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Abstract

Steel structures are becoming more common in engineering construction as steel possesses
excellent ductility, but steel members are often vulnerable to buckling, especially under seismic
or cyclic loading. Hollow structural sections (HSS) often buckle locally under loading due to
their thin steel walls and the need for rehabilitation and strengthening is increasing. In the
present study, circular hollow section (CHS) steel members have been strengthened with both
carbon fibre reinforced polymer (CFRP) and glass fibre reinforced polymer (GFRP). Their
structural performance, along with that of their bare counterparts, is investigated subjected to
monotonic and quasi-static large-displacement cyclic loading experimentally. The types of

FRP reinforcement (CFRP and GFRP) and the loading condition (monotonic and cyclic) are



chosen as two main parameters in the test program. Results reveal the significant structural
improvements of the strengthened CHS members under monotonic and cyclic loading. The
ultimate moment capacities of the beams under monotonic and cyclic loading are enhanced by
51.0% and 35.4% respectively with CRFP strengthening and 43.3% and 31.5% respectively
with GFRP strengthening compared to the bare beam. In addition, all the FRP strengthened
specimens achieved higher moment capacities, rotational capacities, stiffness, energy
dissipation capacities and ductility in comparison to their bare counterparts. Moreover, there is
a good agreement found between the experimental and theoretically predicted ultimate moment

capacities of the bare and strengthened CHSs with a mean ratio of 1.04 and a COV of 0.05.
Keywords

Circular Hollow Section (CHS) Steel members; Carbon fibre reinforced polymer (CFRP);
Glass fibre reinforced polymer (GFRP); Strengthening; Monotonic loading; Cyclic loading;

Theoretical prediction.

1. Introduction

Earthquake is a devastating natural disaster that can cause loss of lives and property. Structures
in high seismic activity regions are subjected to cyclic loading. The vibrations due to
earthquakes are expected to be much more extensive for taller buildings [1]. This is a significant
concern for steel-framed structures as they tend to be much taller and have a higher population
density. Human fatalities are common during earthquake events, due to partial or complete
collapse of structures as the seismic loads can easily exceed the design capacity of structural
elements. Structural failures during earthquakes have resulted in over 1.87 million deaths in
the 20" century and during the period 1990-2010, an average of 2052 casualties occurred per
event [2]. These seismic events have been occurring more frequently in recent years [3]. The

necessity to mitigate the effects of earthquakes on all structures is rising due to this increase in



seismic activity. Steel framed structures in seismic regions are vulnerable to fracture failures,
and there is the need for additional investigations in this area [4,5]. Increased and varied loads
experienced during earthquakes can cause connections and single structural elements to exceed
their design limits, causing failure in isolated sections of a structure or collapse of entire
buildings [6]. Earthquake loads affect both onshore and offshore structures, while additional

wave effects must be considered for offshore structures [5].

The application of CHS steel members has been increasing significantly to build different
offshore and onshore structures. In offshore structures, CHS is significantly used to build jacket
structures which are sometimes subjected to bending and cyclic loading due to wave forces [5].
Moreover, the bending behaviour of CHS members is also important to investigate as CHS
columns are subjected to bending when loaded eccentrically. Though structures are currently
designed with a greater focus on earthquake forces, many existing buildings remain vulnerable.
The 2010 earthquake in Christchurch, New Zealand, was followed by surveys that revealed
many structures in the area might be structurally insufficient to withstand seismic events [7].
This earthquake with a magnitude of 7.1 in September of 2010 was followed by a magnitude
6.3 earthquake five months later. The first earthquake and subsequent aftershock caused
roughly 15 billion U.S. dollars in structural damage and 185 casualties [7]. Many steel
structures, including various healthcare services, suffered significant damage during the 1994
earthquake in Northridge. Damages were seen in low and high-rise steel buildings, both new
and old. Therefore, strengthening the CHS steel members of buildings is extremely important
for improved performance and safety in regions of seismic activity. Effects of service load
increments over the structure’s life cycle, reduction of steel material properties over time, or
the inadequate design of structural members are also reasons to consider strengthening in
addition to seismic loading. Research on the rehabilitation and strengthening of structural steel

sections is hence needed to address these concerns.



Fiber reinforced polymer (FRP) is continually growing in popularity as a strengthening
material due to its advantageous properties such as high tensile strength, the very high strength-

to-weight ratio [8,9], better flexibility [10] and excellent corrosion resistance [11] etc.

It can however be vulnerable to fires which are common in seismic events. Bhatt et al. [12]
concluded that CFRP strengthened RC beams insulated with fireproofing spray of 19 to 32 mm
thick can withstand service load levels for four hours under an ASTM E119 [13] standard fire
exposure. Moreover, the minimum fire resistance level requirement for an FRP strengthened
square hollow column can be achieved using a proper insulation system [14]. Hence, a proper
insulation system is an important matter that needs to be explored through significant research
work, to enable a suitable option to protect FRP strengthened members under expected fire
during a seismic event. CFRP strengthened CHS has been shown to have improved structural
performance such as higher stiffness [15], greater load capacity [16], greater ultimate bending
strength [17], higher ductility [17], delayed local bucking [18] and energy dissipation capacity
[17,19] compared to its bare counterpart. This improvement of structural performance was
found to increase as the number of CFRP sheets increased [15,19]. Numerical analyses and
experimental tests showed similar improvements in structural performance. Increases in load
capacity, fatigue life and deflection at failure were also seen in CFRP strengthened concrete
beams under cyclic loading [20]. Similar improvements in structural performance have been
seen in the universal beam (UB) elements. Additionally, the stiffness, deflection and fatigue
life improvements were found in the CFRP wrapped UB [21]. Steel frames have shown less tip
displacement when strengthened with CFRP [22,23]. Moreover, CFRP also has shown its

effectiveness in enhancing the impact resistance capacity of steel members [24,25].

GFRP has also been shown to improve the structural performance of various steel sections in
existing studies. It has been shown to increase the ultimate bending strength of concrete-filled

CHS. These strengthened members had higher stiffness than bare members, which may have



caused the reduction in energy dissipation seen [26]. Additionally, GFRP has been used to
improve the structural response of other steel sections. The ultimate load capacities and
ultimate bending strengths of GFRP wrapped RHS and UB steel sections increased over those
of their bare counterparts [27-31]. Member stiffness was shown to increase due to GFRP
strengthening in UB tests [30,31]. An increase in energy dissipation, ductility and fatigue life
was also seen due to GFRP wrapping [28,30,31]. Ductility and energy dissipation were shown
to increase in cyclic load cases [32]. Moreover, both CFRP and GFRP strengthening have been
shown to be effective for enhancing the flexural performance of reinforced concrete beams
[33] as well as pre-cracked reinforced concrete beams [34]. As previous studies on FRP show
significant improvements in structural performance, the use of both CFRP and GFRP are

promising options for the reinforcement of steel sections.

Hence, CFRP and GFRP strengthening techniques can be effective methods to mitigate the
vulnerability of CHS steel members under seismic or cyclic loading. However, the cyclic
bending behaviour of CFRP and GFRP strengthened CHS members under simply supported
conditions has yet to be studied extensively to fill the lack of research knowledge in this area.
This paper investigates the effects of CFRP and GFRP strengthening to enhance the structural
performance of simply supported CHS beams under monotonic and large-displacement cyclic
loading. The load is applied at the centre of each beam by a hydraulic actuator. Bare, CFRP
and GFRP strengthened CHS beams were prepared for monotonic and cyclic loading tests,
totalling six specimens. Each CHS member was near-identical in length, outside diameter and
wall thickness and the same adhesive was used in all the specimens. The structural
performances of the bare, CFRP and GFRP strengthened specimens with respect to ultimate
moment capacity, moment capacity degradation, secant stiffness, energy dissipation, and
ductility under monotonic and cyclic loading are compared. Moreover, the ultimate moment

capacity of bare and FRP strengthened beams under monotonic and cyclic loading have been



theoretically predicted and compared with the corresponding experimental results. In addition,
based on the information from the present study, appropriate cyclic design factors have been
recommended that can be used in designs. The research outcomes can be useful to restore the

structural integrity of CHS members in earthquake-prone areas through FRP strengthening.

2. Experimental Program

2.1 Materials

The experimental test specimens were prepared using steel CHS members, CFRP, GFRP and
epoxy adhesive. OneSteel Limited, Australia, supplied the CHS steel members. Test specimens
were cut to identical lengths. Each specimen was 1300 mm overall length, 1150 mm span, with
an outside diameter of 76.1 mm and a wall thickness of 2.3 mm. Steel coupons were formed
from the CHS section according to AS1391 standards [35] to measure the mechanical
properties of steel. The average yield stress of the steel was 380 MPa, tensile strength was 475
MPa and the elastic modulus was 190 GPa. The CFRP used was supplied by BASF
construction chemicals Australia Pty Ltd. The used CFRP was normal modulus CF130,
300g/m?, 0.176 mm nominal thickness, and unidirectional. CG Composites Australia Pty Ltd
supplied the unidirectional GFRP sheets. Unidirectional CFRP and GFRP sheets were chosen
based on their excellent tensile properties which can be very useful for enhancing the flexural
performance of the beam by contributing tensile strength along the beam in the tensile zones.
The properties for CFRP and GFRP were obtained from tensile coupon tests, conducted
according to ASTM:D3039-08 [36] by one of the authors. The obtained elastic modulus and
tensile strength for CFRP were 75 GPa and 987 MPa, respectively [26] and for GFRP were 55
GPaand 1065 MPa, respectively [16]. The measured average thickness of the CFRP and GFRP
laminates were 0.60 mm and 0.65 mm respectively. MBrace saturant epoxy was used as an

adhesive for the FRP strengthening. BASF construction chemicals Australia Pty Ltd supplied



the two-part adhesive used. The MBrace 3500 primer was used to promote adhesion between
the FRP and steel as a base layer, with MBrace 4500 epoxy used directly on top and between
FRP layers. The mechanical properties of adhesive were obtained by tensile coupon tests in
accordance with ASTM: D638-10 [37] by one of the authors. The obtained elastic modulus and
tensile strength of adhesive were 2.86 GPa and 46 MPa, respectively [16]. Moreover, the
mechanical properties of materials are summarised in Table 1.

Table 1: Mechanical properties of materials.

Materials Elastic Modulus  Tensile Strength  Thickness
(GPa) (MPa) (mm)
CHS Beam 190 475 2.3
CFRP 75 987 0.60
GFRP 95 1065 0.65
MBrace Adhesive 2.86 46 -

2.2 Experimental Specimens and Strengthening Schemes

A total of 6 specimens were prepared — one bare steel CHS, CFRP and GFRP strengthened
CHS each for monotonic and cyclic loading tests. Each specimen was labelled for precise
identification of its preparation and loading conditions. The first part of the identifier (BB) or
(SB) specifies whether the beam is bare or strengthened respectively. Next pertains to
strengthening material — (B) for the bare beam, (C) for CFRP strengthening and (G) for GFRP
strengthening. The last term specifies whether the loading is monotonic (M) or cyclic (C).

Details for each specimen are given in Table 2.



Table 2: Experimental specimens matrix.

Specimen types Specimen  Types of FRP Loading condition

identifier
Bare beam BB-B-M - Monotonic
Strengthened beam SB-C-M CFRP Monotonic
Strengthened beam SB-G-M GFRP Monotonic
Bare beam BB-B-C - Cyclic
Strengthened beam SB-C-C CFRP Cyclic
Strengthened beam SB-G-C GFRP Cyclic

Both CFRP and GFRP sheets were applied using the same dimensions, layout and orientation.
All specimens were strengthened with three layers of FRP as results from previous studies
showed that strengthening the CHS with three layers of CFRP is most effective under
monotonic [15] and cyclic loading [19]. Moreover, previous studies concluded that any further
extension of the wrapping length after a certain bond length had little or no effect on the
performance of CHS members under monotonic [15] and cyclic loading [19]. The bond length
is considered from loading points to the wrapping ends towards the support and the sufficient
bond length has been chosen as 300 mm in the present study based on available literature
[15,16,19]. Hence, the FRP layers were 600 mm long and applied at the centre of the CHS
member, with 300 mm of the sheet on either side of the steel section's centreline. The first and
second layers were laid with their fibre directions running longitudinally (L) along the CHS
length. The third layer was placed laterally so that its fibre direction was perpendicular to the
beam's length in a hoop (H) layout to confine the first two layers for better debonding

resistance. A schematic diagram for the FRP pattern is provided in Figure 1.
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Figure 1: Schematic diagram pattern for FRP strengthened CHS beams.

2.3 Specimen Preparation and Strengthening Process

Preparation of the test specimens for wrapping is an essential step to ensure a quality bond
between FRP and steel. The entire outside portion of the CHS was sandblasted to achieve a
clean and rough surface and free of any impurities. This was done as previous reports have
found sandblasting to be an effective method of preparing steel surfaces for FRP bonding
[38,39]. Acetone was then used to clean any remaining impurities from the surface of the steel.
First, the two-part MBrace 3500 primer was mixed and applied to the specimens. The adhesive
primer has been shown to increase member strength of CFRP strengthened members over that
of CFRP strengthened members without the primer [16]. The two-part MBrace 4500 saturant
was mixed according to manufacturer guidelines and applied to the primer-coated surface of
the beams. Precut FRP sheets were applied on top of the adhesive and wrapped around the
member. These sheets were then rib-rolled to ensure fibres were fully saturated, creating a
consistent thickness and completely laminating sheets. Additional layers of FRP were applied
after recoating with MBrace 4500 saturant and rib-rolled as was done for the first layer. Once
FRP layering was completed, the specimen was covered with masking tape to prevent
premature debonding while curing. Each specimen was then placed carefully so that FRP was
not touching anything and left to cure for 24 hours. After the initial 24-hours curing period, the
masking tape was removed. The exposed FRP was then left to fully cure for a minimum of 14

days before testing. Completed specimens ready for testing can be seen in Figure 2.



R ‘{ -

%ﬂmfawﬁ Qe e RN

Figure 2: Prepared specimens for the experiment.

2.4 Experimental Setup and Loading Protocol

The CHS beam was placed horizontally on supports at 75 mm from each end of the beam,
creating an 1150 mm span. Supports at both ends were simply supported pinned connections
designed to allow rotation. The supports used a round bar below the specimen for the vertical
support on the monotonic push load test. An additional plate with a round bar (mirroring the
support below the beam) was bolted to the support above the specimen at each end for the
cyclic load tests to provide vertical support on the pull cycle. A bar was welded vertically on
either side of the beam at the supports to ensure the specimen would not move laterally. The
hydraulic actuator applied its load to the centre of the beam while the end supports provided
vertical restraint, forming a three-point loading setup. This hydraulic load was applied through
a round bar above the beam for the monotonic load case, with an additional round bar bolted
to the hydraulic below the beam for the reverse cycle of the cyclic load case. To reduce the
possibility of crashing due to the concentrated load from the round bar, a thick plate was placed
between the specimen and round bars connected to the hydraulic. A schematic diagram of this

setup can be seen in Figure 3, and a photograph of the setup in Figure 4.
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Figure 3: Schematic diagram of the experimental setup.

S

Figure 4: Photograph of the experimental setup.



The loading protocol engaged a hydraulic machine that is able to apply up to 1000 kN in both
monotonic and cyclic conditions. The machine measured the load applied and its corresponding
displacement. The displacement near the support of the beam was measured by a laser
displacement sensor (LDS). Cyclic load tests were applied at a quasi-static loading rate
(12.5mm/min) by increasing the displacement of subsequent cycles to simulate a far-field
earthquake as required in ANSI/AISC 341-16 [4] and shown in Figure 5. The failure
phenomenon of the tested bare, CFRP and GFRP strengthened CHS members are shown in

Figure 6.
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Figure 5: Cyclic loading protocol (adapted from [4]).



Figure 6: Tested bare, CFRP and GFRP strengthened CHS members.

3. Experimental Results and Discussions

The structural response of CHS beams is improved by the strengthening characteristics of
CFRP and GFRP. Longitudinal fibres of the FRP sheets were aligned with the direction of the
beam and locked in place with a transversely orientated hooping layer, which resulted in the
beams having improved ultimate moment capacity, energy dissipation capacity, secant stiffness

and ductility.

3.1 Behaviour under monotonic loading

Moment-displacement curves are used to display the response of bare, CFRP and GFRP
strengthened beams under monotonic loading. The moment capacity was calculated using the
formula for a simply supported beam with a point load at mid-span (PL/4), where P is the
applied load derived from the experiment and L is the span length (1.15 m). The bending
response of the three beams under monotonic loading has been plotted in moment-rotation
curves as shown in Figure 7. This graph shows both FRP strengthened beams have a significant

increase in moment capacity over the bare steel beam. The ultimate moment capacities of the



beams under monotonic loading show increases of 51.0% with CRFP strengthening (8.0 kN.m)
and 43.3% with GFRP strengthening (7.6 kN.m) compared to the bare beam (5.3 kN.m).
Additionally, both strengthened beams reached higher rotations at their ultimate capacities and
showed less buckling under monotonic loading than the bare beam. The rotations reached were
0.034 radians, 0.044 radians and 0.059 radians for bare, CFRP strengthened and GRRP
strengthened CHS beams, respectively. Therefore, the strengthening techniques of both CFRP
and GFRP can effectively improve the structural performance of CHS beams under monotonic
loading. A 5.4% higher increase in the ultimate moment capacity is noted in the CFRP
strengthened beam compared to the GFRP strengthened beam. But, the GFRP strengthened
beam shows 34.1% higher rotational capacity before reaching the ultimate moment capacity
over that of the CFRP strengthened beam. Moreover, all the bare and strengthened members
displayed typical ductile modes of failure as shown in Figure 6. Local buckling in the
compression zone at the middle of the specimen was the prominent failure mode for all the
bare and strengthened members. Debonding and crushing of the FRP composites in the
compression zone at the middle of the specimens were noticed for both CFRP and GFRP
strengthened members as well. The CFRP and GFRP composites in the tension face and at end
of wrapping remained intact. It may be due to the application of sufficient bond length of FRP

composites.
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Figure 7: Moment-displacement curves of bare, CFRP and GFRP strengthened beams under

monotonic loading.

The applied load was divided by the corresponding displacement to obtain the secant stiffness,
which was then plotted against the rotation. Figure 8 compares the secant stiffness for each of
the three specimen types tested under monotonic loading. An increase in maximum stiffness
of 15.1% for CFRP strengthening and 13.7% for GFRP strengthening can be seen, resulting in
a maximum secant stiffness of 1912.2 kN/m and 1889.5 kN/m for the CFRP and GFRP
strengthened CHSs, respectively, over the bare CHS maximum stiffness of 1661.4 kN/m. The
secant stiffness starts to reduce with the increase in rotation for each of the three types of the
beam after reaching its maximum secant stiffness. While the maximum secant stiffness of FRP
strengthened beams was not significantly higher than that of the bare beam, their stiffness was
much higher than the bare beam at the ultimate rotation. At the ultimate rotation, secant
stiffness increases of 45.4% and 38.5% were observed for the CFRP and GFRP strengthened
CHSs respectively. Hence, both CFRP and GFRP strengthened steel members have a greater

stiffness than their bare counterparts. But the CFRP strengthened CHS member shows slightly



higher (5.0%) secant stiffness than the GFRP strengthened CHS member as the stiffness

property of the CFRP sheet is slightly higher than the GFRP sheet.
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Figure 8: Secant stiffness-displacement curves of the bare, CFRP and GFRP strengthened

beams under monotonic loading.

Finally, the effect on the ductility factor of each beam was considered. The ductility of a beam
greatly affects the response of a steel-framed structure under seismic loading. The ratio of
dissipated energy at the ultimate load to dissipated energy at the yield point is used to determine
the ductility factor of the beam [40]. The yield point was found by using the general yield
moment method [41]. Figure 9 displays the ductility factors for all beams. Both FRP
strengthened beams clearly show higher ductility over the bare steel beam. The ductility factor
of bare steel CHS is 1.88, while those for the CFRP strengthened CHS beam is 1.95 and GFRP
strengthened CHS beam is 2.73. These results show that the CHS beam's ductility has increased
by 3.6% and 44.7% due to CFRP and GFRP strengthening, respectively. Moreover, the GFRP

strengthened beam has shown 39.7% higher ductility compared to the CFRP strengthened beam



due to its higher rotational capacity at the ultimate moment and less moment degradation after

the ultimate moment capacity.
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Figure 9: Ductility factors of the bare, CFRP and GFRP strengthened beams under monotonic

loading.

3.2 Behaviour under cyclic loading

The behaviour of CFRP and GFRP strengthened CHS members under cyclic loading were
evaluated and compared with the bare CHS member to investigate the effectiveness of CFRP
and GFRP strengthening techniques. To simulate loading effects during an earthquake, each
specimen was tested under quasi-static cyclic loading. The cyclic hysteretic response, moment
capacity backbone curve, secant stiffness and energy dissipation capacity were plotted and
compared for each member. The CFRP and GFRP strengthening techniques are very effective

as seen in these results.



3.2.1 Experimental hysteretic behaviour

The moment-rotation hysteretic analysis was used to assess the cyclic bending response of bare
and FRP strengthened CHS steel members. The bare, CFRP and GFRP strengthened CHS
members’ moment-rotation hysteretic responses are displayed in Figure 10(a), Figure 10(b)
and Figure 10(c), respectively. It can be seen from these figures that all the bare, CRFP and
GFRP strengthened CHS members have exhibited inelastic responses. Additionally, the graphs
show flat portions at zero loads for each cycle, where displacements increased while the loads
did not. These flat sections are due to the permanent deformations of the beams at the supports
where unrestrained rotations occurred. After the yielding, all the members show a reduction of
moment capacity in the second rotational cycle compared to the first rotational cycle for each
rotational level. Moreover, increasing the rotational level resulted in a further reduction of
moment capacity as well. Under cyclic loading, the CFRP and GFRP strengthened CHS
members had significantly higher moment capacity when compared to the bare CHS member.
In the positive rotation, the ultimate moment capacity for the bare CHS was 5.14 kN.m, while
that for the CFRP and GFRP strengthened CHSs were 6.96 kN.m and 6.43 kN.m respectively.
This is a 35.4% increase for CFRP strengthening and a 31.5% increase for GFRP strengthening.
Additionally, increases in ultimate moment capacity were seen in the negative rotation cycles
for both CFRP and GFRP strengthening as well. The ultimate moment capacity in the negative
direction was 5.07 kN.m for the bare, 6.43 kN.m for the CFRP strengthened and 6.53 kN.m for
GFRP strengthened CHS members. This clearly shows an increase in the ultimate moment
capacity of 26.8% for the CFRP and 28.8% for GFRP strengthened members over the bare
member in the negative rotation. Hence, the positive rotation has a greater ultimate moment
capacity over the negative rotation for each specimen type. Moreover, both the positive and
negative rotational level at ultimate moment capacity for each beam type was 0.03 radians,

0.03 radians and 0.04 radians for bare, CFRP and GFRP strengthened CHS. Therefore, the



CFRP strengthened CHS beam achieved a higher ultimate moment capacity due to CFRPs
material property of high stiffness. But, the GFRP strengthened CHS beam achieved a higher
rotation level than that of the bare and CFRP strengthened CHS members due to its increased
ductility. Moreover, local buckling, debonding and crushing of the FRP composites were
noticed in both of top and bottom faces at the middle of all specimens due to the push-pull
loading applied during cyclic tests as shown in Figure 6. No debonding at the end of the FRP

composites was noticed.
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Figure 10: Moment capacity-rotation hysteresis curves of the (a) bare, (b) CFRP and (c)

GFRP strengthened CHS beams.



3.2.1 Moment Capacity Degradation Behaviour

Moment capacity backbone curves of the moment-rotation hysteresis responses were
developed for each specimen to analyse their moment capacity degradation. The moment at
maximum rotation for the first cycle of a rotation level was plotted against each rotational level
to create the backbone curves. The moment-rotation backbone curves of cyclically loaded bare,
CFRP and GFRP strengthened CHS beams are plotted in Figure 11. This makes an additional
comparison of the data shown in Figure 10(a), Figure 10(b) and Figure 10(c). All three beams
behaved stably in the negative and positive rotations and achieved the symmetrical response
for moment-rotation. After reaching the ultimate moment capacity, the moment capacity for
each beam type decreased with the increased rotational cycle. The reduction in the moment
capacity of each specimen is the result of local buckling in the beams. A greater moment
capacity was achieved by both CFRP and GFRP strengthened members compared to their bare
counterparts. The maximum moment capacity of the bare beam in the positive direction was
5.13 kKN.m at a rotation of 0.03 radians, while at 0.06 radians, the moment capacity had reduced
to 3.48 kN.m. The maximum moment capacity for the CFRP strengthened CHS at 0.03 radians
was 6.92 KN.m, reducing to 4.04 kN.m at 0.06 radians, while the maximum moment capacity
at 0.04 radians for the GFRP strengthened CHS was 6.42 kN.m, reducing at 0.06 radians to
4.07 kKN.m. This shows at the maximum rotation of 0.06 radians, both CFRP and GFRP
strengthened beams had increased moment capacities of 16.3% and 17.2%, respectively,
compared to the bare steel CHS beam. The structural behaviours in the negative rotation for all

beam types tested were almost identical to their performance in the positive rotation.
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Figure 11: Moment capacity-rotation hysteresis backbone curves of the bare, CFRP and

GFRP strengthened CHS beams.

3.2.2 Secant Stiffness

The load applied at maximum displacement for each rotation level was divided by the
maximum displacement for that rotation level to calculate the secant stiffness for each beam.
The secant stiffness for the bare, CFRP and GFRP strengthened CHS beams were plotted
against the rotation level for that secant stiffness and shown in Figure 12. All three beams had
reduced secant stiffness as the loading and rotation levels increased. The maximum secant
stiffness in the positive rotation was 1817.7 kN/m for the bare CHS, 2029.9 kN/m for the CFRP
strengthened CHS and 1998.2 kN/m for the GFRP strengthened CHS at a rotation of 0.01
radian. This shows an increase in secant stiffness of 11.7% and 9.9%, respectively, for the
CFRP and GFRP strengthened beams over the bare beam. The degradation of the stiffness of

bare CHS was slightly more compared to the strengthened beams, although all reduced in



stiffness gradually. At the rotational level of 0.06 radians, the stiffnesses of CFRP and GFRP
strengthened CHS beams were 17.4% and 19.1% higher than the stiffness of the bare CHS
beam. Hence, the GFRP strengthened beam experienced slightly less stiffness degradation
(2.3%) in comparison to the CFRP strengthened beam. Therefore, both FRP strengthening
techniques are seen to be very useful in increasing stiffness when used on CHS steel beams.
The greater stiffness properties of the CFRP resulted in a slightly higher stiffness (1.6%) for
the CFRP strengthened beam over the GFRP strengthened beam. An almost similar structural

response was seen for the stiffness of all three test beam types in the negative rotation.
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Figure 12 Secant stiffness-rotation curves of the bare, CFRP and GFRP strengthened CHS

beams

3.2.3 Energy Dissipation Capacity

The effect of CFRP and GFRP strengthening on energy dissipation capacity under cyclic
loading has been analysed. The inelastic deformation of key structural elements is the primary
method of seismic energy dissipation. Steel framed buildings usually dissipate energy through

inelastic deformation of beams, panels and column bases. Hence, the energy dissipation



capacity of bare, CFRP and GFRP strengthened CHS beams is a vital parameter for earthquake
loading considerations. The total enclosed area by all cycles in each rotation level was plotted
against that particular rotation to create the energy dissipation capacity curve for each
specimen. Figure 13 shows the comparison of the energy dissipation capacities of all beam
specimens. Within the elastic region (approximately the first 0.01 radians), the energy
dissipated for all beams was low due to the high initial stiffness of all beams. Moreover, the
energy dissipation capacities of the bare and strengthened beams were close till the rotational
level of 0.04 radians although the moment capacities have bigger differences. This
phenomenon was due to the lower enclosed areas of hysteresis loops of strengthened beams
because of the high stiffness characteristics of strengthened beams compared to bare beam.
However, as the beams yielded, the energy dissipation capacities of the CFRP and GFRP
strengthened CHS beams increased at higher rates than the bare CHS beam due to less moment
degradation of strengthened beams. The energy dissipated at the ultimate moment capacity for
the bare beam was 1.9 kN.m, while that for the CFRP and GFRP were 2.2 kN.m and 2.3 kN.m,
respectively. This is an increase of 14% for the CFRP strengthened and 19.2% for the GFRP
strengthened CHS beam over the bare CHS beam. Hence, both FRP materials have been shown
to increase the energy dissipation capacity of the CHS beams. The GFRP strengthened beam,
however, had a 4.6% higher energy dissipation capacity than the CFRP strengthened beam due

to its higher ductility properties.
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Figure 13: Energy dissipation-rotation curves of the bare, CFRP and GFRP strengthened

CHS beams.

4. Comparison between experimental and theoretically predicted ultimate moment
capacities
The ultimate moment capacity of the bare and FRP strengthened beams under monotonic and
as well as under cyclic loading has been theoretically predicted and compared with their
experimental ultimate moment capacity. Plastic section moduli of CFRP and GFRP
strengthened beams were calculated using the method outlined in Haedir et al. [42] though they
proposed the method only for CFRP strengthened beams. The transformed section of FRP
strengthened CHS according to Haedir et al. [42] to calculate the moment capacity of FRP

strengthened CHS beam, is shown in Figure 14.
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Figure 14: Transformed section of FRP strengthened CHS

The diameter of the transformed section of FRP strengthened CHS (des) can be expressed as
below [42]:

des= do + 2t£§5) Equation 1

where the outer diameter of the steel profile of FRP strengthened CHS is denoted by d, and the

thickness of the supplemented section of FRP to steel is denoted by t§§5) and specified by

Haedir et al. [42].

The ultimate moment capacity of FRP strengthened CHS section (Mes) can be predicted by the

following equation:

Mes = fyZese Equation 2

In the above equation, fy refers to the yield strength of steel and Zese refers to the effective
section modulus of the transformed section of FRP strengthened CHS which depends on the
section classification, i.e. slender section non-compact section or compact section and specified

by Haedir et al. [42].

Moreover, the ultimate moment capacity of the bare members under monotonic loading was
predicted by following AS4100 [43]. The quasi-static effect for cyclic loading was used to

estimate the beam’s ultimate moment capacity under cyclic loading. This was calculated by



multiplying the predicted ultimate moment capacity under monotonic loading with the cyclic
design factor. The cyclic design factor was taken as 0.97, 0.87 and 0.926 for the bare steel,
CFRP strengthened and GFRP strengthened beams, respectively. These values are obtained as
the ratios of the experimental maximum moment capacities under current cyclic loadings to
those under monotonic loadings for the bare, CFRP strengthened and GFRP strengthened
specimens respectively. The predicted experimental and theoretical ultimate moment capacities
are compared in Table 3. The bare steel, CFRP and GFRP strengthened CHS experimental
values for ultimate moment capacities are similar to those of the predicted theoretical values
for the corresponding beams with a mean ratio of 1.04 and a COV of 0.05. Hence, this
theoretical prediction model can be utilized for both CFRP and GFRP strengthened members

under monotonic and cyclic loadings.

Table 3: Comparison between experimental and theoretically predicted ultimate moment

capacities.
Beams identification Ultimate Moment capacity (KN.m) Mgxp
Theoretical (Mtheo)  Experimental (Mexp) Hrneo
BB-B-M 4.76 5.30 1.11
SB-C-M 8.05 8.00 0.99
SB-G-M 7.16 7.30 1.02
BB-B-C 4.61 5.14 1.11
SB-C-C 7.00 6.96 0.99
SB-G-C 6.63 6.76 1.02
Mean Ratio 1.04

CcCov 0.05




5. Conclusions

The structural response of simply-supported bare, CFRP and GFRP strengthened CHS beams

under monotonic and cyclic loading has been investigated through experimental testing. The

results show that both CFRP and GFRP strengthening techniques effectively enhanced the

structural performances of CHS beam under monotonic and large-displacement cyclic

loadings. The resulting benefits and conclusions of CRFP and GFRP strengthening techniques

are summarised as follows:

The ultimate moment capacity of the CHS beam under monotonic loading was
significantly enhanced by both CFRP and GFRP strengthening techniques, but notably,
the CFRP strengthened beam shows 5.4% higher ultimate moment capacity, while the
GFRP strengthened beam shows 34.1% higher rotational capacity compared to each other.
Stiffness and ductility of CHS beam can be effectively enhanced under monotonic loading
by both CFRP and GFRP strengthening, however, the CFRP strengthened beam exhibited
5.0% higher secant stiffness, whereas the GFRP strengthened beam exhibited 39.7%
ductility compared to each other.

The ultimate moment capacity of the CHS beams was significantly improved by both FRP
strengthening techniques under cyclic loading. However, the GFRP strengthened beam
reached its maximum moment capacity at a greater rotational level compared to the bare
and CFRP strengthened beams.

CHS beams are significantly strengthened under cyclic loading by the increased stiffness
due to CFRP and GFRP strengthening. Further, the CFRP strengthened beam shown
slightly higher stiffness (1.6%) and the GFRP strengthened beam experienced slightly

less stiffness degradation (2.3%) in comparison to each other.



e Both FRP materials have shown to increase the energy dissipation capacity of the CHS
beams. The GFRP strengthened beam, however, had a 4.6% higher energy dissipation
capacity than the CFRP strengthened beam due to its higher ductility properties.

e The ultimate moment capacities in the experimental tests for the bare, CFRP and GFRP
strengthened beams were consistent with predicted values through theoretical calculations

with a mean ratio of 1.04 and a COV of 0.05.

The findings of this paper will be beneficial to strengthen CHS steel members in earthquake-
prone structures through CFRP and GFRP strengthening techniques. Moreover, the
performance of FRP strengthened full-scale simply-supported circular hollow steel members
under monotonic and large-displacement cyclic loading can be investigated numerically as a

future study.
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