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ABSTRACT 

Rectangular hollow section (RHS) steel members are commonly utilized in various mechanical 

and civil engineering applications, but they have shown to be quite vulnerable under cyclic 

loading. In both onshore and offshore infrastructure, steel members can be subjected to cyclic 

loading produced by earthquakes, currents, wind and waves. Considering multiple factors, such 

as design errors, the influence of environmental conditions, an increase in applied loads and 

material deterioration, steel members may require strengthening to withstand cyclic loadings. 

This study presents numerical simulations using Finite Element (FE) modelling techniques to 

analyse carbon fibre reinforced polymer (CFRP) strengthened RHS steel members subjected 

to cyclic loading to predict their behaviour and modes of failure. The predicted results are 

compared with available results from experimental tests to validate the numerical models and 

ensure their accuracy. Results imply that CFRP strengthened RHS steel members demonstrate 

enhanced cyclic performance in which the moment-rotation hysteresis behaviour, secant 
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stiffness and the energy dissipating capacity are improved compared those in bare steel RHS 

members. Furthermore, the effects of section thickness, bond length of CFRP, number of CFRP 

layers, wrapping orientation of CFRP and elastic modulus of CFRP on the response of these 

structural members are also investigated through detailed parametric studies.  

Keywords: Rectangular Hollow Section (RHS) Steel members; Strengthening; CFRP; Finite 

element modelling; Cyclic loading. 

1. Introduction   

Rectangular hollow section (RHS) members have been a popular choice of both structural 

engineers and architects for use in steel frames and trusses in civil infrastructure. This 

popularity can be attributed to the advantages that RHS members have over other open 

members such as better corrosion resistance due to no sharp edges, higher fire protection 

capability and aesthetics [1]. Among natural disasters, earthquakes have been one of the leading 

causes of human casualties and property destruction. It is reported that there have been 1.87 

million deaths due to Earthquakes in the 20th century. Moreover, 2052 earthquake fatalities 

occurred during 1990-2010 [2]. Steel trusses and frames have been highly used for construction 

in seismic regions throughout the world, with these structures comprising primarily of RHS 

steel members. In particular, they have been used as structural elements in buildings as beams, 

columns and lattice girders and space frames in roofs. [1]. Failure of structural steel members 

under cyclic loads during the seismic events has become a major concern [3,4] in recent times. 

Such seismic damage to steel structures is not limited to land-based construction, with many 

offshore structures also prone to structural damage from earthquakes. This includes jacket-type 

structure which is extensively used in offshore construction where steel hollow members are 

welded together in the assembly of a space frame. This structure is often used to support 

platforms for the gas and oil industry. The dynamic loading imposed on these structures is 

greater than that on land-based structures as they also have to cope with loading from high 



 

 

winds, waves and currents [4]. Worldwide, many steel structures are found to be lacking 

structural integrity due to incremental service loads, design errors, degradation of material 

properties and effects of severe environmental conditions. To rectify this problem there has 

been an increasing focus on research to improve the strength and rehabilitation of rectangular 

steel profiles to withstand high seismic excitations, but such research has been limited. 

Traditional methods of rehabilitating steel structures have been through the process of welding 

additional bracing and plates to strengthen the structure. Although in theory, this process has 

structural benefits, certain key aspects of this process need to be taken into account such as the 

additional weight that is added to the structure as a result of the bracing and more importantly 

the introduction of heat-affected areas where members are added that change the distribution 

of stresses within the structure. These key aspects can be critical to structures that undergo 

fatigue loading, particularly in steel bridges. Furthermore, the resistance to corrosion can be 

compromised during this welding process. Additionally, to undertake this method of 

rehabilitation, heavy machinery and climbing equipment such as scaffolding are required, not 

to mention the long interruptions to the service of the building/structure across the duration of 

this process [4]. Alternatively by implementing the strength and rehabilitation process using 

carbon fibre reinforced polymer (CFRP) composites all of the aforementioned disadvantages 

can be avoided. The many advantages of using CFRP include high corrosion resistance [5], 

exceptional strength to weight ratio, tensile strength [6], cost efficiency as the process is less 

labour intensive with minimal preparation, can be easily applied in confined spaces as well as 

applied to any shape [7,8]. Previous research on CFRP strengthening has informed its ability 

to enhance the load-carrying capability [9], impact resistance capability [10] as well the ability 

to reduce the tip deflection in steel frame structures  [11,12] under lateral loads. Furthermore, 

some research has also reported that CFRP strengthened members have higher resistance to 

local buckling [13,14] and higher capacity to absorb induced energy [15] than the original 



 

 

members. One of the main advantages of CFRP strengthening is the improvement in the fatigue 

resistance of steel joints [16–18]. Considering all the above benefits in CFRP strengthening, an 

extensive numerical investigation has been undertaken with the focus on improving the 

structural performance of cantilevered RHS steel members subjected to cyclic loading during 

seismic excitation. The outcomes of this research will be helpful in restoring the structural 

integrity of steel members in high seismic regions by strengthening with CFRP. 

Experimental and numerical research has been undertaken on the bending and hysteretic 

performance of tubular hollow members with externally applied CFRP reinforcement [9,19–

21]. In their study, Kabir et al. found an increase of  37% in the load-carrying capability of 

CFRP strengthened circular hollow section (CHS) under pure four-point bending [9]. Previous 

research has also shown that the hysteretic behaviour of the CHS can be improved in terms of 

moment caring capacity, stiffness, energy dissipation capacity etc. due to the CFRP 

strengthening [21]. However, the structural responses of CFRP strengthened RHS members 

under cyclic loading has not been researched either experimentally or numerically. Given this 

gap in the research, there is little knowledge and understanding of CFRP wrapped RHS steel 

members under cyclic loading. With this in mind, this numerical study is focused on the lateral 

cyclic load response of RHS steel members strengthened with CFRP to predict their failure 

modes and overall behaviour. Numerical simulations have been performed by using the FE 

software ABAQUS CAE [22] and the modelling techniques have been validated by comparing 

the simulated results with published experimental results [21,23]. The performance of the 

CFRP strengthened models will be compared to that of the bare steel model in regards to 

moment-rotation hysteresis behaviour, secant stiffness and energy dissipation capabilities. 

Moreover, the effects of section thickness, the bond length of CFRP, the number of CFRP 

layers, wrapping orientation of CFRP and modulus of CFRP on the structural performance of 

the RHS members have been investigated with detailed parametric study. The outcome of this 



 

 

paper is the provision of new information on the performance of CFRP strengthened RHS steel 

members that will benefit their intended applications. 

2. FE modelling and validation    

The FE model was created by using the ABAQUS CAE [22] to simulate the behaviour of CFRP 

strengthened RHS under cyclic loading. At first, the developed FE model is validated followed 

by parametric studies. The validation of the FE model is confirmed in a two-step process due 

to the unavailability of direct experimental results on cyclic behaviour of CFRP strengthened 

RHS.  The first step is to validate the cyclic simulation process of RHS bare steel tubes with 

available cyclic test results [23]. Then, the second step is the validation of CFRP strengthening 

technique of steel members under cyclic loading using the results of tests conducted by the 

authors in a previous study [21]. Finally, the techniques from the above two validations are 

applied to CFRP strengthened RHS under cyclic loading to ensure accurate numerical 

simulation results.  

2.1 Validation of Cyclic simulation process of bare RHS 

The current numerical model is developed and validated by using the results from the 

experimental cyclic tests on HSS (including rectangular and square sections) carried out by 

Fadden [23]. The length of the rectangular hollow steel section (HSS) (i.e. RHS) 203×102×9.5 

(mm) and 203×152×9.5 (mm) specimens in the FE model was taken as 1537 mm which is the 

same as the size of the experimental RHS specimen [23]. The geometrical details of the RHS 

sections were taken from the AISC Manual of Steel Construction [24]. The steel beam is 

created using 4-node shell elements (S4R) with reduced integration and hourglass control 

which is recommended for modelling the thin features. Mesh convergence study was conducted 

for the optimization of mesh size to confirm both the efficiency and accuracy of the FE model.  



 

 

A nonlinear combined isotropic/kinematic hardening model was also applied as recommended 

to capture the inelastic hysteretic behaviour more accurately [25]. The material properties of 

steel for all of the FE models were obtained from the information provided by Fadden [23] 

with the modulus of elasticity, yield stress and ultimate strength of 181 GPa, 411 MPa, and 495 

MPa respectively for the flats and 193 GPa, 517 MPa and 582 MPa respectively for the corners. 

Poison's ratio was assumed to be 0.3 for both the flats and corners. 

The experimental cantilevered beams were fixed at the support end while the loading 

displacement was applied in the beam tip through a pin. In the experimental study AISC 

displacement control cyclic loading protocol [3], shown below in Figure 1(a) was applied in 

displacement control at a quasi-static loading rate. The reference point at the centre of the cross-

section of both fixed end and the tip end of the beams was created and constrained all the 

peripheral nodes by multiple point constraints (MPC) as shown in Figure 1(b). Boundary 

conditions of the experiment were replicated by making all translational and rotational degrees 

of freedom fixed and free for the support and tip reference points respectively. The fixed end 

of the HSS was sandwiched between two large angles to provide a reusable connection during 

the experimental study [23] and there was some flexibility in the connection. Hence, it was 

observed that each section underwent some amount of rigid (body) rotation at the connection 

[23]. At the highest displacement of each cycle, the measured rigid rotation was subtracted 

from the overall measured rotation, leaving the actual rotation due to the deformation of the 

HSS members [23]. Then, models were then placed under the exact same displacement control 

cyclic loading protocol [3] that each experimental specimen underwent with rigid rotations 

removed [23] at the tip reference point to simulate the cyclic behaviour of the RHS. Hence, the 

FE model could simulate the flexibility at the highest displacements and showed a good 

agreement at the ultimate rotational regions. Unfortunately, this was not possible for regions in 

between the highest positive and highest negative regions as no data was available on when 



 

 

and how much of flexibility was mobilised in these regions. Due to this limitation of 

information, in these regions specially the reloading area showed small deviations between 

numerical and experimental results. 

 

(a) 

 

(b) 

Figure 1: (a) Quasi-static cyclic loading protocol [3] and (b) Boundary conditions  

The developed FE model was then validated by comparing the simulated moment versus 

rotational hysteresis, normalized moment versus rotational backbone and secant stiffness 
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versus rotational results with the available experimental results [23]. In the present study, the 

moment was measured by multiplying the simulated load by the beam length of 1537 mm. The 

normalized moment versus rotational backbone curves obtained by plotting the normalized 

moment against the highest rotation of every cycle. The normalised moment was calculated by 

dividing the experimental moment by the calculated plastic moment. In addition, the secant 

stiffness of a particular (singular) rotation was obtained by dividing the load at the highest 

displacement of that particular rotation by the highest displacement of that particular rotation. 

Figure 2 and Figure 3 show a good agreement of moment-rotation hysteresis and normalized 

moment-rotation hysteresis backbone curves respectively obtained from the tests and the FE 

analyses although a small deviation from the experiments were observed in the reloading area 

due to lack of information about the flexibility in this region.The overall maximum moment 

capacity of FE models for the 203×102×9.5 (mm) and 203×152×9.5 (mm) were 170 kN.m and 

197 kN.m which were only 1.55% higher and 2.96% lower than the experimental overall 

maximum moment capacities respectively. Moreover, the well-matched secant stiffness versus 

rotation curves in Figure 4 confirms the accuracy of the present FE models for the cyclic 

simulation process 
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(a) 

 

(b) 

Figure 2: Experimental and FE model moment-rotation hysteresis curves for  (a) 

203×102×9.5 and (b) 203×152×9.5. 
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(b) 

Figure 3: Experimental and FE model normalized moment versus rotation backbone curves 

for (a) 203×102×9.5 and (b) 203×152×9.5. 

 

Figure 4: Experimental and FE model secant stiffness versus rotation curves for 203×102×9.5 

and 203×152×9.5. 
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2.2 Validation of the FE model of CFRP strengthened steel member   

2.2.1 FE modelling and element types 

The FE model of CFRP strengthened Circular Hollow Section (CHS) steel member has been 

developed and validated using available experimental results [21]. Information on the specimen 

and experimental setup can be found in Tafsirojjaman et al. [21]. Using the same FE software 

as in previous section 2.1, ABAQUS [22], 3D finite element model of CFRP strengthened CHS 

steel member was developed with external diameter, wall thickness and length of 101.6 mm, 4 

mm and 1100 mm respectively to replicate the experimental specimen [21]. 

In the FE model, the adhesive and CFRP were applied for a bond length of 900 mm from the 

fixed end. Fibre orientations of the three layers of CFRP were kept the same LHL (longitudinal, 

direction, hoop direction and again longitudinal direction respectively) as in the experiment to 

simulate the test members. Several previous studies [26,27] demonstrate that the general 

thickness of adhesives range from 0.1 to 0.3mm and hence, 0.1 mm thickness is assumed for 

the adhesive layer in this study. As the debonding between CFRP-CFRP layers was not evident 

during the experiment, the adhesive was modelled in the interface between the surface of the 

steel member and the first (innermost) CFRP layer only and delamination was simulated 

between CFRP and steel surface if any. 

The experimental cantilevered members were fixed at the support end while the loading 

displacement was applied in the beam tip through a pin. In the experimental study AISC 

displacement control cyclic loading protocol [3] was adopted and applied in displacement 

control at a quasi-static loading rate. At the centre of the cross-section of both end of CHS 

member, an independent reference node was created and all the peripheral (circumferential) 

nodes of the member were modelled as constrained to this reference node using beam type 

multiple point constraint (MPC). The supported end reference point was set to be fully fixed 



 

 

which means that all translational and rotational degrees of freedom were fixed. In contrast, 

the member tip reference point was set to be free in translational and rotational degrees of 

freedom to represent the experimental setup. [21]. In addition, the tip reference point was 

created 1200 mm far from the fixed end as the cyclic load was applied in 1200 mm far from 

fixed end in the experiment. Then, the same experimental displacement control cyclic loading 

as described in experimental study [21] was applied at the tip reference point to simulate the 

cyclic behaviour of the CFRP strengthened CHS. 

The steel section is modelled by using the same elements as in the previous validation section 

2.1 i.e. 4-node shell elements (S4R) with reduced integration and hourglass control. Mesh 

convergence study was carried out to ensure the accuracy and efficiency of the FE model. To 

predict the adhesive behaviour and failure modes, 3-D cohesive elements (COH3D8) were 

utilized for the adhesive layer [27–30]. 8-node quadrilateral continuum shell elements (SC8R) 

with reduced integration and hourglass control were used to model the CFRP layers. Previous 

researchers concluded that continuum shell elements are most appropriate to model CFRP 

composition due to the capability of accurately predicting the CFRP composite failure [27–30]. 

Both continuum and cohesive elements are modelled via offsetting an orphan mesh that is 

allocated in the outward stacking direction. To assign the orientation of CFRP, different 

sections were modelled for each of transverse and longitudinal CFRP layers. The orphan nodes 

were sheared to connect between the all interacting surfaces of adhesive and CFRP layers, 

while the tie constraint was applied to initialize the bonding of CFRP composites with the 

external surface of the steel tube. 



 

 

2.2.2 Material model and properties 

2.2.2.1 Steel 

The validated material model for steel in the previous section 2.1 was used for modelling steel 

to maintain consistency in the FE modelling.  Material properties of steel were obtained from 

the available experimental study [21] and the yield stress, ultimate tensile strength and the 

modulus of elasticity of steel were 320 MPa, 367 MPa and 190 GPa respectively, while Poison's 

ratio was assumed to be 0.3.  

2.2.2.2 Adhesive 

To simulate the traction between the steel surface and CFRP, the adhesive layer was applied 

using a coupled cohesive zone which obeys traction separation law where all three directional 

tractions and separations have been considered. They are the normal direction and two parallel 

directions as shear components. Normal and shear tractions are denoted by ,n st t and tt , while 

the separations are denoted by ,n s  and t  respectively. 

Before damage in the adhesive initiated, the response of adhesive is assumed to be linear [31–

34]. Thus, the interfacial behaviour of the adhesive before damage initiation is represented by, 

0 0
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t tt t
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                                                                                                     (1) 

In the above equation ,nn ssk k and ttk denote the elastic stiffness in the normal and shear 

directions respectively. The mode-I failure controls the normal direction, while the mode-II 

failure controls the shear directions. The stiffness nnk  is determined from the initial slope of 

the bond separation model for mode-I loading. 
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where aE  and oT  represent the elastic modulus and the adhesive thickness (0.1 mm) 

respectively. It was assumed that ssk  and ttk  are equal to the initial slope of the mode-II loading  

[30] and they are given by, 
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where aG denotes the shear modulus and can expressed as 
2(1 )

a
a

E
G


=

+
 [9] where   is the 

Poisson’s ratio of adhesive and the value is 0.39 [35]. The adhesive requires a sufficient 

stiffness value to provide sensible stiffness, however, a stiffness that is too big could initiate 

oscillations in the interface [9]. The initial stiffness parameters, nnk , ssk and ttk cannot be 

measured directly through the experiment; however Eqs. (2) and (3) also give a reasonable 

initial approximation for nnk , ssk and ttk . Therefore, in order to find a reasonable estimation of 

nnk , ssk and ttk  various numerical simulations with different nnk , ssk and ttk  values need to be 

compared to the experimental results [9,36]. The present values of nnk , ssk and ttk  are obtained 

from the one of authors previous study [9] where same adhesive was used and is given in Table 

1.  

In the present FE model, the definition of damage initiation of adhesive is based on QUADS 

failure criteria where the loading effects from both mode-I and mode-II are considered 

(Equation 4). When the function achieves a value of 1 unit, the damage will be initiated [22]. 

The symbol ‘〈〉’ denotes that ,n st t and tt  are set to zero when the adhesive is under compression 

as compressive stressed are assumed not to cause damage.  
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In the  equation max  and max denotes the maximum stresses in the opening direction (mode 

I), sliding direction (mode II) and tearing direction (mode III) of the contact. As the adhesive 

is an isotropic material the value of max  and max  are assume same according to Kabir et al. 

[9]. 

When the damage initiation condition is reached, the degradation of the material stiffness starts 

and the evolution of damage begins. The phenomenon of damage evolution has been modelled 

based on linearizing energy softening mechanism in ABAQUS in which Benzeggah-Kenance 

fracture energy based mixed mode law was applied (Equation 5) [37]. 
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where, IG  and IIG  denote the maximum fracture energies in normal and shear directions, 

which cause the failures in normal and shear directions respectively, whereas nG , sG  and tG  

denote the corresponding work done. Values for IG  and IIG  are obtained from  Alam et al  

[27]. The adhesive properties are given in Table 1. 

Table 1: Material properties of adhesive 

Parameter Value 

aE  2.86 GPa 

max  46 MPa 

nnk  132.8 10  N/m3 

ss ttk k=  131.4 10  N/m3 

IG  1000 N/m 

IIG  1250 N/m 

 



 

 

2.2.2.3 CFRP 

Lamina elastic material was used to model the CFRP composite, whilst the composite damage 

in the simulation was taken as failure criteria in Hashin [38,39]. This model was adopted as it 

has the capability of accurately predicting the elastic-brittle damage related to CFRP [40]. Four 

alternative failure modes of CFRP were considered in this model, listed as: i. t

fF  – rupture of 

fibre in tension, ii. c

fF  – buckling of fibre in compression, iii. t

mF  – transverse shearing and 

tension matrix cracking, iv. c

mF  – transverse shearing and compression matrix cracking. The 

following equation was adopted for the model whereby values of one or higher represent the 

initiation of damage for that singular failure mode. 
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                                                                           (6) 

where, C, T and S represent compressive, tensile and shear strength respectively, while 

longitudinal and transverse directions are represented by subscripts L and T. Additionally, the 

contribution of shear stress (taken as 1.0) is denoted by ‘ ’ whilst stress tensor components 

are represented by 11 22,   and 12  respectively. Once damage initiation and evolution have 

occurred for at least one mode, the damage operator becomes significant in the criteria for 

damage initiation of other modes [22]. An output variable is associated with each initiation 

criterion (fiber tension, fiber compression, matrix tension, matrix compression) to indicate 



 

 

whether the criterion has been met. A value of 1.0 or higher indicates that the initiation criterion 

has been met [22]. Moreover, when the amount of energy dissipated equals the energy for 

critical fracture of a given failure mode, the damage criteria are achieved and initiate the 

damage evolution. Therefore for each failure mode in the FE model, critical fracture energies 

need to be given. 

The elastic modulus (EIC) and average tensile strength (TL) are taken from the available 

experimental study [9,21]. Moreover, the fracture energies for individual failure criterion were 

taken from Faggiani et al. [41] and given in Table 2. Fracture energy is denoted by G while 

subscripts m, f, c and t denote the matrix, fibre, compression and tension respectively. The 

variation of the compressive strength (CL) of common CFRP types is 9-60% of its 

corresponding tensile strength [42,43]. Therefore, the longitudinal compressive strength of the 

CFRP was taken as 20% of the tensile strength while the transverse tensile/compressive and 

longitudinal/transverse shear strengths were assumed as 10% of the tensile strength according 

to Imran et al. [28]. Various research has indicated that this assumption falls within an accurate 

range [40,41]. Poison's ratio of 0.33 was adopted for the CFRP. Figure 5 shows the details of 

FE modelling. 

 

Figure 5: Details of FE modelling 

 



 

 

Table 2: Material properties of CFRP 

Parameter Value 

1CE  75 GPa 

2CE  25 MPa 

LT  987 MPa 

ftG  91,600 N/m 

fcG  79,900 N/m 

mcG  1100 N/m 

mtG  220 N/m 

 

2.2.3 Validation 

The FE simulated moment versus rotational hysteresis, moment versus rotational backbone and 

secant stiffness versus rotational results were compared with the available experimental results 

[21] to confirm the validation of the FE models of CFRP strengthened steel members. Figure 

6 and Figure 7 show a good agreement of moment versus rotational hysteresis and moment 

versus rotational backbone curves respectively between experimental and FE simulated results 

although a small deviation from the experiments were observed in the reloading area due to 

lack of information about the flexibility in this region.The overall maximum moment capacity 

of FE models for the CFRP strengthened steel member was 16.8 kN.m which was only 1.75% 

lower than the experimental overall maximum moment capacity of 17.1 kN.m. Moreover, the 

well-matched secant stiffness versus rotation curves in Figure 8 confirms the accuracy of the 

present FE model of the CFRP strengthened steel member. 



 

 

 

Figure 6: Experimental and FE model hysteresis curves of the CFRP strengthened steel 

member (SB-C-1). 

 

Figure 7: Experimental and FE model moment versus rotational backbone curves of the 

CFRP strengthened steel members (SB-C-1). 
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Figure 8: Experimental and FE model secant stiffness versus rotational curves  of the CFRP 

strengthened steel member (SB-C-1) 

3. Cyclic Simulation of CFRP strengthened RHS 

Behaviour of CFRP strengthened RHS members under cyclic loading has not yet been 

investigated and hence there are no experimental data on CFRP strengthened RHS subjected 

to cyclic loading. This paper therefore simulates the behaviour of CFRP strengthened RHS 

members under cyclic loading using the developed FE model based on validated FE models of 

bare RHS and CFRP strengthened steel members.  First, the FE model of bare RHS members 

of 1537 mm length was developed using the same steel properties and (validated) modelling 

techniques described in section 2.1. Then, the bare RHSs were strengthened with CFRP using 

the same CFRP and adhesive material properties and validated CFRP strengthening techniques 

described in the previous section 2.2. Finally,  the cyclic analysis is conducted on CFRP 

strengthened RHS members to simulate the behaviour of CFRP strengthened RHS members 

under cyclic loading by following the validated cyclic simulation process to ensure accurate 

numerical simulation. Figure 9 shows the details of the FE model of CFRP strengthened RHS 

member. 
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Figure 9: Details of FE model of CFRP strengthened RHS member 

4. Parametric Study on CFRP strengthened RHS   

The numerical study on the behaviour of CFRP strengthened RHS members under cyclic 

loading has been conducted by utilizing the validated FE models. A detailed parametric study 

is carried out to evaluate the effects of section thickness, the bond length of CFRP, the number 

of CFRP layers, wrapping orientation of CFRP and modulus of CFRP on the structural 

performance of the modelled members under cyclic loading. The behaviours of the CFRP 

strengthened RHS members are investigated in regards to moment-rotation hysteresis 

behaviour, secant stiffness and energy dissipation capabilities. 

4.1 Effects of the thickness of RHS 

Three RHS members are considered with constant cross-sectional width and height but with 

different wall thicknesses of 4.8 mm, 7.9 mm and 9.5 mm (203×152×4.8 (mm), 203×152×7.9 

(mm) and 203×152×9.5 (mm) respectively) to evaluate the effect of RHS thickness. All these 

RHSs were strengthened with three layers of CFRP and 300 mm bond length from the fixed 



 

 

end. Moment-rotation hysteresis and moment-rotation backbone curves of bare and CFRP 

strengthened RHS members were developed to assess the bending behaviour and the cyclic 

hysteresis responses of the bare and CFRP strengthened RHS members. Comparisons of the 

moment-rotation hysteresis curves for the bare and CFRP strengthened RHS members are 

shown in Figure 10(a), Figure 10(b) and Figure 10(c) for the 203×152×9.5 (mm), 203×152×7.9 

(mm) and 203×152×4.8 (mm) respectively. Overall, both of the bare and CFRP strengthened 

RHS members exhibited the appropriate inelastic behaviour by displaying the full hysteretic 

loops. Moreover, the moment versus rotation backbone curves of the bare and CFRP 

strengthened RHS members for the 203×152×9.5 (mm), 203×152×7.9 (mm) and 203×152×4.8 

(mm) are shown in Figure 11. It is clear from these Figures that both the bare and CFRP 

strengthened RHS members display a good symmetry in both positive and negative cycles 

which ensure stable responses for both rotations. In addition, it can be seen that strengthening 

of RHS by CFRP is very effective as a good enhancement of moment capacity has been found 

for CFRP strengthened RHS members compared to the bare RHS members. CFRP 

strengthened 203×152×9.5 (mm), 203×152×7.9 (mm) and 203×152×4.8 (mm) members 

showed higher moment capacities of  217 kN.m,  188.25 kN.m and 115.07 kN.m respectively, 

compared to the moment capacities of 197.76 kN.m, 165.14 kN.m and 97.16 kN.m shown by 

the bare 203×152×9.5 (mm), 203×152×7.9 (mm) and 203×152×4.8 (mm) members 

respectively. Hence, as a result of the CFRP strengthening, the moment capacities have been 

enhanced by 9.72%, 14% and 18.44% for the RHS members with 9.5 mm, 7.9 mm and 4.8 mm 

section thickness respectively. In addition, it can be concluded from the moment versus 

rotational hysteresis and moment versus rotational backbone curves that the CFRP 

strengthened RHS members have exhibited a better moment degradation behaviour than the 

bare RHS members for all sections. Moreover, the effectiveness of CFRP to enhance the cyclic 



 

 

behaviour of RHS members is increasing with the decreasing the thickness of RHS as the ratio 

of CFRP thickness to RHS thickness is increased. 

Figure 12 shows the comparison of the secant stiffness-rotation curves for the bare and CFRP 

strengthened RHS members with different wall thicknesses. It is evident that the strengthening 

of RHS by CFRP is also effective in terms of secant stiffness as a reasonably good enhancement 

of secant stiffness is shown by the strengthened RHS members under cyclic loading. Overall, 

both bare and CFRP strengthened RHS members exhibit a decreasing order of secant stiffness 

with increasing rotation. At the ultimate capacity rotational level (as in Figures 11), the CFRP 

strengthened 203×152×9.5 (mm), 203×152×7.9 (mm) and 203×152×4.8 (mm) members 

showed the higher secant stiffness of 1717 kN/m, 1477 kN/m and 1746 kN/m respectively 

(Figure 12), whereas the bare 203×152×9.5 (mm), 203×152×7.9 (mm) and 203×152×4.8 (mm) 

members showed a lower secant stiffness of 1546 kN/m, 1150 kN/m and 1209 kN/m 

respectively (as seen from the same Figures). Hence, as a result of the CFRP strengthening, the 

secant stiffness has been enhanced by 11.05%, 28.44% and 44.42% for the RHS members with 

9.5 mm, 7.9 mm and 4.8 mm section thickness respectively.  Moreover, the CFRP strengthened 

RHS members showed a lower secant stiffness degradation compared to the bare RHS 

members, although both of them exhibited quite the same trend of the degradation of secant 

stiffness. At the maximum rotational level, the CFRP strengthened RHS members with the wall 

thickness of 9.5 mm, 7.9 mm and 4.8 mm, the secant stiffness was reduced from their maximum 

values by 63.86%, 64.79% and 82.83% respectively , while for the bare RHS members they 

were 66.45%, 71.71% and 85.9% respectively. 

The energy dissipation versus rotation curves of the bare and CFRP strengthened RHS 

members for the 203×152×9.5 (mm), 203×152×7.9 (mm) and 203×152×4.8 (mm) are shown 

in Figure 13. The energy dissipation capacity in a cycle is obtained by calculating the enclosed 

area of the particular hysteresis loops of that cycle.  Then,  the accumulative energy dissipation 



 

 

of all cycles at that particular rotational level is shown in Figure 13. In general, the ability to 

dissipate energy by both bare and the CFRP strengthened RHS members can be confirmed as 

they are capable of generating the full hysteresis curves. Before yielding i.e. up to the small 

rotational level of 0.015 rad., the energy dissipation capacity of both bare and the CFRP 

strengthened RHS members remained very small as the members behaved essentially elastic. 

For the largest wall thickness of 9.5 mm of the RHS member, the bare specimen had sufficient 

stiffness at the end of the present rotation and this explains why there was no contribution from 

the CFRP stiffness to increase the energy dissipation capacity. Hence, the energy dissipation 

capacities were almost the same at the maximum rotational level for both the bare and CFRP 

strengthened RHS with 9.5 mm wall thickness, while for the RHS members with the smaller 

wall thickness of 7.9 mm and 4.8 mm,  strengthened members showed 27.6% and 21.4% higher 

energy dissipation capacities than the bare members.  
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Figure 10: Moment-rotational hysteresis curves of the bare and CFRP strengthened RHS 

members for (a) 203×152×9.5 and (b) 203×152×7.9 and (c) 203×152×4.8. 
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Figure 11: Moment-rotational backbone curves of bare and CFRP strengthened RHS 

members with different wall thicknesses 

Figure 12: Secant stiffness-rotational curves of the bare and CFRP strengthened RHS 

members with different wall thicknesses.  
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Figure 13: Energy dissipation-rotational curves of bare and CFRP strengthened RHS 

members with different wall thicknesses. 

4.2 Effects of bond length of CFRP    

The effect of CFRP bond length on the behaviour of CFRP strengthened RHS members under 

cyclic loading was investigated by varying the wrapping length of the CFRP. This information 

is very important in the CFRP strengthening technique in order to minimize the civil 

engineering project cost. The main aim here is to ascertain the most cost-effective bond length 

but the strengthened RHS should be structurally sound. 203×152×4.8 (mm) was considered to 

determine the effect of CFRP bond length.  RHS members wrapped with different bond lengths 

of 150 mm, 250 mm, 300 mm and 350 mm of CFRP were considered. Moment-rotation 

backbone curves, maximum moment capacities, secant stiffness-rotation curves and the energy 

dissipations of CFRP strengthened RHS members with different bond lengths of CFRP are 

compared in Figure 14, Figure 15, Figure 16 and Figure 17 respectively.  
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From Figure 14-Figure 17, it can be seen that there are small but steady improvement of 

different response characteristics (maximum moment capacity, moment degradation, secant 

stiffness and energy dissipation) when the bond length is increased from 150-250 mm. When 

the bond length is increased from 250-300 mm there is a greater enhancement in all these 

response parameters. However, very little or no change in these response parameters is 

observed after increase in  bond length beyond 300 mm. Maximum moment capacities of CFRP 

strengthened RHS members with 150 mm, 250 mm, 300 mm and 350 mm CFRP bond lengths  

improved by 5.63%, 11.92%, 18.44% and 20.51% respectively compared to those of bare RHS 

member. CFRP strengthened RHS members with 300 mm and 350 mm CFRP bond lengths 

show almost the same moment degradation behaviour and better than that of CFRP 

strengthened RHS members with 150 mm and 250 mm CFRP bond lengths. Moreover, at the 

end rotation, CFRP strengthened RHS members with 150 mm, 250 mm, 300 mm and 350 mm 

bond lengths show improvements in secant stiffness of 18.81%, 25.84%, 41.10% and 47.14% 

respectively, and enhanced energy dissipation capacities of 4.94%, 12.67%, 17.82% and 

18.78% respectively compared to bare RHS member. 

The failure modes of CFRP strengthened RHS members with the different CFRP bond lengths 

are shown in Figure 18. In the CFRP strengthened RHS members with bond length of 150 mm, 

250 mm and 300 mm, local buckling has shifted from the support end to the steel beyond the 

CFRP wrapped area, while the local buckling occurs at the support end for the CFRP 

strengthened RHS member with 350 mm bond length and further shifting of local buckling will 

not be possible beyond 300 mm bond length of CFRP. Hence, there will either be no 

improvements in the response characteristics or they will be insignificant when the bond length 

is increased beyond 300 mm as also confirmed in previous studies which indicated that after a 

certain bond length of CFRP, the response characteristics are almost stabilized [9,27]. Hence, 



 

 

it can be confirmed that the strengthening of RHS members with 300 mm bond length of CFRP 

is most effective.    

 

Figure 14: Moment-rotational backbone curves of CFRP strengthened RHS members with 

different bond lengths of CFRP 

 

Figure 15: Maximum moment capacities of CFRP strengthened RHS members with different 

bond lengths of CFRP 
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Figure 16: Secant stiffness-rotational curves of CFRP strengthened RHS members with 

different bond lengths of CFRP 

 

Figure 17: Energy dissipation-rotational curves of  CFRP strengthened RHS members with 

different bond lengths of CFRP 
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     (a)                                                                            (b) 

   

      (c)                                                                         (d) 

Figure 18: Failure modes of CFRP strengthened RHS members with bond lengths of (a) 150 

mm (b) 250 mm (c) 300 mm and (d) 350 mm. 

 

4.3 Effects of the number of layers of CFRP   

It has been confirmed that strengthening  RHS members with 300 mm bond length of CFRP is 

effective in enhancing its cyclic response by improving the moment-rotation hysteresis 

behaviour, secant stiffness and energy dissipation capacity compared to others bond lengths. 

Hence, only the strengthening of RHS members with 300 mm bond length will be considered 

for investigating the effect of the number of layers of CFRP and the other parameters. The 

number of CFRP layers was varied from 1 to 4 layers to investigate its effect. Moment-rotation 

backbone curves, maximum moment capacities, secant stiffness–rotation curves and the energy 



 

 

dissipation of RHS members strengthened with number of CFRP layers from 1 to 4 are shown 

in Figure 19, Figure 20, Figure 21 and Figure 22. 

These figures show that the different characteristics (maximum moment capacity, moment 

degradation, secant stiffness and energy dissipation) of CFRP strengthened RHS members 

improved with an increase in number of CFRP layers number from 1 layer to 4 layers and reach 

maximum values with 4 layers of CFRP. In addition, when the number of CFRP players are 

increased from 1 to 3, it is seen that the relative increments of the different characteristics are 

significant. But, when the number of CFRP layers is increased from 3 to 4, there are either no 

changes or the changes in these characteristics are insignificant. 

Failure modes of CFRP strengthened RHS members with the different number of layers of 

CFRP are shown in Figure 23. Local buckling in the strengthened RHS members with 1 and 2 

layers of CFRP can be observed to be close to the support end, while it has shifted from the 

support to the steel beyond the CFRP wrapped area when there are 3 or 4 layers of CFRP. 

Hence, 1 and 2 layers of CFRP are inadequate to provide sufficient stiffness in the support end 

to shift the local buckling away from the support, while 3 layers CFRP provide sufficient 

stiffness to shift the region of local buckling away from the support end. Further increase 

(beyond 3) in the number of CFRP layers showed either very little or no improvement in the 

different characteristics.This feature was also captured in previous experimental and numerical 

studies [12]. Hence, it can be confirmed that the increase in the number of layers of CFRP 

enhances the cyclic behaviour of CFRP strengthened RHS members. In addition, strengthening 

of RHS member with 3 layers of CFRP is most effective and is adequate to provide sufficient 

stiffness to shift the local buckling away from the support end. This parametric study will be 

very helpful for determining the most cost-effective number of layers of CFRP to obtain a 

reasonable increase in the cyclic behaviour of RHS. 



 

 

 

Figure 19: Moment-rotational backbone curves for CFRP strengthened RHS members with 

different number of layers of CFRP 

 

Figure 20: Maximum moment capacities of CFRP strengthened RHS members with different 

number of layers of CFRP 

 

-150

-100

-50

0

50

100

150

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

M
o

m
en

t 
(K

N
.m

)

Rotation (radians)

1 Layer CFRP

2 Layers CFRP

3 Layers CFRP

4 Layers CFRP

60

70

80

90

100

110

120

0 1 2 3 4

M
ax

im
u
m

 M
o

m
o

en
t 

(k
N

.m
)

No of layers of CFRP



 

 

 

Figure 21: Secant stiffness-rotational curves for CFRP strengthened RHS members with 

different number of CFRP layers. 

 

Figure 22: Energy dissipation-rotational curves of  CFRP strengthened RHS members with 

different number of layers of CFRP 
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     (a)                                                                            (b) 

    

      (c)                                                                         (d) 

Figure 23: Failure modes of  CFRP strengthened RHS members with (a) 1 layer of CFRP (b) 

2 layers of CFRP (c) 3 layers of CFRP and (d) 4 layers of CFRP. 

4.4 Effects of the orientation of CFRP layers    

The Fiber direction of CFRP composites can play an important role in improving the structural 

capacity. Three more different CFRP orientations HHL, LLL and LLH along with previous 

orientation LHL were considered in the wrapping modelling to evaluate the effects of FRP 

wrapping direction. RHS members strengthened with 300 mm bond length of CFRP and 3 with 

layers of CFRP were considered as these optimal values were established in the previous 

sections. Moment-rotation hysteresis behaviour, secant stiffness and energy dissipation 

capabilities under cyclic loading of the CFRP strengthened RHS members with different layer 

orientations of CFRP are shown in  Figure 24, Figure 25 and Figure 26 respectively. 



 

 

These figures show that overall the RHS member strengthened with CFRP layers having HHL 

orientation performs slightly better than the RHS members strengthened with CFRP layers with 

LLL orientation in terms of moment-rotation hysteresis behaviour, secant stiffness and energy 

dissipation capabilities.  In addition, the strengthened RHS members with CFRP layers having 

LHL and LLH orientations show slightly better performance compared to that with CFRP 

layers having HHL orientation. CFRP layers having LHL and LLH orientations have very 

similar effects on the strengthened RHS members in terms of all three response characteristics. 

Hence, both  LHL and LLH orientation of CFRP layers can be used for cyclic strengthening of 

the RHS members from a structural application point of view. However from a theoretical 

perspective, the outer hoop (H) layer is weaker than the outer longitudinal (L) layer and as a 

result, the outer hoop layer will elongate more compared to the outer longitudinal layer. Hence, 

more moisture penetration might be allowed by the outer hoop layer specifically in wet 

environments. Therefore, in the present study, strengthening of the RHS members with the 

LHL CFRP layer orientation is proposed which was also recommended in a previous study on 

bending of CFRP strengthened steel beams [9]. 

 

-150

-100

-50

0

50

100

150

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

M
o

m
en

t 
(K

N
.m

)

Rotation (radians)

HHL

LLL

LHL

LLH



 

 

Figure 24: Moment-rotational backbone curves of  CFRP strengthened RHS members with 

different CFRP layers orientation 

 

Figure 25: Secant stiffness-rotational curves of  CFRP strengthened RHS members with 

different CFRP layers orientation 

 

Figure 26: Energy dissipation-rotational curves of  CFRP strengthened RHS members with 

different CFRP layers orientation 
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4.5 Effects of modulus of CFRP 

To evaluate the effects of the modulus of CFRP on the cyclic response of CFRP strengthened 

RHS members under cyclic loading, RHS steel members strengthened with a normal modulus 

(NM) CFRP and a higher modulus (HM) CFRP along with the 300 mm bond length, 3 layers 

of CFRP and LHL layers orientation of CFRP are considered. The normal modulus (NM) 

CFRP used in previous sections is considered as the NM CFRP and the high modulus (HM) 

unidirectional Mbrace-CF530 CFRP, supplied by BASF chemicals, Australia, is considered as 

the HM CFRP. The elastic modulus, tensile strength, density and thickness of HM CFRP are 

640 GPa, 2650 MPa, 2100 kg/m3 and 0.19 mm respectively as obtained from a previous study 

[44]. The equivalent properties of HM CFRP composite based on a previous study [45] have 

been calculated and used in the present study. The calculated equivalent modulus of elasticity 

and tensile strength are 205 GPa and 871 MPa. The longitudinal compressive strength (20% of 

tensile strength), transverse tensile/compressive (10% of tensile strength) and 

longitudinal/transverse shear strengths (10% of tensile strength) are calculated according to 

Imran et al. [28]. Moreover, the values of fracture energies, 91600 N/m, 79900 N/m, 1 N/m 

and 1 N/m for ftG , fcG , mcG  and mtG  respectively, are obtained from [29] where the used 

CFRPs modulus of elasticity (205 GPa) was same as present equivalent modulus of elasticity. 

The FE simulated cyclic responses of the CFRP strengthened RHS members with NM and HM 

CFRP in terms of moment-rotation hysteresis behaviour, secant stiffness and energy dissipation 

capabilities are presented in Figure 27, Figure 28 and Figure 29 respectively. At the initial level 

of rotation, the secant stiffness of the HM CFRP strengthened RHS member was slightly higher 

than the NM CFRP strengthened RHS member which may due to the high stiffness 

characteristics of  HM CFRP. Apart from this, effects of the modulus of CFRP  are negligible 

as no notable variation of moment capacity, secant stiffness and energy dissipation are found 

between the NM and HM CFRP strengthened RHS members. From the failure modes of CFRP 



 

 

strengthened RHS with NM and HM CFRP shown in Figure 30, it can be noticed that NM 

CFRP is adequate to provide sufficient stiffness in the support end to shift the local buckling 

away from the support end and local buckling occurred in the steel section. Hence, further use 

of higher stiffness CFRP to provide more stiffness in the support end will not have any 

advantage as stiffness provided by NM CFRP is adequate. As a result, negligible variation of 

the structural performances is found between the NM and HM CFRP strengthened RHS 

members. 
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Figure 27: Moment-rotational backbone curves of CFRP strengthened RHS members with 

the two different moduli of CFRP

 

Figure 28: Secant stiffness-rotational curves of CFRP strengthened RHS members with the 

two different moduli of CFRP 

 

Figure 29: Energy Dissipation-rotational curves of CFRP strengthened RHS members with 

two different moduli of CFRP 
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      (a)                                                                         (b) 

Figure 30: Failure modes of  CFRP strengthened RHS members with (a) NM CFRP (b) HM 

CFRP. 

5. Conclusions 

This study presents the numerical simulation and analysis of CFRP strengthened RHS steel 

members subjected to cyclic loading through Finite element (FE) analysis. Initially, the FE 

modelling techniques were validated by comparing the present results with those from 

available experiments.  Results from the present study implied that CFRP strengthening is able 

to enhance the cyclic performance of RHS steel members. A detailed parametric study was also 

performed to evaluate the effects of section thickness, the bond length of CFRP, the number of 

CFRP layers, wrapping orientation of CFRP and modulus of CFRP on the structural 

performance of the modelled members under cyclic loading. The major observations of this 

research can be captured as follows: 

1. The developed FE modelling technique can effectively predict the behaviour of CFRP 

strengthened RHS members subjected to cyclic loading. CFRP strengthened RHS steel 

members show better structural performance in which the moment-rotation hysteresis 

behaviour, secant stiffness and energy dissipating capacity are improved compared those of 

bare steel RHS members and confirmed the effectiveness of the CFRP strengthening technique. 



 

 

2. Effectiveness of CFRP to improve the moment-rotation hysteresis behaviour, secant stiffness 

and energy dissipating capacity of RHS members under cyclic loading increases with the 

decrease in the thickness of the RHS as the ratio of CFRP thickness to RHS thickness is 

increased.  

3. The moment-rotation hysteresis behaviour, secant stiffness and energy dissipating capacity 

of CFRP strengthened RHS members enhances with the increase of the bond length of CFRP 

up to 300 mm. However, either very little or no change is observed when the bond length is 

increased beyond 300 mm. 

4. Strengthening the RHS with 3 layers of CFRP is most effective as the CFRP strengthened 

RHS members show very little or no improvement in moment-rotation hysteresis behaviour, 

secant stiffness and energy dissipating capacity beyond 3 layers of CFRP. 

5. Both LHL and LLH CFRP layer orientations can be used for cyclic strengthening of the RHS 

members, but LHL CFRP layer orientation has been recommended due to its theoretical 

advantage in wet environment. 

6. The effects of the modulus of CFRP  is negligible and no notable variation in cyclic 

performance was observed between the NM and HM CFRP strengthened RHS members as the 

NM CFRP is adequate to provide the sufficient stiffness. 
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