80  1.08 
HH  440.00  1.11 
L  433.00  1.09 
LH  440.00  1.11  

CHS [53]   

Long column 

25.95 412 –  342.30  
L  345.10  1.01 
H  384.40  1.12 
LH  422.20  1.23  
LLHH  469.30  1.37  

SHS [60]   

Short column 

50.84 359 –  169.40  
H  248.00  1.46 
L  267.90  1.58 
HL  281.60  1.66 
HL  370.30  2.19 
HHLL  443.20  2.62  
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Table 3 
CFRP strengthening for fatigue strength improvement.  

Reference Strengthening/Repairing scheme Mechanical properties 
of strengthening 
scheme 

Recommendation 

Nakumara 
et al.  
[83]  

(1) CFRP 
(2) Drill-holes (DH) 
(3) Drill-holes with 1 (DHS) & 5 (DHM) CFRP 

layers 
(4) Combination of 2 & 3 (DHMS) 

CFRP: 
TU = 2990 
E = 206 
Dia of drill holes = 25 
mm 

Fatigue life improvement compared to non-repaired 
specimen: 
DH = 1.6times 
DHM = 5times 
DHMS = 80times  

Chen et al.  
[113] 

Effects of weld toe radius 
Number of CFRP layers 
Modulus of strengthening materials 

CFRP: 
TU = 4180 
E = 200, 250, 300, 
400, 500, 600, 650 
Weld toe radius = 0.5, 
1, 2, 3 mm 
No. of CFRP layers = 1, 
3, 5 

Weld toe radius and number of CFRP layers have 
significant effect on CFRP strengthening effectiveness. 
For weld toe radius of 1 mm, fatigue life improved by 
20, 45, and 60 % with 1, 3 and 5 layers respectively. 
Maximum fatigue life was achieved with lowest weld to 
radius of 0.5 mm.  

Yue et al.  
[114]  

(1) BR –5L CFRP layers with 3 additional hoop 
layers at the end of CFRP layers. 

BCR1 – 5L CFRP layers with 1 additional 
hoop layers at the end of CFRP layers and 
stiffener cut of 30 mm. 

BCR2 – 5L CFRP layers with 3 additional 
hoop layers at the end of CFRP layers and 
stiffener cut of 30 mm. 

CFRP: 
TU = 4306 
E = 245  

No. of fatigue cycles 
Un-strengthened = 561, 579 
BR = 2830 
BCR-1 = 1224 
BCR-2 = 3230 
BCR-2 is the most effective strengthening scheme.  

Liu et al.  
[81] 

Strengthened steel plate having a central notch with three 
different configurations of longitudinal CFRP patches 
bonded on either single or both sides. 
Case A = Bare steel plate with a central notch. 
Case B = Steel plate fully covered by composites. 
Case C = Steel plate with two separate patches straddling 
the central notch. 
Case D = Steel plate with partially bonded CFRP sheets 
around the central notch.  

CFRP type-1 
TU = 3800 
E = 240 
CFRP type-2 
TU = 2650 
E = 640  

Maximum strength gain was achieved for double side 
repairs with fatigue life increase ratio of:Case B  
(Type-1 CFRP) = 2.7Case B  
(Type-2 CFRP) = 7.9Case C  
(Type-2 CFRP) = 5.0Case D  
(Type-2 CFRP) = 4.7 
Fatigue life increases by covering full width of plate 
with high modulus CFRPs.    

Taljsten el at. 
[117] 

Strengthened web plates of an old bridge girder with a 
central notch using two types of CFRP plates. The details 
of specimen are: 
A = unstrengthened 
B = Strengthened with CFRP type-1 
C = Strengthened with CFRP type-2 
D = Type B with pre-stressed (15 kN) CFRP laminates 
E = Type C with pre-stressed (12 kN) CFRP laminates 

CFRP type-1 
TU = 2000 
E = 155 
CFRP type-2 
TU = 2500 
E = 260  

Fatigue life of the specimens B and C improved by 2.45 
and 3.74 times respectively and the fatigue life of the 
corresponding specimens with pre-stressed laminates (D 
and E) improved considerably as the specimens didn’t 
fail.  

Hu et al.  
[111] 

Strengthened three different high-strength steel members 
with different chemical compositions using CFRP 
laminates. 

CFRP: 
TU = 4710 
E = 435 
Steel: 
E = 201 
Ty = 390, 485, and 805   

Steel members with a high grain size obtained by micro- 
alloying exhibited higher fatigue life. At the same stress 
levels, steel specimens with higher tensile strength 
exhibited higher fatigue life in both the un-strengthened 
and strengthened specimens.  

Feng et al.  
[110] 

Studied the fatigue behaviour of CFRP strengthened 
cracked steel plates at temperature ranges of − 40OC to 
60OC. Major focus was on the behaviour of different types 
of adhesives. 

CFRP: 
TU = 4710 
E = 435 
Steel: 
E = 204 
Ty = 330  

Overall, the fatigue life improved in the range of 2 to 3.4 
times. Glass transition temperature (Tg) is the most 
critical factor at higher temperatures i.e. temperatures 
greater than 45 ◦C and the resin properties reduce above 
this temperature lowering the fatigue life. 

Tu = Tensile strength (MPa), E = Elastic Modulus (GPa), Ty = Yield strength (MPa). 

T. Tafsirojjaman et al.                                                                                                                                                                                                



Engineering Failure Analysis 138 (2022) 106371

9

were allowed to cure for at least 14 days at room temperature before the testing. Recently, Wu and Zhi [54] conducted tests on GFRP 
reinforced CHS long columns with slender sections and considered three different winding angles (30◦, 45◦, and 90◦). The strength gain 
was in the range of 26.8% to 32.5% and the maximum strength gain was achieved with the winding angles of 30◦ and that transverse 
layers (winding angle of 90O) did not contribute much.Based on Euler’s column theory according to which the strength of a long 
column depends on the rigidity of the member (EI) rather than the material strength. Ritchie et al. [56] conducted experimental tests 
on long I-shaped columns strengthened with CFRPs of different moduli in the range of 168 GPa to 430 GPa. They concluded that the 
percentages in strength gain (12%-29%) increased with the increase in E, but this strength gain was highly non-linear and it reaches a 
plateau at higher values of modulus of elasticity (E). Also, the lateral deflections of the column reduced with an increase in E. 

2.2.2.3. Slenderness of underlying steel member. Shaat and Fam [59] conducted experiments on HSS columns with varying slenderness 
ratios of 46, 70, and 93 strengthened with high modulus (313 GPa) CFRP plates. Although the load capacities decreased with the 
increase in column slenderness, the strengthening effectiveness increased and the percentage gain in strength improved by 6%, 35%, 
and 71% for the columns with the slenderness ratios of 46, 70, and 93 respectively. For the failure modes, the un-strengthened column 
failed by buckling and the columns with slenderness ratios of 46 and 71 failed by debonding of CFRP before buckling and close to the 
peak load respectively. For the column with a slenderness ratio of 93, crushing of the CFRP occurred after the peak load indicating full 
strength utilization of CFRPs. The authors suggested a further study on the effect of transverse wrapping on HSS columns. An increase 
in CFRP strengthening effectiveness with an increase in column slenderness has also been verified by other authors [55,57,60]. 

2.2.2.4. Initial imperfections. Initial imperfection, also known as out-of-straightness of a member, is a lateral deflection that is already 
present in a compression member at the time of erection. Due to this initial lateral deflection, bending moments are generated in a 
member in addition to compressive stresses resulting in increased buckling deformations and lower capacity of the members. It has 
been found that the initial imperfections can affect the experimental results and these values must be evaluated and incorporated 
before conducting tests for comparisons of strengthening effectiveness [58]. Shaat and Fam [55] found out that the effectiveness of 
CFRP retrofitting increases with an increase in initial imperfection but for a given CFRP reinforcement ratio, there is a specific value of 
initial imperfection beyond which the strength gain becomes constant. Ritchie et al. [56] studied the effect of initial out of straightness 
on CFRP strengthening effectiveness and grouped I-shaped slender columns into three categories based on initial imperfections i.e. 
small, average, and large. The corresponding average initial imperfections were 0.31, 1.68, and 2.55 mm. The strength of both the 
control and strengthened columns reduced with an increase in initial imperfection, however, the percentage gain in strength increased 
with increasing initial imperfections. 

3. FRP strengthening of steel members under dynamic loads 

3.1. Fatigue loads 

Most steel structures, especially bridges, tanks, pipelines, and crane beams are subjected to cyclic loads due to moving traffic which 
varies in magnitude as well as position/direction. Due to this, there will be variation in stresses and cracks may develop and propagate 
near connections even due to stresses significantly lower than yield stresses and lead to loss of resistance over time known as fatigue 
failure. As the opening and progress of cracks are alleviated by tensile stresses, materials possessing high tensile strength that can 
induce compressive stress in the underlying material can increase the fatigue strength efficiently. Also, materials with high stiffness 
decrease the stress range around the crack tips developed due to fatigue loadings. Owing to high tensile strength and modulus of 
elasticity (E), FRP is an optimal strengthening option. FRPs increase the fatigue life of structures by impeding crack growth, reducing 
effective stresses around crack tips as well as crack opening displacements [107]. The effectiveness of the strengthening with FRPs 
against fatigue loadings has been well demonstrated by several studies [23,37,108-112] and depends on the number and arrangement 
of FRP layers, the elastic modulus of the FRPs, and prestressing levels of the FRPs. The strengthening schemes, mechanical properties of 
strengthening schemes, and recommendations of the researchers are given in Table 3. 

An increase in the number of CFRP layers increases the fatigue strength of steel structures, rigidity of the strengthening system and 
therefore reduces the crack opening displacement. Nakumara et al. [83] conducted fatigue tests on welded web gusset joints and 

Fig. 4. Combination of FRPs and drill holes (a) DH (b) DHM (c) DHS (d) DHMS [77].  
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studied the effect of the number of layers as well as the combination of CFRPs with drill holes (Fig. 4). The technique of drilling holes at 
the ends of fatigue cracks was traditionally employed to reduce the stress concentrations at the crack tips. They used only drill holes 
(DH), a combination of drill holes and 5 layers of CFRPs (DHM), a combination of drill holes and a single layer of CFRPs over the drill 
holes (DHS), and a combination of DHS and DHMS (Fig. 4). They concluded that this technique of using a combination of drill holes 
and CFRPs yields better results as compared to repairing with only CFRPs, however, the crack opening displacement increases due to 
the presence of drill holes. In another study by Chen et al. [113], the effect of the number of CFRP layers on non-load-carrying 
cruciform welded joints was examined. They used one and three layers of CFRPs with a tensile strength of 4182 MPa and E of 250 
GPa and used two stress ranges i.e. 180 MPa and 216 MPa. Their numerical studies indicated that an increases in the number of CFRP 
layers, modulus of CFRP layers and decrease in radius of weld toes increase the fatigue life of the strengthened structure. To eliminate 
the effect of FRP debonding on strengthening effectiveness, Yue et al. [114] strengthened the steel girders with five longitudinal layers 
and wrapped the ends of these longitudinal layers with one and three additional hoop layers. The sample with three additional hoop 
layers outperformed the sample with one hoop layer as the failure initiation was significantly delayed. 

FRPs with higher elastic modulus reduces the stresses at the crack tips and thereby improve the fatigue life. Also, as the crack 
propagates under fatigue loadings, higher modulus FRPs, with high stiffness have a considerable restraining effect on crack growth and 
propagation. Increase in fatigue life and reduction in crack propagation have been well demonstrated by research studies [115,116]. 
Liu et al. [81] applied CFRPs on one and both sides of steel plates with notches with normal (E of 240 GPa and tensile strength of 3800 
MPa) and high (E of 640 GPa and tensile strength of 2650 MPa) modulus CFRPs. Both the normal and high modulus CFRPs increased 
the fatigue life but using higher E increased the fatigue life by 3 times. The failure mode also changed from debonding for normal 
modulus to fiber breakage for high modulus. To improve the fatigue life of old metallic bridges, Taljsten et al. [117] showed that CFRP 
laminates with higher elastic modulus i.e. 260 GPa resulted in improved fatigue life performance as compared to laminates with lower 
modulus i.e. 155 GPa. 

Pre-tensioning the FRPs induces compressive stresses in the steel substrate impeding the crack growth and improving the fatigue 
life [108,115]. As per the studies of Taljsten el at. [117], prestressing the CFRP laminates affected the crack propagation and fatigue 
life more than the elastic modulus. The pre-tensioning force required to improve the fatigue life, however, depends on the static and 
fatigue strength of the bonded joint, and future studies on varying stress ranges and pre-stressing levels are needed to develop proper 
guidelines. 

Feng et al. [110] studied the effect of extreme temperature ranges (-40 OC to 60OC) on the strengthening effectiveness of CFRPs. 
They found out that crack propagation speed is affected by the temperature and this speed reduces with the decrease in temperature 
thus improving the fatigue life. The crack propagation speed was constant in the temperature range of 20OC to 40 OC and then increases 
again with increasing temperature. At the temperature of 60OC, the fatigue life becomes half to that of at 20OC. Even at this tem-
perature, the fatigue life of the strengthened specimen was twice than that of the unstrengthened specimen. 

3.2. Impact loads 

Structural steel members are vulnerable to impact loads from vehicles, ships, airplanes, rock-falls, debris impacts, etc. During an 
impact event, the mass of the impact body moving with a velocity imparts energy to the steel member, and sufficient energy absorption 
capacity is required to withstand this impact load. Initial studies on the impact behaviour of CFRP strengthened steel members were 
conducted by Zubaidy et al. [69,70] where they compared the bond strength between CFRP plates and steel under static and a range of 
impact loads. Their results indicated that the CFRP-steel bond behaves considerably well under impact loads compared to that under 
static loads. A similar increase in bond strength was obtained for the steel and ultra-high-modulus CFRPs by Al-Mosawe et al. [118]. 
Generally, the behavior of steel members under impact loads is investigated in terms of mean residual force and axial and lateral 
displacements. Mean residual force is the dynamic capacity of the member and gives an important estimate of the member’s strength 
during an impact event. Different parameters that affect the strength under impact loads include types of fibers, amount of fiber re-
inforcements, orientations of fibers, support conditions, and axial pre-loading. 

When steel members are strengthened with FRPs, their stiffnesses increase and result in higher impact resistance (or force) with 
reduced deflections [63]. Alam and Fawzia [61] tested bare, two sides strengthened, and four sides strengthened SHS columns under 
initial impact velocities ranging from 4 m/s to 10 m/s while keeping the impact mass constant. The initial impact force caused by the 
initial impact velocity was greater in two and four sides strengthened columns and increased with an increase in impact velocity. The 
mean residual force, however, was higher for four sides strengthened column, but was similar in the two sides strengthened column 
and the bare column indicating the inadequacy of two sides strengthening. After changing both the impact velocity and impact mass, 
Alam and Fawzia [61] concluded that four sides strengthening was necessary for strength enhancement as indicated by improved mean 
residual force and reduced deflections. The outcomes in columns strengthened on two sides were similar to those in the bare steel 
columns. 

Fiber properties i.e., type and modulus of FRPs also affect the initial impact force and the response of strengthened steel tubes. 
Change in the properties, especially the elastic modulus, affects the initial stiffness of the members resulting in increased impact force 
and reduced deflection. Alam et al. [62] tested CFRP and GFRP reinforced CHS beams under transverse impacts and compared the 
effectiveness of both. They found out that CFRP wrapping was most effective due to increased mean residual forces and reduced lateral 
deflections. The effect of change in FRP material was also studied by Batuwitage et al. [64,65] who investigated the effects of GFRP, 
normal modulus CFRP and high modulus CFRP on initial impact force and lateral displacement. They concluded that the initial impact 
force of GFRP is lower than that of CFRPs and amongst the CFRPs, the initial impact force increases with an increase in modulus. 
Compared to the bare CHS, the axial deflections reduced by 9 mm, 12 mm, and 18 mm with GFRP, normal modulus CFRP and high 
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modulus CFRP, respectively. 
There is a direct relationship between the amount of fiber reinforcement (thickness or number of layers) and strengthening 

effectiveness. By varying the number of CFRP layers from one to five, Alam and Fawzia [61] found that the initial impact force did not 
change considerably but the mean residual force increased considerably. Also, an increase in the number of layers from one to five 
resulted in significant reductions in the axial and lateral displacements. In another study, Alam et al. [62] also reported that increase in 
the number of layers enhances the strengthening effectiveness, however, they recommended using a combination of longitudinal and 
hoop layers to improve both the global and local deformation capacities. By making realistic vehicle impact models on CFRP 
strengthened CHS columns, Alam et al. [68] found out that bare and strengthened columns with hoop layers had similar strength under 
impact loads and the addition of longitudinal layers resulted in significant strength enhancement (Fig. 5). Kadhim et al. [63] also 
confirmed the decrease in lateral deflections with increasing CFRP thickness but the thickness above 2 mm did not have a notable effect 
on deflection reduction. In an experimental study on CFRP strengthened SHS beams, Kadhim et al [67] studied the effects of CFRP 
thicknesses of 1.2 mm, 2.4 mm, 3.6 mm, and 4.8 mm and found out that increasing the thickness reduced the lateral deflections and 
maximum reduction was observed for 4.8 mm thick CFRP. 

For effective strengthening, a combination of hoop and longitudinal layers is required for proper confinement of the column and 
longitudinal layers. Longitudinal layers provide stability against global deformations but their contribution in reducing local de-
formations is limited. small. [39]. Alam et al. [62] investigated the effect of fiber orientations and concluded that LHL layers performed 
better than LLL and HLH layers (Fig. 6). They also found that specimens reinforced with three longitudinal layers had the least per-
formance, even compared to HL layers, as there were no hoop layers to confine them. They also concluded that for the same number of 
layers, more longitudinal layers result in lesser deformations as demonstrated by the results with LHL and HLH layers. 

To study the effects of support conditions, Alam and Fawzia [61] tested columns under three types of boundary conditions i.e. 
fixed–fixed, fixed-pinned, and pinned–pinned. The initial impact force was not affected by the boundary conditions, but the mean 
residual forces increased considerably for fixed–fixed conditions. For the pinned–pinned conditions, the impact durations increased, 
and the impact resistance decreased. Overall, the columns with fixed–fixed conditions performed better in terms of energy dissipation 
capacity and reduced lateral deflections. 

Axial pre-loading also affects the strengthening effectiveness and an increase in axial pre-load results in increased deflections and 
reduced strength. Alam and Fawzia [61] varied the axial pre-loads from 0% to 70% of the column’s ultimate capacity before applying 
the impact load. The bare steel column, two sides strengthened column and four sides strengthened column failed at axial pre-loads of 
50%, 60%, and 70% of their ultimate capacities. All the columns failed by local buckling, the bare and two sides strengthened column 
failed by outward side buckling while the four sides strengthened column failed by inward and outward buckling at the front and rear 
sides of the impact location. 

3.3. Seismic loads 

Rigid and semi-rigid steel frames have been widely used in seismic areas [119,120] where the beam-column connections influence 
their behaviour. Adequate strength, as well as ductility of the joint, is required to withstand seismic loads, and investigations on the 

Fig. 5. Effect of number of layers on impact resistance (a) control (b) HL (c) LHL [68].  
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steel welded connections [121,122] have revealed their inadequacy as they undergo brittle failure due to high-stress concentrations in 
these joints [121-125]. To improve the ductility of these welded connections, steel plates were traditionally welded to the connections 
[126,127], but this method has its drawbacks i.e. higher dead load of the structure, reduced fatigue performance of the joint, and 
difficulty in their application. CFRP wrapping has proved to be a superior alternative for seismic strengthening and rehabilitation of 
steel structures as it delays the local buckling [128], improves the energy absorption [72], and impact resistance [66] along-with 
enhancing the fatigue performance of joints [129]. 

Studies on the seismic strengthening of steel structures with CFRPs are quite few and can be categorized into the behaviour of 
members and the behaviour of frames. Tafsirojjaman et al. [72] conducted monotonic and cyclic load tests on CFRP strengthened CHSs 
and found that the moment-deformation behaviour of CFRP strengthened CHS was similar under both monotonic and cyclic loads with 
a 33% increase in the moment capacity. The energy dissipation capacity, ductility also improved by 18% and 13% respectively along 
with the increase in rotational capacity from 0.06 rad to 0.08 rad. In another numerical investigation, Tafsirojjaman et al. [76] 
conducted a parametric study to ascertain the influence of CFRP thickness, the diameter-to-thickness ratio of the CHS (slenderness), 
and CFRP bond length on its cyclic performance. They found that the CFRP effectiveness increased with increase in thickness as well as 
slenderness of the member. For the 1100 mm long specimen, a bond length of 400 mm was found to be optimal as lengths more than 
400 mm did not contribute much to the strength. Influence of the number of CFRP layers, modulus of CFRP, bond length, and slen-
derness of the member were also evaluated for RHS steel sections [77]. It was concluded that 3 layers of the CFRP were optimal with no 
influence of modulus of CFRP. For 1100 mm long specimen, 300 mm was found to be the optimal length. As with CHS sections, the 
effectiveness of CFRP strengthening of RHS sections also increased with increase in plate slenderness. 

In another study, Tafsirojjaman et al. [130] also compared the effectiveness of CFRP and GFRP strengthening on SHS beam-column 
connections under cyclic loadings using the same type of adhesives. They concluded that the ultimate moment capacity of the 
connection is better improved by CFRP strengthening as the capacity enhancements were 41.3% and 31.8% with CFRP and GFRP 
strengthening respectively. On the other hand, GFRP strengthening exhibited better performance in terms of ductility as the ultimate 
moment capacity was attained at rotations of 0.04 and 0.05 rad for CFRP and GFRP strengthening schemes respectively. In addition to 

Fig. 6. Effect of layer orientations and number of layers on impact resistance [62].  
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Table 4 
Effect of various durability techniques on strength improvement.  

Study Durability 
improvement 
Technique 

Exposure condition Ultimate 
Load (kN) 

Pu
(c)/ 

Pu 

Additional Comments 

Seica and 
Packer  
[49] 

Control  240  Sika Fibers (T = 537 MPa, E = 50350 MPa) Fyfoe 
fiber (T = 500 MPa, E = 62500 MPa) (Fyfo epoxy- 
special for underwater curing) 

Sika fiber - Sika 
epoxy 

Standard curing (in air) 279  1.16 

Fyfo fiber - Fyfo 
epoxy 

305  1.27 

Sika fiber - Sika 
epoxy 

Underwater curing 260  1.08 

Fyfo fiber - Fyfo 
epoxy 

278  1.16 

Sika fiber - Sika 
epoxy 

Underwater curing with additional 
circumferential nylon ties 

266  1.11 

Fyfo fiber - Fyfo 
epoxy 

290  1.21  

Dawood and 
Rizkalla  
[143] 

Control  43.7  Adhesive (T = 38 MPa, E = 2980 MPa) 
Bare 1 week wet/1 week dry cycle in a 

5% NaCl solution at 38OC for 6 
months 

23.1  0.53 
Silane coupling 
agent 

50.4  1.15 

GFRP 35  0.80 
Silane + GFRP 58.7  1.34  

Kabir et al.  
[144] 

Control  77.575  Adhesives (Mbrace T = 46 MPa, E = 2860 MPa) 
(Araldite K630 T = 33 MPa,E = 6500 MPa,) (T =
31.28 MPa,Sikadur E = 4820 MPa,) 

Adhesive-Mbrace Accelerated corrosion (10% loss of 
mass) at ambient temperature for 
25 days 

74.75  0.96 
Adhesive-Araldite 
K630 

75.82  0.98 

Adhesive-Sikadur 75.4  0.97 
Adhesive-Mbrace +
GRRP 

86.4  1.11 

Adhesive-Araldite 
K630 + GFRP 

90.2  1.16 

Adhesive-Sikadur +
GFRP 

88.5  1.14 

Adhesive-Mbrace Accelerated corrosion (10% loss of 
mass) at 50OC for 25 days 

74.25  0.96 
Adhesive-Araldite 
K630 

75.45  0.97 

Adhesive-Sikadur 74.6  0.96 
Adhesive-Mbrace +
GRRP 

84.25  1.09 

Adhesive-Araldite 
K630 + GFRP 

87.42  1.13 

Adhesive-Sikadur +
GFRP 

86.13  1.11        

Kabir et al.  
[142]  

Control   76.75       

Adhesive  
(T = 46 MPa, E = 2860 MPa) 
S1 and S2 refer to sample 1 and 2 with different 
strengths. 

S1-Adhesive +
Primer 

Accelerated corrosion at ambient 
temperature for 25 days 

75.85  0.99 

S1-Adhesive +
Primer + GFRP 

80.5  1.05 

S2-Adhesive +
Primer 

95.3  1.24 

S2-Adhesive +
Primer + GFRP 

86.3  1.12 

S1-Adhesive +
Primer 

Accelerated corrosion at 50 ◦C for 
25 days 

73.55  0.96 

S1-Adhesive +
Primer + GFRP 

71  0.93 

S2-Adhesive +
Primer 

85.4  1.11 

S2-Adhesive +
Primer + GFRP 

83  1.08  
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moment and rotational capacities, the energy dissipation capacities of the connections also increased by 84.2% with CFRP and by 
203.9% with GFRP strengthening. 

Welded steel beam-column connections are the most crucial parts in frames as they undergo brittle failure under seismic excitation. 
Several parameters influence the behaviour of CFRP strengthened steel frames including the number of layers, CFRP thickness, and 
modulus of CFRP. An increase in the effectiveness of CFRP strengthening with the increase in the number of layers was experimentally 
observed by Tafsirojjman et al. [75] where the tip lateral displacement decreased by 59% compared to 41% when the number of CFRP 
layers was increased from 1 to 2. Tip lateral displacement also decreased with increase in thickness [74] and modulus of the CFRP [71]. 
Tafsriojjaman et al. [71] also conducted detailed experimental studies on three types of CFRP strengthened double-story single-bay 
steel frames. In the first and second frames, the critical regions of columns and slab plate were strengthened with one and two layers of 
CFRPs respectively while in the third frame the columns were strengthened with a single layer of CFRP while the plate slabs were 
strengthened with two layers of CFRP. They deduced that the CFRP strengthening effectiveness increase with the increase in modulus, 
thickness as well as the number of CFRP layers. They also concluded that an increase in the number of CFRP layers beyond 3 did not 
significantly affect the strength enhancement. 

4. Durability of FRP strengthened steel structures 

Although the FRP composites show good environmental performance, the strength and stiffness of the adhesive are generally 
degraded under severe environmental conditions [131-133]. Exposure to severe environmental conditions i.e. marine/seawater ap-
plications and hot/cold weather deteriorate the bond between FRP and steel member and also reduces its ductility [134,135]. In this 
section, the causes of strength and stiffness reductions under severe environmental conditions are summarized and the parameters that 
can improve the durability of FRP strengthened systems are discussed. 

4.1. High moisture and wet environment 

Out of all the environmental threats, severe deterioration of the bonded joint is caused by the penetration of water through 
diffusion, capillary action through voids and cracks, or absorption through porous adherents. This penetration of water can affect the 
properties of the adhesive [1,5], facilitate galvanic corrosion and ultimately cause reduced strength and stiffness of the member [132]. 
Selection of suitable adhesive and use of electric insulator are necessary to improve the durability of structures under marine/seawater 
environments. Effects of various techniques for durability improvement in seawater conditions are given in Table 4. 

For applications where metallic coupling is likely i.e. in marine environments, epoxies that have hydrolyzable linkages (ester 
bonds) should be avoided [136-138]. The use of organic fiber plies, isolating epoxy film on steel surface, or moisture barrier creates 
electrical isolation and prevents galvanic corrosion. A comparison between the galvanic corrosion of graphite/epoxy and graphite/ 
vinyl ester composites in seawater revealed that epoxy-based composites performed better to resist galvanic corrosion due to the 
presence of non-hydrolyzable matrix while the vinyl-ester based composites showed blistering under these conditions [137,139]. Seica 
and Packer [49] conducted tests on tubular members strengthened with CFRPs and used a special type of epoxy resin with thixotropic 
nature. This epoxy resin is recommended for use under submerged conditions as it able to keep the resin viscous and within the 
impregnated fibers. They concluded that such an adhesive is superior to the normal adhesive and also results in improved performance 
for submerged curing conditions. 

CFRP strengthened steel structures are susceptible to galvanic corrosion especially in wet environments due to the potential dif-
ference between CFRP and steel and the presence of an electrolyte [140]. In marine environments, the presence of seawater containing 
salts and minerals and the use of de-icing solutions in bridge applications can serve as a medium for ion exchange between CFRP and 
steel. To prevent this galvanic corrosion, an electrical insulator in the form of epoxy [138] or an additional GFRP layer [141,142] can 
be used. Dawood and Rizkalla [143] compared the effectiveness of using additional GFRP layers, pre-treating with silane coupling 
agents, and a combination of additional GFRP layers and silane coupling agents and concluded that maximum strength is achieved by 
using a combination of silane coupling agents and GFRP. Kabir et al. [144] evaluated the performance of three different adhesives with 
varying elastic moduli with and without the inclusion of the additional GFRP layer. They concluded that the addition of the GFRP layer 
with its higher modulus yields better results. In another study, Kabir et al. [142] demonstrated that the inclusion of GFRP layers along 
with the combination of adhesives and primer yields the best results. In addition, the durability of the FRP strengthened system is also 
directly related to the thickness of the steel section [142,144] as well as the FRP [49], number of FRP layers [145], and the diameter of 
the steel section [144]. However, to develop accurate design factors, it is necessary to conduct more tests with varying section ge-
ometries and specimen conditioning alternatives. 

4.2. Cold weather 

Cold weather has adverse effects on the durability of FRP strengthened steel members as it leads to micro-cracking of the matrix and 
bond degradation. For effective performance of FRP strengthened steel members under cold weather conditions, the use of an adhesion 
primer and adhesives with higher elastic modulus can result in enhanced performance. Kabir et al. [146-148] performed a series of 
experiments to evaluate the improved durability of FRP strengthened steel members. In all their studies, they used acetone to remove 
the weak layers after sand-blasting the steel members. Before applying the adhesive, they applied an adhesion promoter to the acetone 
treated surface to enhance the bond strength. Application of this adhesion primer yielded good results as the degradations of strength 
and stiffness of these FRP strengthened beams reduced as opposed to the untreated beams without primer [146]. In another study, 
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Kabir et al. [147] compared the effectiveness of two different commercially available adhesives in addition to the application of the 
adhesion primer. The tensile strength, compressive strength, and elastic modulus of first and second adhesives were 50 MPa, 80 MPa, 
and 3000 MPa and 30–35 MPa, 105–115 MPa, and 7000–8000 MPa respectively. Although the strength and stiffness degraded with the 
cold-weather conditioning, the second adhesive with higher compressive strength and elastic modulus performed better in terms of 
load capacity and deflections, especially in the plastic zone. In their third study, Kabir et al [148] conditioned the beams under cold 
weather (+3◦C) for 12 months as opposed to the cold weather conditioning of 3 and 6 months in the previous two studies. They again 
used two types of adhesives with the same properties and reported that the adhesive with greater compressive strength and elastic 
modulus performed better. They also evaluated the effects of section thickness, diameter, modulus of the CFRP, adhesive thickness, and 
the number of CFRP layers on the durability of strengthened members and concluded that durability increases with the increase in all 
these parameters. One of the major findings of their study was that the orientation of fibers also affects the strengthening effectiveness, 
and a combination of longitudinal and hoop layers is necessary for improved durability. Members strengthened with LHL layers 
performed better than LLH layers for three layers and the difference was negligible for four layers. 

For the durability design of FRP strengthened structures, it is imperative to use a strength reduction factor as per the service 
conditions. The few studies on the effects of cold weather showed large ranges of strengths and deflections for different sections with 
different thicknesses, diameters, and conditioning periods. Further studies are therefore required to develop a pool of data to derive 
strength reduction factors for durability designs. 

5. Prediction models of FRP strengthened structures 

5.1. FRP reinforced CHS under static and dynamic loads 

5.1.1. Flexural strength prediction model 
Strength enhancement of steel sections reinforced with FRPs depends on the amount as well as properties of the FRP reinforcement. 

To calculate the strength of the composite steel-FRP section, existing prediction models of steel sections are modified to account for the 
contribution of FRP reinforcement. Haedir et al. [39] developed the design prediction model of FRP strengthened steel CHS by 
modifying the slenderness of the steel section. As per the AS4100 [149], the normalized cross-section slenderness (λs) of the CHS under 
bending is calculated using Eq. (1). 

λs =

(
ds

ts

)(σ(s)
y

250

)

(1) 

where ds
ts 

is the ratio of outer diameter to section thickness of steel and σ(s)
y is the yield stress of steel. To account for the presence of 

FRP reinforcement, the FRP thickness is replaced by an equivalent amount of steel using the modular ratio (β) and fiber strength 
efficacy (αm). The fiber strength efficacy takes into account the limited compressive strength contribution of FRPs. Haedir et al. [39] 
proposed this fiber strength efficiency as 19% based on the proportion of the compressive strength of the cured fibers to the tensile 
strength of the dry fibers as per the tests of Seica et al. [150]. The transformed thickness (t(cs)es ) of a number of FRPs layers (j = 1,2,
....mcs) to steel can then be calculated using Eq. (2). 

t(cs)
es =

1
βαm

∑mcs

j=1
t(cs)
j =

t(cs)
j=1 + t(cs)

j=2 + t(cs)
j=3 + .........

βαm
(2) 

where β is the ratio of elastic modulus of steel to that of FRP sheet and αm is calculated using Eq. (3). 

Fig. 7. (a) Composite steel-FRP section (b) transformed section [146].  
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αm =
0.19σ(cs)

u

σ(s)
y

, 0⩽
A(cs)

h

A(cs)
l

⩽3.0 (3) 

where σ(cs)
u and σ(s)

y are the tensile stresses of the fiber sheet and steel respectively and A(cs)
h

/

A(cs)
l 

is the ratio of cross-sectional areas of 

the hoop and longitudinal layers. Once the transformed thickness is obtained using Eq. (2)., the diameter (des) and thickness (tes) of the 
composite FRP-steel section (Fig. 7) can be calculated using Eqs. (4) and (5) respectively. 

des = d(s)
j=0 + 2t(cs)

es (4)  

tes = ts + t(cs)
es (5) 

where d(s)
j=0 and tes are the outer diameter and thickness of the steel profile respectively. 

The cross-section slenderness of the FRP-steel composite section can then be calculated using Eq. (6), which is a modified form of 
standard Eq. (1). 

λes =

(
des

tes

)(σ(s)
y

250

)

(6) 

The bending capacity (Mb)is then calculated by multiplying the section modulus (Zese) with the yield stress of steel (σ(s)
y ) (Eq. (7)). 

For the compact cross-section, the section modulus (Zese) is the plastic section modulus of the equivalent section (Ses), whereas the 
section moduli of the non-compact and slender cross-sections can be calculated using Eqs. (8) and (9) respectively. 

M(cs)
b = Zeseσ(s)

y (7)  

Zese = Zes +

{[(
λsy − λes

)

(
λsy − λsp

)

]

(Ses − Zes)

}

(8)  

Zese = Zes

̅̅̅̅̅̅̅̅̅̅̅̅̅(
λsy

λes

)√

(9) 

where λsp and λes are the plastic and yield limits for the plate element slenderness respectively. Haedir et al. [39] demonstrated the 
accuracy of the developed procedure by comparing the results of the developed model with the test results of Seica et al. [150] (Fig. 8). 
Both the number and orientation of fiber layers varied between the specimens and the number of reinforcing fiber layers varied be-
tween 1 and 4. The comparison suggests the accuracy of the developed model as well as the consideration of fiber strength efficacy 
(αm). 

Haedir et al. [39] also evaluated the effect of the number of fiber reinforcements on steel sections of constant thickness and varying 

Fig. 8. Comparison of calculated and experimental capacities of CFRP reinforced CHS [39].  
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diameters using the proposed model. They found that as the amount of fiber reinforcements increase, the plastic moment capacity of 
the section also increases (Fig. 9). They also demonstrated the accuracy of the proposed model for non-compact sections with fiber 
orientation different from that of Seica et al. [150]. 

5.1.2. Compressive strength prediction model 
Design equations of CFRP strengthened steel SHS columns were proposed by Shaat and Fam [58] and Bambach et al. [57]. The 

model proposed by Shaat and Fam [58] is valid only for compact sections ignoring the effects of local buckling along with a non-linear 
increase in the capacity with an increase in CFRP thickness. Although the model of Bambach et al. [57] considers these parameters, 
they, however, considered the compact section to be isotropic. To include the effects of CFRP fiber orientations, Imran et al. [60] 
modified the design equations of Bambach et al. [57] by introducing a proportioning factor (ξ) and the adopted procedure is also 
similar to the AISI procedure [151]. The axial compressive capacity Pu and the theoretical critical buckling Pcr loads of the CFRP 
strengthened SHS columns can then be calculated using Eqs. (10) and (11), respectively. 

Pu = 4ρbtfy +Arfy (10)  

Pcr = Agfcr (11) 

whereρ,b,t,fy and Ar are the effective width factor, clear width, thickness, yield stress, and area of the rounded corners of the steel 
section respectively. The effective width factor ρ can be calculated using Eqs. (12) through (21). 

ρ =
1 − 0.22

λc

λc
(12)  

λc =

̅̅̅̅̅
fy

fcr

√

(13)  

fcr =
kπ2Dt

tT b2 (14)  

Dt =
D1D3 − D2

2

D1
(15)  

D1 =
Est

1 − υ2
s
+

ECE(tT − t)
1 − υ2

C
(16)  

D2 =
Est2

2(1 − υ2
s )
+

ECE(t2
T − t2)

2(1 − υ2
C)

(17) 

Fig. 9. Design curves for bare and CFRP strengthened CHS in bending [39].  
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D3 =
Est3

3(1 − υ2
s )
+

ECE(t3
T − t3)

3(1 − υ2
C)

(18)  

tT = t+ tC(NL + NT) (19)  

ECE =
NLE1C + ξNT E1C

NL + NT
(20)  

E1C = ECν+Ea(1 − ν) (21) 

where λc is the composite plate slenderness ratio, fcr is the elastic critical buckling stress, k is the elastic buckling coefficient (4 for 
the stiffened elements), Dt is the flexural rigidity of the composite section recommended by Pister and Dong [152], tT is the total 
thickness of the composite section, Es is the elastic modulus of steel, υs is the Poisson’s ratio of steel, ECE is the equivalent stiffness of the 
CFRP composite, υC is the Poisson’s ratio of CFRP, tC is the CFRP composite layer thickness, NL is the number of longitudinal layers,NT 

is the number of transverse layers, E1C is the elastic modulus of CFRP in the longitudinal direction, EC is the elastic modulus of carbon 
fibers, Ea is the elastic modulus of adhesive, and ν is the fiber volume ratio. The effective width b and rounded corner area of the steel 
section Ar can be calculated using Eqs. (22) and (23) respectively. 

b = bw − 2r (22)  

Ar = Ag − 4bt (23) 

Based on the properties of CFRP used, Imran et al. [60] recommended a ξ value of 0.8. However, they recommended that future 
research should be conducted on CFRP strengthened 1 T and 1L tubular columns to calculate a general ξ value. They also proposed a 
strength reduction factor (ϕu) of 0.9 for CFRP strengthened tubular columns which is equal or close to the recommended factors of 0.90 
and 0.85 in AS4100 [60] and AS/NZS4600 [153] respectively. 

Additionally, Imran et al. [60] also recommended a design procedure for the direct strength method (DSM) which is recommended 
by AS/NZS4600 [153] and AISI [151] for steel sections. First, they developed DSM-based design strength curves by plotting Pu/Py 

against slenderness ratios (λ) calculated using Eq. (24) for a range of sections (Fig. 10). The elastic buckling load (Pcr) can be calculated 
by either using Eq. (11) or through any commercially available finite element software. The axial compression capacity (Pu) of the 
CFRP strengthened steel tubular columns can be calculated using Eqs. (25) and (26). 

λ =

̅̅̅̅̅̅
Py

Pcr

√

(24)  

Pu =

⎧
⎪⎪⎨

⎪⎪⎩

1.2Py for λ⩽0.52
[

1 − 0.18
(

Pcr

Py

)0.44
](

Pcr

Py

)0.44

Py for λ > 0.52
(25) 

Fig. 10. DSM based design curves [60].  
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Py = Agfy (26) 

They proposed a strength reduction factor (ϕu) of 0.9 for DSM based method also. 
In another study, Haedir and Zhao [103] also proposed the strength calculation of CFRP strengthened CHS steel short columns 

using the equivalent section. They also considered the effects of variation of fiber orientations on axial compressive strength of such 
columns by using a proportioning factor. The transformed thickness (tcses) of the section with both the steel and CFRP can be calculated 
using Eq. (27). 

tcs
es = ηLβLtcs

L + ηHβHtcs
H (27) 

where ηL and ηH are the ratios of areas of CFRPs to that of steel, βL and βH are the modular ratios related to the longitudinal and hoop 
fibers respectively, and tcs

L and tcs
H are the thicknesses of the longitudinal and hoop CFRP fibers respectively. The values of βL and βH can 

be calculated using Eqs. (28) and (29) respectively. 

βL =
Ecs

1t

Es =
Ecs

1c

Es > 1.0 (28)  

βH =
Ecs

2t

Es =
Ecs

2c

Es < 1.0 (29) 

whereEcs
1t,Es,Ecs

1c,Ecs
2t , Ecs

2c are Young’s moduli of longitudinal fibers in tension, steel, longitudinal fibers in compression, transverse 
fibers in tension, and transverse fibers in compression respectively. To account for the effect of fiber orientations, the elastic modulus of 
the fibers in the hoop direction is transformed into the elastic modulus of longitudinal fibers using the proportioning factor (ξ) as given 
in Eq. (30). 

βH =
Ecs

2t

Es =
ξEcs

1t

Es = ξβL for 0⩽ξ⩽0.80 (30) 

where 0.80 is the maximum contribution of the hoop fibers which has also been recommended by Imran et al. [60] and 0 is the 
minimum value, an indication of no contribution of the fibers in the hoop direction. Based on Eq. (30), the proportioning factor (ξ) can 
be also be expressed as Eq. (31). 

ξ =
βH

βL
=

Ecs
2t

Ecs
1t

(31) 

Once the fibers in the hoop direction are transformed into longitudinal using Eq. (30), it can be assumed that the thickness of fibers 
in the longitudinal direction (tcs

L ) is equal to that of the fibers in the hoop direction (tcs
H ). Thus, Eq. (27) takes the form of Eq. (32). 

tcs
es = βLtcs

L (ηL + ξηL) (32) 

Assuming the non-dimensional fiber reinforcement parameter (α) for which the fibers in hoop direction are considered and using 
the relationtcs

L = tcs
H , Eq. (33) can be formulated. 

α =
ηLtcs

L + ηHtcs
H

ts =
(ηL + ηH)tcs

L

ts (33) 

From Eq. (33), the thickness of fibers in the longitudinal direction (tcs
L ) can be separated as Eq. (34). 

tcs
L =

αts

ηL + ηH
(34) 

By substituting the Eq. (34) into Eq. (32), the thickness of the equivalent section (tcs
es) can be written in the normal and non- 

dimensional forms as Eqs. (35) and (36) respectively. 

tcs
es = βL

(
αts

ηL + ηH

)(

ηL + ξηL) (35)  

tcs
es

ts = βL

(
α

ηL + ηH

)(

ηL + ξηL) (36) 

After calculating the thickness of the equivalent section (tcs
es), Haedir and Zhao [103] modified the design methods of steel structures 

given in AS/NZS4600 [153], AS4100 [60] and Eurocode 3 [154]. They concluded that the effect of both the reinforcement factor (α) 
and the proportioning factor (ξ) should be carefully considered for the effective design of CFRP strengthened steel tubular columns. 

5.1.3. Strength prediction under cyclic loads 
To account for the effect of quasi-static cyclic loading on the ultimate moment capacity of a CHS under cyclic loads, Tafsirojjaman 

et al. [76] proposed a strength reduction factor (ϕu) of 0.98. The moment capacity of the section can be calculated according to the 
method proposed by Haedir et al. [39]. They demonstrated the accuracy of their proposed cyclic design factor through comparison 
with their validated numerical models. A very small value of the coefficient of variation (COV) of 0.047 and a mean ratio of 0.98 
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indicates that the proposed strength reduction factor can yield accurate results. 

5.2. FRP reinforced CHS in aggressive environmental conditions 

For structural members used in aggressive environmental conditions, generally, a strength reduction factor (ϕu) is proposed which 
is then multiplied with the service strength to obtain a reduced stren 

5.2.1. Prediction models for cold weather conditions 
Based on the proposed method of Haedir et al. [39] for CFRP strengthened CHS beams, Kabir et al. [146,147] proposed a strength 

reduction factor for CHS beams used in cold weather. They conditioned the CFRP strengthened beams at 3 ◦C of temperature and tested 
the strengthened beams after 3 and 6 months. They used two types of specimens with and without the surface treatment and proposed 
that the surfaces must be pre-treated with epoxy to ensure the composite beam action throughout the loading stages. They transformed 
the FRP section to an equivalent steel section using the method proposed by Haedir et al. [39] but used the fiber strength efficacy (αm) 
of 0.5 instead of the proposed 0.19 which is still within the limits of Eq. (3). From their experimental results, they demonstrated that 
there was a reduction in the detrimental effects of cold weather on the ultimate strength of the beams conditioned for 3 to 6 months. 
After the comparison of two types of adhesives i.e. MBrace and Araldite [147], they proposed a maximum strength reduction factor 
(ϕu) of 0.90 for CHS beam with epoxy treatment and conditioned for 6 months. Similarly, they proposed an increasing factor (ϕs) of 
1.20 for deflections of the same beam [146]. The ultimate moment capacity of a compact section in bending can be calculated using Eq. 
(37). 

M = Fc × Z = Ft × Z (37) 

whereFc , Z and Ft are the compressive force, lever arm, and tensile force, respectively. As the cross-section is subjected to bending, 
compressive stresses are generated in one-half of the cross-section while tensile stresses are generated in the other half. The distri-
bution of compressive and tensile stresses and accompanying strains in the transformed section is shown in Fig. 11. Based on Fig. 11, 
the areas in compression (Ac) and tension (At), compressive (Fc) and tensile (Ft) forces, and the lever arm (Z) can be calculated using 
Eqs. (38) through (40) respectively. 

Ac = At =
1
2
(
As + Acs

es

)
=

π
2
(r2

1 − r2
2) (38)  

Fc = Ft = Ac × σu = At × σu (39)  

Z = y1 + y2 = 2

⎡

⎢
⎢
⎣

πr2
1

2 × 4r1
3π −

πr2
2

2 × 4r2
3π

π
2 (r

2
1 − r2

2)

⎤

⎥
⎥
⎦ (40) 

where As and Acs
es are the areas of steel and transformed FRP section respectively, r1 and r2 are the inner and outer radii of the steel 

and transformed section respectively, and σu is the ultimate steel stress. 

5.2.2. Prediction models for marine environments 
Although the FRP strengthened steel structures exhibit good durability, their applications in marine environments hinder the 

utilization of their full strengthened capacities. The factors that influence the effectiveness of FRP strengthening in natural and saline 

Fig. 11. Stress and strain distributions in the transformed section (a) transformed section (b) strain distribution (c) stress distribution [146].  
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water environments include high temperature [132,143,155], time, and duration of the exposure [132,156]. To account for the effects 
of the marine environment on strength degradation, Kabir et al. [142] subjected a CHS to accelerated corrosion to simulate prolonged 
service life conditions of steel structures. They used a moderate level of corrosion (10% loss of mass) at ambient and 50 ◦C of tem-
peratures in the saline water conditions (5% NaCl). After keeping the specimens in the accelerated conditions for 25 days, they 
performed bending tests on the specimens and proposed a strength reduction factor (ϕu) of 0.7 for CHS sections strengthened with 3 
layers of CFRPs. This strength reduction factor is close to the reduction factor of 0.85 proposed by the Italian codes [24] and 
economical as compared to the overly conservative equivalent factor of 0.5 in British codes [157]. 

6. Conclusions 

This paper provided a comprehensive review of various techniques to improve the performance and design of steel structures using 
FRP composite materials. Strength prediction models under a range of loading and environmental conditions have also been provided 
for effective and safe analysis and design of FRP strengthened steel structures and minimise their failure. From this state-of-the-art 
review, the following conclusions can be drawn:  

• FRP composites with longitudinally oriented fibers are more effective for delaying the onset of local buckling in steel members, 
however, a combination of longitudinal and hoop fibers is necessary for strengthening against local and global buckling. Also, the 
FRPs with lower elastic modulus i.e. GFRPs, provide more ductility to the members compared to FRPs that have a higher modulus.  

• There are contradicting views and experimental studies are required to ascertain whether the FRPs should be placed closer to the 
web-flange junction or at the flange tips. For FRPs placed at the flanges or on the webs closer to the web-flange junction to 
strengthen against local buckling, the shear modulus of FRPs plays a critical role, however, the transverse modulus is critical when 
FRPs are placed at the mid-height of the webs.  

• FRP strengthening effectiveness of steel members prone to flexural buckling depends on the amount of fiber reinforcements, fiber 
orientations, tensile modulus of the FRPs, and the slenderness of the member. The flexural strength increases with the increase in 
fiber reinforcements and more longitudinal layers result in more strength while more hoop layers provide more ductility for closed 
sections. The ultimate capacity also increases with an increase in tensile modulus by a reduction in stresses in the underlying 
material and deflections are also reduced due to enhanced stiffness.  

• Strength enhancement for compression steel members is directly related to the amount of fibers, tensile modulus of fibers, and the 
slenderness of the plate elements or members and initial imperfections. Hoop-oriented fibers yield better results for short columns 
while longitudinally oriented fibers provide better strength for the slender elements. Yet, more studies are required, especially on 
longer columns with slender and non-slender plate elements to determine optimal fiber orientations.  

• Strengthening effectiveness for steel members subject to fatigue loads depends on the number of layers, and the longitudinal layers 
must be confined by additional hoop layers for maximum strength gain. FRPs with higher elastic modulus provide higher stiffness 
thus reducing stress in the underlying steel elements and impeding the crack growth. Pres-stressing the FRPs for fatigue life 
improvement is a potential fatigue strengthening improvement technique, however, more studies are required on a range of stress 
cycles and pre-tensioning levels to better understand and develop guidelines.  

• Under impact loads strength of a steel member is increased while its axial and lateral deflections are reduced with the application of 
FRPs due to increased stiffness. As the modulus of FRPs increases, better strength and reduced deflections are obtained and CFRPs 
outperform GFRPs due to higher modulus. The strength gain is directly related to the number of FRP layers, and a combination of 
longitudinal and hoop layers is necessary with more longitudinal layers. Columns with fixed boundary conditions at both ends 
result in maximum strength gain and the presence of axial pre-load results in strength reduction and increased deflections.  

• Strength gain for seismic applications is directly related to the thickness and number of FRP layers as well as the slenderness of the 
member. FRPs with higher modulus provide higher strength, whereas FRPs with lower modulus result in improved ductility. 
However, further studies are required on a range of steel sections, orientations of fibers, and different load cycles to gain a greater 
understanding and develop proper strengthening guidelines.  

• The durability of FRP strengthened structures depends on the properties of the adhesive. For marine/seawater conditions, an epoxy 
adhesive that is thixotropic and has a higher elastic modulus yields better results. An additional layer of GFRP for CFRP 
strengthened structures that are susceptible to galvanic corrosion can act as an electrical insulator and enhance durability. Yet, 
further research is required on a range of sections and exposure conditions, especially for FRP strengthened structures in cold 
weather to develop design guidelines.  

• Strength prediction models incorporate the transformed thickness of section from FRP to steel using the modular ratio and the 
percentage of the fibre strength efficiency relative to steel. Based on the properties of the transformed section, the ultimate capacity 
of the section can be calculated, and strength reduction factors can be used for varying loading and environmental conditions. The 
proposed strength reduction factors are 0.90, 0.98, 0.90, and 0.70 for members subjected to compression loads, cyclic loads, cold 
weather conditions, and marine environment, respectively. However, more studies are needed to confirm the reliability of these 
strength reduction factors. 
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