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ABSTRACT 

Tubular hollow members, though used in many civil and mechanical applications, are highly 

vulnerable structural elements when subjected to cyclic loading. They have been used 

extensively in both onshore and offshore civil infrastructure where cyclic loading can result 

from earthquake, waves, currents and wind. Thus, tubular hollow steel members may be 

required to undergo strengthening to withstand both static and cyclic loads. In the present study 

externally-bonded carbon fibre reinforced polymer (CFRP) has been used to strengthen the 

circular hollow section (CHS) steel specimens. A series of experiments on bare and CFRP 

strengthened CHS steel specimens subjected to monotonic and cyclic loading at the tip has 

been conducted to investigate the effect of CFRP strengthening technique on the structural 

behaviour of strengthened members under monotonic and cyclic loading. The results showed 

that the CFRP strengthening is effective to enhance the cyclic performance of CHS steel 

members by improving the moment capacity, moment degradation behaviour, secant stiffness, 
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energy dissipation capacity and ductility compared to bare steel CHS members. In addition, 

the moment capacity of CHSs has been improved under monotonic loading due to the CFRP 

strengthening as well. Moreover, the impact of adhesive types on the structural response of the 

strengthened specimens was also investigated. This information will be helpful in the 

strengthening of CHSs for their intended applications. 
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1. Introduction 

Tubular hollow members become very popular in civil infrastructure and used broadly in the 

steel frame and truss industries for both architectural and structural purposes. This popularity 

can be ascribed to the advantages affiliated with tubular hollow members compared to the other 

open members, including in compression, bending and torsion in all directions, higher 

corrosion resistance capability as no sharp edges, fire protection ability by pouring water within 

the tube and aesthetics [1]. Earthquake is very destructive natural disasters which have caused 

massive destruction of property and human casualties. Earthquakes have been the reason for 

1.87 million deaths in the 20th century. During 1990-2010, an average of 2052 fatalities per 

earthquake has been occurred [2]. Steel frames and trusses have been extensively constructed 

in seismic regions and CHSs are one of the major element of those structures. In halls and 

buildings, CHSs are mostly used for columns, roofs space frames or lattice girders. Nowadays, 

CHSs are also used in facades for structural and architectural reasons [1]. But nowadays the 

fracture failures of the structural elements due to cyclic loads in the structure during earthquake 

excitations have become a major concerned [3,4]. Earthquake not only causes extensive 

destruction of onshore structures but also cause extensive destruction of offshore structures as 



 

 

 

well. Jacket type steel structures are one of the most common offshore structures and are 

constructed by welding of tubular members in the form of a space frame. The purpose of those 

structures is to support platforms for gas and oil production. Offshore structures are subjected 

to cyclic loads not only from the earthquake but also from currents, waves and wind [4]. 

Moreover, a huge number of steel structures can be found structurally deficient due to service 

loads increment, errors in design, effect of severe environments or loss of material properties. 

To address this phenomenon strengthening or rehabilitation of tubular structural sections to 

sustain large cyclic loads in seismic regions has received much attention by researcher 

nowadays. However, the study of the behaviour of tubular structural sections is more limited, 

especially under cyclic loading. 

Traditionally, welding of additional steel plates is the most common method to rehabilitate and 

repair the steel structure. As a result of this method with the addition of extra weight to the 

structure, the stress distribution can be affected due to the heat involved during the welding 

process also; which can be critical for structures such as steel bridges that are exposed to fatigue 

loads. Moreover, welding of steel plates would be susceptible to corrosion damage. For this 

method, heavy machinery and the use of scaffolding are required as well as service 

interruptions over long periods [4]. On the other hand, strengthening and rehabilitation methods 

by using carbon fiber reinforced polymer (CFRP) composites can overcome these drawbacks 

and have many other advantages over steel plates such as superior strength-weight ratio and 

high tensile strength [5], corrosion resistive [6], cost-effective as it requires less labor and 

preparation , easy applicability within limited access, higher flexibility and can form any 

required shape [7,8]. Past research has shown the effectiveness of the CFRP strengthening 

technique to increase the load carrying capacity [9], impact resistance capacity [10] and tip 

displacement reduction capacity of steel structures [11]. In addition, it has been found that there 

has been a delay in the local buckling [12,13] and improvement of the energy absorption 



 

 

 

capacity of the steel members after being strengthening by CFRP reinforcement [14]. Another 

important advantage of CFRP strengthening technique is fatigue strengthening of steel joints 

[15–17]. With these in mind, a comprehensive experimental study has been performed with the 

aim to upgrade the structural performances of cantilever CHS members under monotonic and 

cyclic loading, which will be useful for rehabilitating members of high-risk structures in 

seismic regions by CFRP strengthening.  

Although there are some studies reported on the bending behaviour of externally bonded CFRP 

reinforced steel hollow sections including CHS steel members [18–22], the cyclic responses of 

CFRP strengthened CHS steel members, as well as the bending behaviour of CFRP 

strengthened cantilever CHS steel members have not been studied yet. Hence, there is a lack 

of understanding about the effectiveness of CFRP wrapping of cantilever CHS steel members 

subjected to cyclic loading as well as subjected to monotonic loading. In the present 

experimental program, the performance of CFRP strengthened CHS steel members under 

cyclic loading as well as under monotonic loading are investigated by applying the loading at 

the tip of the structural member through a hydraulic actuator. Six specimens of CHS steel 

members of similar diameter, length, and wall thickness were prepared and CFRP was applied 

using two different types of adhesives (to evaluate the effects of this parameters) to strengthen 

the CHS members. Moment vs displacement graphs for the bare and strengthened CHS 

members under monotonic loading are first compared followed.  This was followed by 

continued cycling effects to evaluate the behaviour of the bare and strengthened CHS members 

with respect to the moment capacity, moment degradation, secant stiffness, energy dissipation, 

ductility, the occurrence of local buckling and propagation of yielding along the length of the 

section. 



 

 

 

2. Experimental Program 

2.1 Materials 

There are four materials that have been used in the proposed CFRP strengthening scheme, 

including steel tubes, normal modulus CFRP MBrace Fib 300/50 CFS sheet, Mbrace saturant 

of two-part epoxy resin and Araldite K630 of two-part epoxy resin. The CHS steel specimens 

were manufactured as Grade C250L conforming to AS/NZS 1163:2009 [23] and provided by 

OneSteel Limited (Brisbane, Australia). The modulus of elasticity, yield stress and ultimate 

strength of steel tube were found to be 190 GPa, 320 MPa and 367 MPa respectively according 

to AS1391:2007  [19].  CFRP composite sheet was used in this study to strengthen tubular 

members using epoxy adhesive. The CFRP material was a unidirectional MBrace Fib 300/50 

CFS sheet and commonly known as a high-tensile-strength material. The experimental 

thickness of CFRP was measured in three different locations of the specimen using digital 

Vernier calipers. The average thickness of one layer CFRP laminate was 0.60 mm. Based on 

availability and the usage of adhesives in the Australian environment, two commonly available 

adhesives have been tested which are Mbrace saturant two-part epoxy-based resin and Araldite 

K630 two-part epoxy-based resin to find out the effect of adhesive types in the strengthening 

process. Among them, Araldite K630 has the high elastic modulus but less tensile strength. 

The measured material properties of CFRP and both types of adhesive were obtained from the 

previous studies done by one of the authors [25,26] according to ASTM D3039 [27]. The 

modulus of elasticity and tensile strength of CFRP, Mbrace saturant and Araldite K630 were 

75 GPa and 987 MPa, 2.86 GPa and 46 MPa and 6.5 GPa and 33 MPa respectively. 

2.2 Experimental Specimens and Strengthening Schemes 

 A total of six CHS specimens were prepared to test under monotonic and cyclic loading during 

this study. Two of them are bare beams which were kept as control specimens. The 



 

 

 

strengthened beams are classified based on types of adhesive. There are three parts in the 

specimen label: in the first part, BB denotes bare beam members and SB denotes the CFRP 

strengthened steel beam members. In the second part, M represents the testing under monotonic 

loading and C represents the testing under cyclic loading. In the last part, 1 represents the first 

type of adhesive Mbrace saturant and 2 represents the second type of adhesive Araldite K630 

respectively. The details of the specimens and the experimental matrix are given in Table 1. 

Table 1: Details of Experimental Specimens 

Specimen identifier Specimen types Loading condition Adhesive types 

BB-M Bare Beam Monotonic - 

SB-M-1 Strengthened Beam Monotonic Mbrace saturant 

SB-M-2 Strengthened Beam Monotonic Araldite K630 

BB-C Bare Beam Cyclic - 

SB-C-1 Strengthened Beam Cyclic Mbrace saturant 

SB-C-2 Strengthened Beam Cyclic Araldite K630 

 

All the CHS steel members with the outer diameter and wall thickness of 101.6 mm and 4 mm 

respectively were fabricated in lengths of 1,300 mm from 6,500 mm cold-formed steel pipes. 

Strengthened beams are wrapped with same 900 mm bond length of CFRP and with same 

CFRP fibre LHL orientation. LHL means that in the first layer CFRP fibres are in the 

longitudinal direction, in the second layer CFRP fibres are in hoop direction and in the third 

layer CFRP fibres are in the longitudinal direction again. The CFRP fibre orientation of LHL 

was chosen as it was shown better performance than others in a previous study [25]. Figure 1 

demonstrates the schematic diagram of the strengthening scheme. 



 

 

 

 

Figure 1: Schematic diagram of strengthening scheme 

2.3 Specimen Preparation and Strengthening Process 

Strengthening the CHS steel members by using externally bonded CFRP is the first stage in 

the specimen preparation. Initially, an appropriate surface preparation method is required to 

remove the impurities from the steel surface and ascertain the proper bonding between the steel 

outer surface and CFRP. Sandblasting or grit blasting methods are found as highly appropriate 

methods of surface preparation in previous studies [28]. The sandblasting method was hence 

chosen as surface preparation to prepare the steel outer surface of the CHS specimens. 

Sandblasting was performed by using the garnet abrasive system with an average grit size of 

0.425 mm [25]. The outer surface of the sandblasted specimen was cleaned with acetone to 

remove the dust particles and week layers from the surface. In recent studies, the same method 

of surface preparation was used to ascertain the proper bonding between the steel surface and 

CFRP sheet [29,30]. Then both parts A and part B of epoxy adhesive were mixed with a ratio 

of 1:3 properly and applied during its pot life on the surface of primer treated CHS steel 

specimens. The dry CFRP was trimmed previously based on required sizes and fiber 

orientations of LHL. The CFRP sheet for 1st layer was applied on the adhesive treated steel 

surface. The applied CFRP sheets were rib rolled with an appropriate rib roller after 

immediately applying the CFRP along the fiber direction to get a uniform CFRP/epoxy 

composite surface and remove any entrapped bubbles. The rib rolling was continued until there 

was bleeding of adhesive through the CFRP fabrics to get a completely saturated CFRP fabric 

which will form a CFRP/epoxy composite plate after curing. The rest of two layers of CFRP 



 

 

 

strengthening process were conducted by using the same procedure as the 1st layer. The whole 

strengthening process was performed on the wet surface of the previously applied layer to 

provide a single CFRP/epoxy composite laminate after the curing process. To get a good 

quality bonded and uniform thickness CFRP/epoxy laminate along the length of the wrapped 

specimen, the CFRP strengthened area was wrapped by masking tape after finishing the 

strengthening process as shown in Figure 2(b). The masking tape was removed after 24 hours 

of curing and all the strengthened CHS specimens were cured again under the ambient 

temperature for at least two weeks to ensure that full maturity has been achieved. The sample 

of bare and CFRP strengthened specimens are shown in Figure 3. 

 

(a) 

 

(b) 

Figure 2: Details of specimen preparation: (a) sandblasted specimen; (b) Application of 

masking tape 



 

 

 

 

Figure 3: The sample of bare and CFRP strengthened specimens 

2.4 Experimental Setup and Loading Protocol     

The experimental setup to investigate the behaviour of the CHS members under monotonic and 

cyclic loading are shown in Figure 4 and Figure 5. The CHS beam member was cantilevered 

horizontally from the outside supporting frame in such a way so that the tip of the member will 

be under the testing frame. The input displacement was applied at the tip of the CHS member 

through two pinned hinges in order to prevent the application of any axial load and study the 

pure bending behaviour of the CHS members. The attached bearing endplate to the end of the 

member would prevent any local deformation during the application of loading. Although 

previous had research used four-point loading setup typically for investigating the bending 

behaviour of CHS under monotonic loading [25,28,31], cantilevered CHS members are  used 

in   this study to provide a better understanding of the hysteretic behaviour of CHS members 

and to form the plastic hinge at the support end of the members which would be expected in 

members during seismic events in a seismic moment resisting frame structure. To reuse the 

connection, the cantilever CHS members were fixed with supporting frame by sandwiching 

between two large steel half circles. The stiffeners were attached to confirm the occurrence of 

the inelastic deformation apart from the connection area. This experimental set up of the 

specimen will allow for the overall evaluation of the inelastic bending behaviour of CHS 

specimens subjected to monotonic and cyclic action.  



 

 

 

A hydraulic actuator of 1000 kN loading capacity and capability to measure the applied load 

and displacement was used to apply the monotonic as well as the cyclic loading. The applied 

moment in each specimen was measured as the applied load multiplied by the span length of 

1200 mm. Displacement measurements were obtained by using Laser Displacement Sensors 

(LDS) as shown in Figure 5. The CHS members were gridded with markers for further 

investigation of the bending behaviour within the plastic hinge region. To investigate the 

propagation of yielding along the length of the specimen with the continued cycle, strain gages 

were placed at the upper surface of the CHS specimens at 55 mm, 165 mm, 330 mm and 550 

mm from the fixed connection. 

An increasing end displacements loading protocol shown in Figure 6 was adopted to study the 

moment-rotation behaviour of CHS members under cyclic loading which simulated a far-field 

type earthquake as per ANSI/AISC 341-16 [3]. The reason for choosing that protocol is because 

the present seismic provisions specified that most of the joints deformation must occur in the 

beam member [3]. The loading protocol was applied with a quasi-static loading rate as a 

displacement control. The rotation of each specimen was measured by dividing the tip vertical 

displacement with the span length of 1200 mm. During the experiment, it was observed at the 

connection that all of the sections underwent a small amount of rigid rotation. As a result, none 

of the specimens could reach the full rotational level of 0.08 rad. To address this, LDS’s were 

placed on the beam at the end of the fixed connection and at the connection to measure the 

specimen’s rigid rotation. The actual rotation of the CHS members was calculated by 

subtracting the measured rigid rotation from the overall rotation where the overall rotation was 

measured by placing another LDS at the beam tip. Although all of the specimens failed to reach 

the full rotational level of 0.08 rad., they underwent a rotation of 0.071 rad. 



 

 

 

 

Figure 4: Schematic diagram of the experimental setup 

 

Figure 5: Photograph of the experimental setup 



 

 

 

 

Figure 6: Experimental loading protocol (adopted from [3]) 

3. Experimental Results and Discussions  

The CFRP strengthening technique helps to improve the moment capacity, hysteretic 

behaviour, stiffness, energy dissipation capacity and the ductility of CHS members by using 

the longitudinal fiber strength effectively and restraining the action of the hoop oriented fibers 

which have been confirmed by the results of the experimental study. 

3.1 Experimental Monotonic Behaviour 

Figure 7 shows the comparison of moment capacity versus displacement response between 

bare and CFRP strengthened CHS cantilever members under Monotonic loading. It is clear that 

the CFRP strengthening technique has a great influence in the improvement of moment 

capacity i.e. load carrying capacity of CHS member under monotonic loading. It can be seen 

that the moment capacity of CFRP strengthened CHS member has been increased by 33% 

compared to the unstrengthened bare member under monotonic loading due to using the LHL 

combination of the CFRP sheets. In addition, the present study showed a good agreement with 

the previous study on CFRP strengthened CHS member with the same LHL combination of 

the CFRP under pure four-point bending where the increment was 37% [25]. Hence, the 
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effectiveness of CFRP strengthening technique under the monotonic loading for CHS 

cantilever members has been confirmed by the present study.  

 

Figure 7: Moment capacity versus displacement response for bare and CFRP strengthened 

CHS members under Monotonic loading 

3.2 Experimental Hysteretic Behaviour 

The moment-rotation hysteresis was constructed to evaluate the cyclic hysteresis responses and 

the bending behaviour of the bare and CFRP strengthened CHS members. Figure 8(a) and 

Figure 8(b) show the moment-rotation hysteresis for the bare and CFRP strengthened CHS 

members respectively. Overall, it can be seen that both the bare and CFRP strengthened CHS 

members displayed the full hysteretic loops which ensured the appropriate inelastic behaviour. 

At the higher rotations levels (in the protocol), the moment capacity was decreasing during two 

successive cycles having the same level of rotation. This was also evident between one cycle 

and the next higher cycle of rotation. The effects of CFRP strengthening technique are 

observable as a noticeable improvement of moment capacity is observed for CFRP 

strengthened CHS specimen compared to the bare specimen under cyclic loading. The CFRP 

strengthened CHS specimen, SB-C-1, had the higher moment capacity of 17.10 kNm, while 

the unstrengthened (or bare) CHS specimen, BB-C, had the lower moment capacity of 12.90 

kNm. Hence, after strengthening by CFRP the moment capacity has been improved by 32.5%. 
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In addition, the level of rotation, where the maximum moments were measured, is 0.05 rad. for 

the CFRP strengthened CHS specimen and 0.043 rad. for the unstrengthened (bare) CHS 

specimen. 

      

(a)                                                                        (b) 

Figure 8: Moment capacity versus rotation hysteresis responses of the (a) bare and (b) CFRP 

strengthened CHS members 

3.3 Moment Capacity Degradation Behaviour 

The moment versus rotation backbone curves of bare and CFRP strengthened CHS members 

have been generated by plotting moment against the maximum rotation of each cycle for further 

comparison of the hysteretic behaviour of bare and CFRP strengthened CHS members and 

shown in Figure 9. The backbone curves will also emphasis the previous outcomes from Figure 

8. Both the bare and CFRP strengthened CHS members exhibited good symmetry in respect of 

positive and negative rotation which indicate a stable response in both directions. 

At higher rotational levels, it is clear from the hysteretic behaviour [Figure 8] along with the 

backbone curves [Figure 9] of the bare and CFRP strengthened CHS members that the moment 

capacity is overall decreasing with consecutive cycling to reach next rotational level in both of 

the bare and CFRP strengthened CHS members.  The onset of local buckling can be attributed 
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to the moment degradation which was more dominant for the unstrengthened CHS member. 

The CFRP strengthened CHS member showed more stable behaviour compared to the bare 

CHS member with less decrease of the moment capacity at the maximum rotational level even 

with consecutive cycles of larger rotational levels. It can be seen from the backbone curve of 

the CFRP strengthened CHS member that the maximum moment capacity was 17.1 kNm at 

the peak of the cycle of 0.05 rad. and the moment capacity was reduced to 16.52 kNm at the 

peak of the cycle of 0.07 rad. i.e. moment capacity has been dropped by only 3.4%. In contrast, 

the unstrengthened CHS member showed a higher drop of the moment capacity at the 

maximum rotational level from the maximum moment capacity. The maximum moment 

capacity of the unstrengthened bare CHS member was 12.90 kNm at 0.043 rad. and dropped 

by 11% to 11.50 kNm at 0.072 rad. 

In addition, after the initiation of yielding, the moment capacity is also dropping in the 

successive cycling of the same rotation level along with consecutive cycling to reach next 

rotational level in the both of the bare and CFRP strengthened CHS members. Compared to 

bare CHS member, the CFRP strengthened CHS member showed a less percentage of reduction 

of moment capacity between the two successive cycles (across the same rotational range). This 

percentage reduction in the moment capacity due to cycling remained less than 4% throughout 

the full rotation for the CFRP strengthened CHS specimen, while in the bare CHS specimen it 

remained less than 6%.   



 

 

 

 

Figure 9: Moment versus rotation backbone curve for bare and CFRP-strengthened 

specimens 

3.4 Secant Stiffness 

The CFRP strengthening technique has a great influence on the changing of the secant stiffness 

with increasing the rotational level of the cycles. The secant stiffness of a particular cycle was 

measured by dividing the load at maximum displacement of that particular cycle with the 

maximum displacement of that particular cycle. A comparison of the secant stiffness between 

bare and the CFRP strengthened CHS specimens is shown in Figure 10. Overall, it is clear that 

the secant stiffness of both members was decreasing with increasing the rotational level of the 

cycles. The maximum secant stiffness of The CFRP strengthened CHS member is 536 kN∕m at 

0.009 rad., which is 25% higher than the secant stiffness of 429kN/m at 0.01 of the bare CHS 

member. In addition, although the bare and the CFRP strengthened CHS specimens were 

showing an almost similar trend of secant stiffness degradation, the CFRP strengthened CHS 

specimen underwent lower degradation of secant stiffness compared to the bare CHS specimen. 

The secant stiffness of the CFRP strengthened and bare CHS specimens dropped by 69.2% at 

the maximum rotation of 0.07 rad. and by 74.6% at the maximum rotation of 0.071 rad. 
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respectively from their maximum values. Moreover, at the end of testing i.e. at the maximum 

rotational cycle, the secant stiffness of the CFRP strengthened CHS specimen is 51.4% higher 

compared to the secant stiffness of the bare CHS specimen. 

 

Figure 10: Secant stiffness versus rotation curve for bare and CFRP-strengthened specimens 

 

3.5 Energy Dissipation Capacity 

One of the main means of dissipating the input seismic energy is through inelastic deformation 

of specific elements. Typically frames dissipate energy through inelastic deformation of the 

beams, panel zones, and column bases. It is therefore important to consider the energy 

dissipation capacity of the members, both strengthened and bare, to gain a sense of the 

member’s ability to dissipate the input energy during an earthquake. The energy dissipation 

capacity is calculated for each rotation level by measuring the hysteretic energy dissipation of 

a single cycle in a rotational level [32] and can be defined by the equation: 

ABCDAE S
 

Where SABCDA is the enclosed area under hysteresis loops ABCD (shaded area of Figure 11). 
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Figure 11: Calculation of energy dissipation capacity 

Figure 12 plots the energy dissipation for the bare and the CFRP strengthened CHS members 

at the first cycle of every rotational level. In general, both the bare and the CFRP strengthened 

CHS members have been able to complete the full hysteretic curves which indicate that they 

have the capacity for energy dissipation. Up to a rotation of 0.0125 rad., the energy dissipated 

remained very small for both of the bare and the CFRP strengthened CHS members, since the 

connections essentially behaved elastically. At low rotational levels i.e. up to 0.0125 rad., the 

energy dissipated by the CFRP strengthened CHS specimen was slightly lower than that by the 

bare CHS specimen, although these are quite small. This was mainly due to the initial high 

stiffness due to CFRP wrapping. Up to the 0.043 rad. rotation cycle i.e. before reaching the 

ultimate moment capacity of the bare specimen, the energy dissipated by the CFRP 

strengthened CHS specimen was slightly higher than that by the bare CHS specimen. This 

shows that the initial high stiffness due to CFRP wrapping has still an effect on the energy 

dissipation capacity. After the 0.043 rad. rotation cycle i.e. after reaching the ultimate moment 

of the bare specimen, it is clear that the increment of energy dissipation capacity of the CFRP 

strengthened CHS specimen is much higher than the bare specimen. At the end of the 

experiment i.e. at the maximum rotation level, the energy dissipation capacity of the CFRP 

strengthened CHS specimen is 2.45 kNm, while it is 2.08 kNm for the bare CHS specimen. It 

is hence evident that the energy dissipation capacity has improved by 18% due to CFRP 



 

 

 

wrapping and shows that the seismic performance of the CFRP wrapped member can be 

expected to be superior to that of the specimen without any strengthening. 

 

Figure 12: Energy dissipation versus rotation curve for bare and CFRP-strengthened 

specimens 

3.6 Ductility   

Ductility is an important parameter for earthquake resistant structures. The CHS members must 

have the ability to generate stable plastic hinges with adequate moment capacity and ductility 

under continued cycling effects in order to be considered for the seismic applications. The 

displacement ductility index μ is computed by dividing the ultimate lateral displacement, δu by 

the yield lateral displacement, δy to evaluate the ductility of a member. δu and δy can’t be 

obtained directly from the present hysteretic curves as there was no apparent yield point 

observed in the present hysteretic curves. There are generally two approaches, such as the 

general yield moment method and the equivalent energy method, to determine δy, when there 

is no apparent yield point in the hysteretic curves, [33]. Figure 13(a) displays the general yield 

moment method. The tangent line passed through Origin O and the tangent line on the peak 

point M of the curve were intersected at Point A. Then the point B is the intersected point of 

the curve and the vertical line passing through the Point A. The line through the point O and 
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point B is intersected with tangent line on the peak point M of the curve at point C. Finally, the 

approximate yield point Y is the intersected point of the curve and the vertical line passing 

through the Point C. Figure 13(b) shows the equivalent energy method, where the approximate 

yield point Y is determined when the shaded areas of (1) and (2) are made equal. As there are 

so many approaches for the equivalent energy method, the general yield moment method has 

been chosen for the present study to determine δy. The ultimate lateral displacement δu was the 

lateral displacement corresponding to the 90% of the ultimate loads Pu [34].   

          

         (a)                                                                           (b) 

Figure 13: (a) The general yield moment method and (b) The equivalent energy method to 

determine the approximate yield point 

Figure 14 depicts the ductility index evaluated by general yield moment method for the bare 

and CFRP strengthened CHS specimens. The influence of CFRP strengthening technique to 

enhance the ductility of the CHS beam is evident from the Figure 14. As a result of CFRP 

strengthening technique, the ductility of the CHS member has been improved by 13% in the 

positive rotation and 10.5% in the negative rotation. 



 

 

 

 

Figure 14: Ductility Index for bare and CFRP-strengthened specimens 

3.7 Effect of Adhesive Type 

Mbrace saturant and Araldite K630 are two usually available adhesives and used to investigate 

the effect of adhesive types on the CFRP strengthened CHS members under monotonic and 

cyclic loading. Figure 15-Figure 20 shows the comparison of the different structural properties 

between strengthened CHS specimens with the Mbrace saturant and Araldite K630 adhesives. 

It can be seen that the strengthened CHS members with the Mbrace saturant and Araldite K630 

are shown very close performance. Although tensile strength of the Mbrace saturant is higher 

than the Araldite K630, its stiffness is lower than the Araldite K630. Thus, CFRP properties 

are the governing factors instead of the adhesive properties on the CFRP strengthening 

technique.  The strengthened CHS members with the Araldite K630  shows slightly better 

behaviour in terms of moment capacity, secant stiffness and energy dissipation as Araldite 

K630 is stiffer compared to Mbrace saturant. On the other hand, the strengthened CHS 

members with the Mbrace saturant is performed slightly better in terms of the moment 

degradation behaviour and ductility index as the tensile strength of the Mbrace saturant is 

higher than the tensile strength of the Araldite K630. 

0

0.5

1

1.5

2

2.5

3

3.5

BB-C SB-C-1

D
u
ct

il
it

y
 I

n
d

ex
 (

D
I)

Positive Rotation

Negative  Rotation



 

 

 

 

Figure 15: Moment capacity versus displacement relationship of strengthened CHS members 

with different types of adhesive under Monotonic loading 

 

Figure 16: Moment versus rotation hysteresis curve of strengthened CHS members with 

different types of adhesive 

0

5

10

15

20

0 20 40 60 80

M
o

m
en

t 
(k

N
m

)

Displacement (mm)

SB-M-1

SB-M-2

-20

-15

-10

-5

0

5

10

15

20

-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

M
o

m
en

t 
(k

N
.m

)

Rotation (radians)

SB-C-1

SB-C-2



 

 

 

 

Figure 17: Moment versus rotation backbone curve of strengthened CHS members with 

different types of adhesive 

 

Figure 18: Secant stiffness versus rotation relationships of strengthened CHS members with 

different types of adhesive 
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Figure 19: Energy dissipation versus rotation relationships of strengthened CHS members 

with different types of adhesive 

 

Figure 20: Comparison of ductility Index of strengthened CHS members with different types 

of adhesive 

3.8 Plastic Hinge Development 

The strain distribution characterization along the length of the members allowed for 

investigating the yield propagation along the length of the members. So strain gauges were 

placed in the top surface of the members at the distances of 55 mm, 165 mm, 330 mm and 550 

mm from the rigid connection to measure the strain along the length of the members. The yield 

strain of the bare CHS member is 0.00154 determined based on its yield stress. A comparison 
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study of strains has been conducted at the member overall rotational levels of 0.01 rad., 0.04 

rad., 0.06 rad. and 0.08 rad., where the member rotational levels of 0.01 rad., 0.04 rad., 0.06 

rad. and 0.08 rad. represent small, medium, high and very high rotation levels respectively. 

Figure 21, Figure 22 and Figure 23 display the comparison study for the bare beam, 

strengthened beam SB-C-1 and strengthened beam SB-C-2 respectively. 

At the rotation level of 0.01 rad., the bare member remained elastic under both compression 

and tension. At the rotation level of 0.04 rad., yielding in the bare member has been propagated 

to at least 330 mm from the fixed end under both compression and tension. At the rotation level 

of 0.06 rad. and 0.08 rad., the strains at 165 mm, 330 mm and 550 mm from the fixed end of 

the bare member have been reduced compared to strains measured in the preceding rotational 

levels. Therefore the bare specimen underwent the onset of local buckling in both compression 

and tension at less than 165 mm from the fixed end where most of the successive inelastic 

deformation has occurred. In contrast, the measured strains of both of the CFRP strengthened 

beams has been increased up to the rotational level of 0.06 rad. in both compression and 

tension. At the rotational level of 0.08 rad., the strains at 165 mm, 330 mm and 550 mm from 

the fixed end of both of the CFRP strengthened members have been reduced compared to 

strains measured in the preceding rotational levels. Hence after being CFRP strengthened the 

rotational capacity of the member has been improved and the local buckling has been delaying 

from the overall rotational level of 0.06 rad. to 0.08 rad.. 



 

 

 

 

Figure 21: Strain along the length of Bare Beam 

 

Figure 22: Strain along the length of Strengthened beam SB-C-1 
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Figure 23: Strain along the length of Strengthened beam SB-C-2 

4. Conclusions 

The behaviour of CFRP unstrengthened and bare CHS steel member under both monotonic and 

cyclic loading has been investigated in this paper through an experimental study. From the 

experimental results, it can be concluded that the CFRP strengthening technique is very 

effective for improving the behaviour of CHS steel member under both monotonic and cyclic 

loading. The major observations and outcomes based on the results of this study are 

summarized as follows: 

1. The moment-deformation relationship of both bare and CFRP strengthened CHS steel 

members obtained under monotonic loading are very similar to their hysteretic 

relationship envelops under cyclic loading which was expected as the utilization of the 

material hardening criteria was very small and consequently insufficient to simulate 

bauschinger effect. Therefore cyclic loading has very little effect on both bare and CFRP 

strengthened CHS steel members’ moment capacity and this signifies that the monotonic 

behaviour would provide sufficient envelope for hysteretic behaviour of bare and CFRP 

strengthened CHS steel member.   
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2. The beneficial effects of the CFRP strengthening technique are evident as there is a 

significant improvement of moment-deformation relationship and hysteresis behaviour 

for CFRP strengthened CHS specimen compared to the bare specimens under monotonic 

and cyclic loading. The CFRP strengthened CHS steel member with three layers of CFRP 

of LHL configuration and Mbrace saturant adhesive showed 33% and 32.5% higher 

moment capacity than the unstrengthened bare CHS steel member under monotonic and 

cyclic loading respectively. 

3. The more stable behaviour was shown by the CFRP strengthened CHS steel members 

with very small degradation of moment capacity compared to the bare (or unstrengthened) 

CHS steel member. 

4. The stiffness of the CFRP has a noticeable effect on the strengthening of CHS steel 

member. This is the reason why CFRP strengthened CHS steel members show a higher 

maximum secant stiffness with less degradation of secant stiffness compared to bare CHS 

steel member.  

5. The CFRP strengthened CHS steel members shows a higher ability to dissipate the input 

energy and larger ductility index during cyclic loading than the bare CHS steel member 

which proved that the cyclic performance of the CFRP strengthened member is expected 

to be superior to that of the member without any strengthening. 

6. The properties of adhesive do not have much effect on the overall structural performance 

of CFRP strengthened CHS steel members as the stiffness of the CFRP is the dominant 

factor in the strengthening of CHS steel member. 

7. The CFRP strengthening technique has improved the rotational capacity of the CHS steel 

member by delaying the local buckling from the overall rotational level of 0.06 rad. to 

0.08 rad.. 
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