QUT

Queensland University of Technology
Brisbane Australia

This may be the author’s version of a work that was submitted/accepted
for publication in the following source:

Tafsirojjaman, T., Wirth, Nicholas, Thambiratham, David P., Sulong, N.
H.Ramli, Manalo, Allan, & Fawzia, Sabrina

(2023)

Experimental investigation on the behaviour of FRP strengthened square
hollow section steel members under monotonic and cyclic loading.
Structure and Infrastructure Engineering.

This file was downloaded from: https://eprints.qut.edu.au/242295/

© 2023 Informa UK Limited, trading as Taylor & Francis Group

This work is covered by copyright. Unless the document is being made available under a
Creative Commons Licence, you must assume that re-use is limited to personal use and
that permission from the copyright owner must be obtained for all other uses. If the docu-
ment is available under a Creative Commons License (or other specified license) then refer
to the Licence for details of permitted re-use. It is a condition of access that users recog-
nise and abide by the legal requirements associated with these rights. If you believe that
this work infringes copyright please provide details by email to qut.copyright@qut.edu.au

License: Creative Commons: Attribution-Noncommercial 4.0

Notice: Please note that this document may not be the Version of Record
(i.e. published version) of the work. Author manuscript versions (as Sub-
mitted for peer review or as Accepted for publication after peer review) can
be identified by an absence of publisher branding and/or typeset appear-
ance. If there is any doubt, please refer to the published source.

https.//doi.org/10.1080/15732479.2023.2241042



https://eprints.qut.edu.au/view/person/Tafsirojjaman,_Tafsirojjaman.html
https://eprints.qut.edu.au/view/person/Wirth,_Nicholas_I=2EP=2E.html
https://eprints.qut.edu.au/view/person/Thambiratnam,_David.html
https://eprints.qut.edu.au/view/person/Binti_Ramli,_Nor_Hafizah.html
https://eprints.qut.edu.au/view/person/Binti_Ramli,_Nor_Hafizah.html
https://eprints.qut.edu.au/view/person/Fawzia,_Sabrina.html
https://eprints.qut.edu.au/242295/
https://doi.org/10.1080/15732479.2023.2241042

Experimental investigation on the behaviour of FRP strengthened square

hollow section (SHS) steel members under monotonic and cyclic loading

T. Tafsirojjaman ***, Nicholas Wirth ®, David P Thambiratnam °, N.H. Ramli Sulong °, Allan

Manalo ¢, Sabrina Fawzia °

& School of Architecture and Civil Engineering, The University of Adelaide, Adelaide 5005,

Australia;

b School of Civil and Environmental Engineering, Faculty of Science and Engineering,

Queensland University of Technology, 2 George Street, Brisbane, QLD 4000, Australia.

¢ Centre for Future Materials (CFM), School of Civil Engineering and Surveying, University

of Southern Queensland, Toowoomba, QLD, 4350, Australia.

(*Corresponding author: tafsirojjaman@adelaide.edu.au, Tel: +61883130828)



Experimental investigation on the behaviour of FRP-strengthened SHS

steel members under monotonic and cyclic loading

ABSTRACT

Strengthening and rehabilitation of square hollow sections (SHS) is a major concern
nowadays as SHS may fail due to higher service loads, fabrication and construction errors,
degradation of material over time and adverse effects of the cyclic loading due to earthquakes.
In the present study, a detailed experimental investigation has been carried out for the
implications of using CFRP and GFRP as a strengthening measure to mitigate the failure of
SHS members under monotonic and cyclic loadings. Strengthened members displayed lower
moment degradation and higher moment and energy dissipation capacities and higher stiffness
and ductility compared to the bare steel members. Although the amount of CFRP and GFRP
fibres were almost equal, CFRP strengthening can result in higher capacity sections due to
having higher strength material properties compared to GFRP strengthening. The cyclic
responses of the GFRP-strengthened member were close to that of the CFRP-strengthened
member and can be more effective for strengthening steel SHS under cyclic flexural loading.
The established theoretical model in the current paper can predict reliably the ultimate moment
capacities of the strengthened SHS members. This study confirmed that strengthening SHS

members with fibre composites will be effective for structures in seismically active regions.
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1. Introduction

Structures in seismically active regions must be designed for cyclic loading along with
the live and dead loads. Earthquakes can often lead to failures and casualties and be responsible
for taking more than 1.87 million lives in the 20" century (Guha-Sapir et al., 2015). On average,
every earthquake is causing 2052 deaths between 1990 and 2010 (Guha-Sapir et al., 2015), and
the rate of earthquake occurrence has been increasing (Nazri, 2015). This increase in seismic
activity leads to a greater need to understand the effects of earthquakes on different
infrastructure systems including steel frame buildings (ANSI/AISC 341-16, 2016; Seica &

Packer, 2007).

The design of steel structures in seismic and cyclic loading regions requires careful
consideration. These structures can fail through the cracking or fracture of critical members
(Domaneschi, 2012; Martinelli & Domaneschi, 2017). The Northridge earthquake in 1994
caused massive damage to healthcare and numerous other steel-framed structures, both old and
new, low-rise and high-rise. Cracks occurred in the structural steel members. Moreover, plastic
hinges were formed which were overloaded further and led to failure (Charalampakis et al.,
2019). Moreover, seismic loading can cause failures in the structural members and connections
of the structures or the entire collapse of the structures (Kaan et al., 2012). Fadden and
McCormick (Fadden & McCormick, 2011) conducted an experimental investigation on the
structural performance and failure modes of steel hollow beam members (square and
rectangular hollow sections) under quasi-static large displacement cyclic bending loading.
Hollow cantilever beam members failed due to local buckling and fracture in the flange at the
support end. Azevedo and Calado (Azevedo & Calado, 1994) evaluated the hysteretic
behaviour of steel beam members (I-section). The members failed due to the buckling of the

flange and web at the support ends. Therefore, effective methods of strengthening the steel



elements subject to cyclic loading should be determined to minimise or eliminate their adverse

effects on infrastructure.

Fibre reinforced polymers (FRP) are become very popular to repair and strengthen civil
infrastructures (M. I. Alam et al., 2017; Kadhim et al., 2018; Liu et al., 2020, 2021, 2022;
Manalo et al., 2016; Mohammed et al., 2020; Tafsirojjaman, Fawzia, & Thambiratnam, 2020a;
Zhao & Zhang, 2007) because of many advantageous characteristics of FRPs. For instance, the
advantageous characteristics of FRPs are lightweight (Batuwitage et al., 2017; Gao et al.,
2013), high corrosion resistance (Tafsirojjaman, Fawzia, & Thambiratnam, 2019b;
Tafsirojjaman, Fawzia, Thambiratnam, & Wirth, 2021), high tensile strength (Tafsirojjaman,
Fawzia, & Thambiratnam, 2021; Tafsirojjaman, Fawzia, Thambiratnam, et al., 2020a), design
and installation flexibility (Tafsirojjaman, Fawzia, Thambiratnam, et al., 2020b) and require
less labour during preparation and installation (Tafsirojjaman, Fawzia, & Thambiratnam,
2020b). Many studies have shown that carbon fibre reinforced polymer (CFRP) wrapping is an
effective method of increasing the structural capacity of square and rectangular hollow sections
(SHS and RHS, respectively) under static loading (Keykha, 2019; Photiou et al., 2006; Zhao et
al., 2006). These studies have also highlighted that CFRP-strengthened RHS has increased load
and moment capacities over bare steel sections under static loading. The ductility of
strengthened RHS members can increase under bending and axial loadings (Photiou et al.,
2006; Zhao et al., 2006). Local and torsional buckling can also be delayed in retrofitted steel
members tested compared to the steel alone (Keykha, 2019; Photiou et al., 2006; Zhao et al.,
2006) as the FRP increases the thickness of FRP which reduces the slenderness as well as
enhances the stiffness. Moreover, Manalo et al. (Manalo et al., 2016) demonstrated that the
prepreg FRP repair method can reinstate the original load capacity and stiffness of steel I-
sections with pretended defects on the tension flange subjected to bending. The load capacity

and stiffness were increased in the universal 1-beam (UB) and circular hollow section (CHS)



beams when strengthened by CFRP under bending due to delaying buckling (Siwowski &
Siwowska, 2018; Tafsirojjaman, Fawzia, Thambiratnam, et al., 2019a). In addition, the CFRP
strengthening enhanced the moment and dissipated energy capacity and ductility of CHS
members under cyclic loading as CFRP strengthening increased the rotational capacity of the
members (Tafsirojjaman, Fawzia, Thambiratnam, et al., 2019a). Moreover, CFRP
strengthening can enhance the durability of steel members effectively (Kabir, Fawzia, & Chan,

2016; Kabir, Fawzia, Chan, & Gamage, 2016).

The glass fibre reinforced polymer (GFRP) strengthening technique has enhanced the
structural performance of steel UB and CHS beams under static as well as cyclic flexural
loading (Accord & Earls, 2006; ElI Damatty et al., 2003; Harries et al., 2009; Photiou et al.,
2006; Siddique & El Damatty, 2013). Local buckling of flanges was reduced in the GFRP-
strengthened RHS, SHS and UB sections (Accord & Earls, 2006; EI Damatty et al., 2003;
Harries et al., 2009; Photiou et al., 2006; Siddique & EI Damatty, 2013). These research studies
showed the high possibility of strengthening structural steel members with either CFRP or
GFRP composites. Typically, SHS is popularly used in civil infrastructures as columns, bracing
members, and structural elements in truss and cladding supports due to the exceptional bending,
compression and torsional behaviours of SHS. The vulnerable effects of cyclic loading on SHS
members during earthquakes are a major concern. However, the effectiveness of the
strengthening of steel SHS members with CFRP and GFRP composites to improve the cyclic

or seismic performances of steel SHS beams has yet not been evaluated in detail.

CFRP and GFRP strengthening methods can effectively mitigate the vulnerable effect
of cyclic or seismic loading on CHS steel members under monotonic and cyclic loading
(Tafsirojjaman, Fawzia, Thambiratnam, & Wirth, 2021). However, there is limited
investigation reported in the literature on FRP-strengthened SHS members under bending
(Photiou et al., 2006). Moreover, structural rehabilitation of existing SHS members by
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strengthening with CFRP and GFRP to mitigate the vulnerable effect of cyclic or seismic
loading on simply-supported steel SHS members has yet not been investigated in the literature.
Therefore, a detailed experimental investigation has been conducted on the behaviour of the
simply supported SHS members strengthened with CFRP and GFRP subjected to three-point
monotonic and cyclic flexural loading in the current study. The structural responses and failure
modes under static and cyclic loadings of the bare and strengthened members are comparatively
evaluated for the implications of using CFRP and GFRP as a strengthening measure to mitigate
the failure of such SHS members subjected to monotonic and cyclic loading. Monotonic test
results are analysed separately for the moment, stiffness and ductility to assess the structural
static performance of the bare and strengthened SHS members. From cyclic loading tests, the
structural performances of the bare and strengthened SHS members are compared in terms of
ultimate moment capacity and moment degradation, stiffness and energy dissipation. A
prediction model was also established theoretically to predict the moment capacity of
strengthened SHS members under flexural loading. The findings from this study can be used
as a guideline for enhancing and restoring the structural integrity of civil infrastructures built

using SHS members in the high earthquake-risk zone through CFRP and GFRP strengthening.

2. Experimental investigation

2.1 Materials

Four types of materials were used in the preparation of test specimens: steel, epoxy
adhesive, CFRP and GFRP. OneSteel Ltd, Australia distributed the SHS steel (Grade of 350L)
members of 100 mm width and height with 3 mm wall thickness in 6000 mm lengths. Standard
tensile coupons were tested according to AS 1391 (AS 1391, 2007) to obtain the material
properties of the steel and reported in the author’s previous study (Tafsirojjaman, Fawzia,

Thambiratnam, & Zhao, 2021). Two-part MBrace epoxy adhesives were supplied by BASF



Construction Chemicals Australia Pty Ltd. Material properties of this adhesive was determined
and reported in the authors' previous study (Kabir, Fawzia, Chan, Gamage, et al., 2016) using
tensile coupons following ASTM: D638-10 (ASTM D638, 2010). CFRP and GFRP were
bonded with the steel using the epoxy adhesive to strengthen the SHS. BASF Australia supplied
the CFRP while the GFRP was supplied by CG Composite Australia. The material properties
in tension for both CFRP and GFRP laminates were determined following ASTM:D3039-08
(ASTM D3039, 2008) and are reported in (I. Alam et al., 2013). The average thicknesses were
0.60 mm and 0.65 mm for the used unidirectional CFRP and GFRP composites respectively.
The mechanical properties of steel, epoxy adhesive, CFRP and GFRP are summarised in Table

1.

Table 1: Materials mechanical properties Tafsirojjaman, Fawzia, Thambiratham, & Zhao,
2021; Kabir, Fawzia, Chan, Gamage, et al., 2016; I. Alam et al., 2013)

Properties Steel Adhesive CFRP GFRP
Modulus of elasticity (GPa) 190 2.86 75 23
Tensile stress (MPa) 475 46 987 508
Yield stress (MPa) 380 - - -

2.2 Experimental Members and Strengthening Scheme

Six SHS members are prepared for evaluation and comparison of monotonic and cyclic
behaviour. These specimens are: two bare steel members as the control specimens, two CFRP
wrapped, and two GFRP wrapped - one of each type for monotonic and cyclic flexural
experiments. All the specimens are cut from lengths of SHS steel, maintaining the same length,
width and wall thickness in all members. The adhesive used for the CFRP and GFRP was
identical for all strengthened members. Each specimen was named for identification during
testing and analysis of results. The first two terms specify either a strengthened beam (SB) or

a bare beam (BB). The next term is indicating the use of strengthening material or types where



B is indicating the unstrengthened bare members, C is indicating the strengthening with CFRP
and G is indicating the strengthening with GFRP. Finally, the applied loading condition for
each member where the monotonic loading is indicated by M and the cyclic loading is indicated

by C. The matrix of the experimental specimens is shown in Table 2.

Table 2: Matrix for experimental specimens

Notation Kinds of member  Strengthening Applied

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

Both dry CFRP and GFRP sheets were wrapped by the hand and wet lay-up method.
The applied length of the FRPs was 600 mm and placed at the mid-section of SHS to obtain a
300 mm bond length on both sides of the loading point (central) as the previous investigation
indicated that a bond length of 300 mm is highly efficient for strengthening steel members
(Tafsirojjaman, Fawzia, Thambiratnam, et al., 2020b). The first and second FRP layers were
applied identically at the centre of SHS where the FRP fibres orientation was longitudinal (L)
along the length of the SHS member. The 600 mm wide third (final) layer was placed directly
on top of the second layer with its fibres running laterally or hooped (H) across the member to
confine the previous layers of FRPs and have higher resistance against debonding. Each of the
FRP layers was overlapped by 75 mm to maintain the continuity of the FRPs. The schematic

drawing of the strengthened SHS members is shown in Figure 1.



g Fib : T
: rentation > : hu:d \ Overlapped
. FRp —  Onentation — hooped FRP
1 - | : FRP layer _ S
| ()
350 mm r_ 600 mm _l_ 350 mm .J L ‘ ‘/, d
1300 mm First / ~ Secon

longitudinal longitudinal

layer
FRP layer
(@) L)

Figure 1: Schematic drawing of strengthened SHS members

2.3 Specimen Preparation and Strengthening Procedure

SHS steel specimens were cut to 1300 mm lengths. The strengthened specimens were
then wrapped with either CFRP or GFRP sheets. The first step of the strengthening procedure
is the surface preparation of the bonding area. Sandblasting was used to prepare surfaces for
the tested SHS specimens. This surface preparation method is found effective in purging
impurities from steel surfaces and in preparing high-strength adhesive bonding (Tafsirojjaman,
Fawzia, & Thambiratnam, 2019a; Tafsirojjaman, Fawzia, Thambiratnam, & Zhao, 2021,
Tafsirojjaman, Fawzia, Thambiratnam, et al., 2019b). Once sandblasted, acetone was used to
remove any excess dust from the steel surface. These cleaned members were then coated with
the adhesion-promoting two-part epoxy MBrace 3500 primer. This mixture was combined
directly before application following the manufacturer’s guidelines. To ensure the primer
formed a uniform layer the specimens were rotated throughout their curing time. The primer
was allowed to cure for 1 hour as per manufacturer guidelines. Then both parts of MBrace 4500
saturant were mixed thoroughly and spread over the primer-coated SHS members. Both FRPs
were wrapped by identical methods i.e. in the same location, orientation and method. The FRPs
were cut to size and wrapped around the adhesively coated SHS section. Additional coats of
MBrace 4500 were applied between each FRP layer and rib-rolled to ensure complete

saturation. Each subsequent layer was placed with its starting point opposite to that of the



previous layer to reduce the likelihood of weak points. Once all FRP layers were applied to the
specimen, they were wrapped in masking tape to reduce the possibility of premature debonding
during the curing process as also implemented in (Tafsirojjaman, Fawzia, & Thambiratnam,
2019a; Tafsirojjaman, Fawzia, Thambiratnam, & Zhao, 2021; Tafsirojjaman, Fawzia,
Thambiratnam, et al., 2019b). After 24 hours, the tapes were removed and were allowed the
curing of epoxy for a further 14 days. Figure 2 shows different steps of strengthening schemes

during specimen preparation as well as all the prepared specimens for testing.

() (d)
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Figure 2: (a) Sandblasted surface (b) Primer-coated surface (c) Rib-rolling (d) Applying the

masking tape (e) Experimental specimens prepared for testing

2.4 Test Setup and Instrumentation

The supports were located at both ends of the SHS member at a test span of 1150 mm.
For the monotonic test, both supports were pinned to allow the SHS to sit horizontally in a
simply supported condition. A round bar of 20 mm diameter was used as vertical support at
each end. Two vertical bars were welded as lateral restraints at each support, one on either side
of the member, to keep the test specimen in its lateral position. This approach allowed
flexibility in the support, ensuring an accurate test method. The displacement control load was
applied to the midspan of the member by a hydraulic actuator of 2000 kN loading capacity and
+300 mm displacement capacity through a round bar of 20 mm diameter, seated below a 16
mm thick plate to distribute the load slightly, as shown in Figure 3. This was done to minimise
the probability of crushing the member and FRP due to a concentrated applied load. For the
cyclic tests, additional round bars of 20 mm diameter were bolted to the end supports above

the member to resist the uplift during the reverse cycle. Another round bar of 20 mm diameter
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and a plate of 16 mm thick were bolted to the actuator under the member to transfer the load
during reverse cycles in the cyclic tests. To eliminate any deformation due to the loosening of
supports and loading assembly, all the used bolts for clipping at both end supports as well as

loading assembly were tightened carefully.

The displacement control quasi-static cyclic loading tests were performed by following
the ANSI/AISC 341-16 (ANSI/AISC 341-16, 2016) specified large-deformation cyclic
loading protocol which can simulate the far-field type earthquake as shown in Figure 5. Far-
field earthquakes have some characteristics that differentiate them from near-field earthquakes.
Far-field earthquakes have lower acceleration and higher frequencies compared with lower
frequencies of near-field earthquakes (Heydari & Mousavi, 2015). It was noticed that high-rise
buildings or large structures were highly affected during far-field excitation because of the
narrow band nature and long duration of far-field excitation (Ngamkhanong et al., 2018). The
cyclic load was applied as a quasi-static rate by following the ANSI/AISC 341-16 (ANSI/AISC
341-16, 2016) and the literature (Al-Bermani et al., 1994; Fadden et al., 2014; Fadden &
McCormick, 2011; Z. Li et al., 2011; Tafsirojjaman, Fawzia, Thambiratnam, & Wirth, 2021;
Zhou et al., 2017; Zhu et al., 1995). The test setup can be seen clearly in the schematic figure
and the actual setup in Figure 3 and Figure 4, respectively. Failure modes of all tested bare and

strengthened SHS members can be seen in Figure 6.
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Figure 3: Schematic figure of the test set-up.

Figure 4: Test set-up.
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Figure 5: ANSI/AISC 341-16 cyclic loading protocol (ANSI/AISC 341-16, 2016).

Figure 6: Bare and strengthened SHS specimens after testing.
3. Results and Discussions
The static and cyclic or seismic responses of the SHS members have improved when
strengthened by CFRP and GFRP composites. The moment capacity, ductility, secant stiffness

and energy dissipation of the SHS member are greatly increased by strengthening with FRP
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due to its longitudinal fibres in the direction of the tensile loading and a hooped layer running
transversely to confine the longitudinal layers. The detailed responses of the tested specimens

are presented in the following sections.

3.1 Structural responses under monotonic loading

Moment capacity-rotational responses were developed for the bare and strengthened
SHS members by measuring their moment for a given rotation under monotonic loading. The
simply supported member formula for an applied load at the member’s centre (PL/4), where
the load (P) and the span length (L) which is the clear distance between supports (1.15 m), are
used to obtain the moment capacity (Tafsirojjaman, Fawzia, Thambiratnam, & Wirth, 2021).
Moreover, the rotational capacity means the capability of the member able to carry the level of
rotation and is predicted by dividing the applied midspan displacement by half of the span

length (L) (Tafsirojjaman, Fawzia, Thambiratnam, & Wirth, 2021).

The moment capacity-rotation curves under monotonic loading for the tested bare and
strengthened SHS specimens were shown in Figure 7 where the strengthened SHSs show
greater moment capacity in contrast to the bare steel SHS specimen. The bare, CFRP and GFRP
strengthened SHS steel members' ultimate moment capacities are 15.2 kNm, 18.5 kNm and
16.4 kNm respectively. Hence, both FRP strengthening techniques increases the ultimate
moment capacity of SHS steel member. These increases are 21.2% under CFRP strengthening
and 7.8% under GFRP strengthening. The additional strength provided by FRP and the
confinement effect of composites played a major role in enhancing the moment capacity of
SHS members. Moreover, the CFRP with the almost same amount of fibres can result in a
higher capacity section due to having higher strength material properties compared to GFRP.
Additionally, at the ultimate moment capacity points, the strengthened members had greater

rotational capacities. At their ultimate moment capacities, the CFRP and GFRP-strengthened
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members were shown the rotational capacity of 0.02 radians and 0.016 radians respectively

while the bare member was shown the rotational capacity of 0.014 radians.

Figure 6 shows the comparisons of all three types of members after testing under
monotonic loading. It is evident that both strengthened members demonstrate less tendency for
buckling and result in higher rotational capacities compared to the bare member. These results
confirmed that both FRP strengthening techniques can improve the structural behaviours of
SHS members subjected to monotonic loading effectively. Moreover, typical ductile modes of
failure were exhibited by all of the bare and FRP-strengthened members. This can be explained
by similar failure behaviour observed wherein the prominent failure mode was the local
buckling at the middle of the member in the compression zone (Tafsirojjaman, Fawzia,
Thambiratnam, & Wirth, 2021). Moreover, the FRP composites were debonded in the
compression zone which might be due to high compressive stress and buckling in the
compression zone. Furthermore, the FRP composites were crushed after the ultimate loading
at the middle of both FRP-strengthened members in the compression zone. This might be due
to the stress concentration at the edge of the rigid steel plate where the rigid steel plate was
used to apply the displacement, as well as the FRPs at this area, which was already weakened
after debonding. Similar failure modes were noticed during the investigation of the structural
behaviour of the CFRP and GFRP-strengthened CHS beams subjected to monotonic and cyclic
loadings (Tafsirojjaman, Fawzia, Thambiratnam, & Wirth, 2021). The FRP composites were
applied with sufficient bond length as both CFRP and GFRP composites remained intact at end

of wrapping and in the tension zone.
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Figure 7: Moment-rotational responses under monotonic loading.

The secant stiffness, calculated as the ratio of the applied load to the corresponding
displacement is plot versus displacement (Figure 8), for all three types of SHS steel members
under monotonic loading. The secant stiffness of the beams is initially ascending due to the
initial deformation adjustment of the support and loading assembly. The same type of
behaviour has been reported in the literature (Fadden & McCormick, 2011; Tafsirojjaman,
Fawzia, Thambiratnam, & Zhao, 2021). All beams experienced a decline in secant stiffness
under increased rotation. Secant stiffness of the CFRP-strengthened member was 686.8 kN/m
while that of the GFRP-strengthened member was 650.7 kN/m at their ultimate rotational
levels. In contrast to the bare SHS member’s secant stiffness of 551.6 kN/m at the ultimate
rotational level, these are 24.5% and 17.9% respectively enhancements as a result of the
strengthening with CFRP and GFRP. In addition, the strengthened SHS beams with CFRP and
GFRP had the highest secant stiffness of 8677.6 kN/m and 8542.0 kN/m respectively. These
represent an increase of 3.0% due to strengthening with CFRP and 1.4% due to strengthening
with GFRP over the maximum secant stiffness of 8418.6 kN/m of the bare SHS member. The

higher stiffness material characteristics of the CFRP composite than the GFRP composite
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resulted in the CFRP-strengthened SHS member having a greater secant stiffness compared to

the GFRP-strengthened SHS member.
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Figure 8: Secant stiffness-rotational responses under monotonic loading.

The seismic performance of the steel structure is significantly affected by the ductility of the
members in the steel frame. The ductility index, therefore, needs to be studied in the overall
performance of the strengthened members. The ductility index of the members can be
expressed by the ratio of ultimate lateral displacement (dy) and the yield lateral displacement
(0y) (Tafsirojjaman, Fawzia, Thambiratnam, et al., 2019a) where dy is the lateral displacement
corresponding to the 90% of the ultimate load (Tafsirojjaman, Fawzia, Thambiratnam, et al.,
2019a) and oy is obtained according to Li et al. (Z. X. Li, 2004). Figure 9 displays the ductility
index of the bare and FRP-strengthened beams. The improvements in the ductility index can
be seen due to both FRP strengthening methods. The bare, CFRP and GFRP-strengthened
specimens were shown ductility indexes of 1.94, 2.19 and 2.17 respectively. Hence, for CFRP
and GFRP strengthening there was 12.4% and 11.5% respectively enhancement in the ductility
index which isn’t a significant enhancement but satisfactory. Those enhancements in the

ductility index are the direct result of the enhanced post-yield properties of the FRP-
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strengthened members. Moreover, the strengthened FRPs in the hoop directions offer better
restraint of the steel member so that the ductility of the restrained steel is enhanced which has

been concluded by Haedir et al. [55] as well.

2.5
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BB-B-M SB-C-M SB-G-M

Figure 9: Ductility index

3.2 Structural responses under cyclic loading

The structural cyclic or seismic responses of the CFRP and GFRP-strengthened SHS
were analysed and the moment hysteresis, moment degradation, secant stiffness and energy
dissipation capacity, and were compared with those of the bare steel SHS. The experimental
results showed that both FRP strengthening methods had significant effects on the structural
performances of SHS members. The effects of both FRP strengthening techniques on various

structural performances are discussed in the following sections.

3.2.1 Hysteresis behaviour

The cyclic hysteresis behaviour of the bare and strengthened SHS members was
analysed through the moment-rotation hysteresis behaviour and the results are shown in Figure
10 (a), (b) and (c) respectively. A flat portion on the graphs at zero loads after the yield is seen

in each cycle where the hydraulic actuator moved without applying a load. This flat section is
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due to the formation of plastic deformation at mid-span with zero moment capacity. An
inelastic response is observed in the experimental results for all three types of members. After
the yield, the second cycle for each level of rotation had a reduced moment capacity, which
was further reduced with each subsequent cycle as the yielding of the steel member was seen.
The moment capacity was reduced further when the rotations were increased. The moment
capacities of the cyclically loaded strengthened members were higher than that of the bare steel
SHS. The ultimate moment capacities in the positive direction for the bare, CFRP and GFRP-
strengthened members were 14.5 kNm, 17.8 kNm and 16.7 kNm, respectively. This gives an
increase in ultimate moment capacity over the bare member of 22.5% for the CFRP-
strengthened SHS and 15.0% for the GFRP-strengthened SHS. In the negative rotation, the
strengthened members showed greater ultimate moment capacities than their bare counterparts.
In the negative direction, the ultimate moment capacity of the bare, CFRP and GFRP-
strengthened SHS was 15.1 kKNm, 17.6 kNm and 16.0 KNm, respectively. These values
correspond to increases of 16.9% and 6.1% due to CFRP and GFRP strengthening respectively
compared to the bare steel SHS. The strengthened SHS members had a larger ultimate moment
capacity in the positive rotation than in the negative rotation. At the ultimate moment capacity,
the rotational levels were 0.01 radians for the bare, 0.015 radians for CFRP and 0.015 radians
for the GFRP-strengthened members in both rotational ways. Hence, an increased level of
rotation in both FRP strengthened SHSs due to their increased ductility and less local bucking
potential than bare steel member. In addition, a similar failure mode was shown by all of the
bare and strengthened beams wherein the failure mode was the local buckling at the middle of
the member as shown in Figure 6. Moreover, the FRP composites in both types of FRP-
strengthened members were debonded and crushed at the middle of the member in both of
bottom and top surfaces. This failure mode resulted due to the applied push and pull loading

effect throughout the cyclic loading testings which can be seen in Figure 6. However, FRP
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composites were intake and no debonding was noticed at the end of the FRP composites in

both FRP-strengthened members.
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Figure 10: Moment-rotational hysteresis responses of the (a) bare (b) CFRP and (c) GFRP-
strengthened SHS members

3.2.2 Moment Degradation Response

The moment degradation responses for the bare and strengthened SHSs were analysed
through the backbone curves of moment-rotation hysteresis responses. The plots shown in
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Figure 11 represent the moment at the highest rotation for the initial cyclic sequence at each
rotational level. From the figure, it can be seen that there is a closely symmetric response in
the positive and negative rotations for each of the tested members. After achieving their
ultimate moment capacities, the three tested members displayed a reduction in moment
capacity for the consequent rotational level due to the degradation of the material’s stiffness.
The moment degradation for each member is caused by the local buckling of the steel SHS.
SHS members strengthened with CFRP and GFRP showed greater moment capacities than
SHS alone even after yielding at maximum rotation levels for higher rotation levels. For the
positive direction rotations, the bare SHS member had an ultimate moment capacity of 14.2
kNm at the rotation of 0.01 radians and decreased to 8.7 kNm at the utmost rotation of 0.04
radians. For the CFRP-strengthened SHS member, the ultimate moment capacity was 17.6
kNm at the rotational level of 0.015 radians and reduced to 10.5 kNm at its utmost rotation of
0.04 radians. For the GFRP-strengthened SHS member, the ultimate moment capacity was 16.3
kNm at 0.015 radians and reduced to 10.8 kNm at its utmost rotation of 0.04 radians. Hence,
CFRP and GFRP-strengthened SHS members exhibited 21.0% and 24.3% respectively higher
moment capacities in contrast to the bare SHS at the utmost rotation of 0.04 radians. Although
the CFRP-strengthened SHS member had shown greater ultimate moment capacity than the
GFRP-strengthened SHS member, the GFRP-strengthened SHS member had a greater moment
capacity at the utmost rotation of 0.04 radians. Hence, GFRP-strengthened SHS member
exhibited lower moment degradation than CFRP-strengthened SHS member. This can be due
to the lower stiffness of GFRP and its better capacity to absorb cyclic forces than that of CFRP.
All three types of members show almost identical moment degradation responses in the

negative rotation as was also seen in the positive direction.
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Figure 11: Backbone curves of the cyclic hysteresis curves

3.2.3 Secant Stiffness

The load capacity at the maximum displacement of the particular rotational level was
divided by that displacement to calculate the secant stiffness for that particular level of rotation.
The secant stiffness-rotational responses for bare and strengthened members are displayed for
comparison in Figure 12. It is evident that the secant stiffness reduced in all three types of
members with the increase in rotational level due to the yielding of the steel. Secant stiffness
behaviours of bare and strengthened steel members are nearly symmetrical in the positive and
negative rotational directions. While all the members had gradual reductions in stiffness, both
FRP-strengthened SHS members had lower stiffness degradation compared to their bare steel
counterparts. At the maximum rotation of 0.04 radians, the degradation of stiffness was 84.9%
for the bare steel SHS, 82.3% for the CFRP-strengthened member and 82.0% for the GFRP-
strengthened member from their maximum stiffness. Therefore, CFRP and GFRP
strengthening enhanced the stiffness of SHS members due to the additional confinement and

strength given by the CFRP and GFRP. Additionally, the secant stiffness of the CFRP and
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GFRP-strengthened SHS members is 18.6% and 22.4% respectively higher than the bare
counterpart at the maximum positive rotation of 0.04 radians. Similarly, the CFRP and GFRP-
strengthened SHS members show higher secant stiffness of 13.6% and 12.5% respectively over

the bare member in the maximum negative rotation of 0.04 radians.
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Figure 12: Secant stiffness-rotational responses under cyclic loading

3.2.4 Energy Dissipation Capacity

An investigation into the impact of both FRP materials on the energy dissipation
capacity of cyclically loaded SHS was carried out. The majority of seismic energy applied to a
structure is dissipated through the inelastic deformation of structural elements. The structural
elements that inelastically deform in a steel frame building are usually the beams, the base of
a column, and internal panels. Therefore, when designing for earthquake loadings, it is critical
to consider the capacity for energy dissipation of both strengthened and unstrengthened steel
members. The area encircled by all cycles for all rotation levels is plotted versus the level of
rotation to determine the energy dissipation for each member. Energy dissipation capacities for
bare, CFRP and GFRP-strengthened SHS members are presented in Figure 13. The dissipated

energy by all members was minimal within their elastic region of up to around 0.0075 radians.
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Further, the strengthened members had a lower energy dissipation than the bare beam for up to
0.02 radians of rotation due to the stiffness and confinement contribution by FRP strengthening.
However, after the beams yielded, while the energy dissipation rapidly increased, both
strengthened members increased at a higher rate in contrast to the bare member. At maximum
rotation of 0.04 radians, the dissipated energy was 2.10 kNm for the bare member, 2.53 KNm
for the CFRP-strengthened member and 2.50 KNm for the GFRP-strengthened member. These
were increments of 20.6% for the CFRP-strengthened member and 19.1% for the GFRP-
strengthened member compared to the bare steel section. Therefore, both FRP strengthening
enhances the almost same level of energy dissipation capacity, although CFRP strengthening
is more efficient to enhance the strength of the SHS member compared to GFRP strengthening.
This behaviour has been noticed as both FRP-strengthened members have almost the same
ductility capacity and the lower stiffness material properties of GFRP also have additional

effects to enhance the energy dissipation capacity as well.
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Figure 13: Energy dissipation-rotational responses under cyclic loading
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4. Theoretical prediction model

The ultimate moment capacity of the bare SHS members can be predicted by following
AS4100 (AS 4100: Steel Structures, 1998). On the other hand, a theoretical model to predict
the ultimate moment capacity of FRP-strengthened steel SHS members was developed based
on AS4100 (AS 4100: Steel Structures, 1998) and Haedir et al. (Haedir et al., 2009). The
equivalent steel section approach proposed by Haedir et al. (Haedir et al., 2009) for the FRP-
strengthened circular hollow section is implemented to transform the FRP strengthened SHS

(cs)
es

into equivalent steel SHS section. The thickness of the supplemented area of FRP to steel (t
) was calculated by assuming that there will be no debonding and failure of the FRP before
reaching the ultimate moment capacity in addition to the influence of the modular ratio concept
and the percentage of the fibre strength efficiency relative to steel according to Haedir et al.

(Haedir et al., 2009). For the FRP-strengthened SHS section, the transformed section of the

FRP-strengthened SHS section is shown in Figure 14.

G

Supplemented area
of FRP to steel

Steel section

Figure 14: Transformed section of FRP-strengthened SHS section

From this transformed section of FRP-strengthened SHS section, the equivalent elastic
section modulus (Zes) and equivalent plastic section modulus (Ses) can be obtained by Equation
(1) (Dym & Shames, 1973) and Equation (2) (Dym & Shames, 1973) respectively and given

below:
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In the above equations, the dimensions of the equivalent section are b, =b+2te(§s) and

_ (cs)
tes - ts +tes .

Then, the ultimate moment capacity of the FRP-strengthened SHS section (M(%%) under

bending can be predicted by using Equation (3) (Dym & Shames, 1973) theoretically and given

below:

55) —
M,g ) = Ze.

Y

.05 (3)

where Zes. refers to the effective section modulus of the equivalent steel section and o ¢+ refers

to the yield strength of the steel. For the compact SHS section, the effective section modulus

is equal to the equivalent plastic section modulus.

The local buckling at the middle of the member in the compression zone was the
prominent failure mode and the FRP composites remained intact at end of wrapping for all the
FRP-strengthened specimens. Hence, although only a portion of the beams is strengthened with
FRP, it does not influence the ultimate moment capacity as the FRP act as an effective
composite material with the steel SHS and the section modulus of the middle of the section has
played the key factor on the ultimate moment capacity. The effective section modulus of the
midsection has been considered to predict the ultimate moment capacity. Table 3 compares the
experimental and predicted moment capacity of the bare, CFRP and GFRP-strengthened
members. It is evident that the two sets of results match well for all the bare, CFRP and GFRP-
strengthened members. Moreover, the actual ultimate stresses on the CFRP and GFRP

composites were 179.9 MPa and 53.0 MPa respectively which were much lower than the actual
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ultimate stress on the steel SHS (416.2 MPa) under monotonic loading. Almost similar stresses
were exhibited by steel SHS, CFRP and GFRP under cyclic loading. Hence, the ultimate
capacity of the FRP-strengthened members has been dominated by the buckling of the steel
SHS and failure of the FRP will not occur before reaching at the ultimate moment capacity.
The effect of cyclic loading has not been considered in the current prediction model due to the
limitation of data which is out of the scope of the current study and can be considered for future

study.

Table 3: Comparison of experimentally obtained and theoretically predicted results

Specimen identifier Ultimate Moment capacity (kNm) Mge
Theoretical (Mtheo)  Experimental (Mexp) M

BB-B-M 14.19 15.21 0.93
SB-C-M 18.50 18.54 1.00
SB-G-M 16.89 16.40 1.03
BB-B-C 14.19 15.10 0.94
SB-C-C 18.50 17.80 1.04
SB-G-C 16.89 16.73 1.01
Mean 0.99

CcCov 0.04

5. Conclusions

The structural responses of the bare and FRP-strengthened SHS members under
monotonic and cyclic flexural loading were investigated experimentally. A prediction model
was also established theoretically to predict the moment capacity of strengthened SHS
members under flexural loading. The following conclusions can be drawn based on the present

investigation:
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Vi.

CFRP and GFRP strengthening increased the ultimate moment capacity of the SHS
member due to the additional strength provided by FRP and the confinement effect of
composites. The increase is 21.9% for CFRP and 7.8% for GFRP indicating that the
CFRP with the almost same amount of fibres can result in a higher capacity section due
to having higher strength material properties compared to GFRP as well as high

confinement.

. CFRP-strengthened member had a bit higher second stiffness compared to the GFRP

as CFRP has higher strength and stiffness than GFRP. However, the ductility of the
GFRP-strengthened member is very close to the CFRP-strengthened member as lower
stiffness of GFRP provides more advantages for having a better enhancement of
ductility behaviour than that of CFRP.

The enhancements of the ultimate moment capacities of SHS members under cyclic
loading due to CFRP and GFRP strengthening techniques are higher than under
monotonic loading. This can be due to the additional confinement and ductility by FRP
which reduces the cyclic vulnerability of members greatly by increasing the energy
absorption capacity.

Both strengthened SHS members demonstrated higher ductility and less tendency for
buckling which result in higher rotational capacities at their ultimate moment capacity
compared to the bare SHS member.

Under cyclic loading, the GFRP-strengthened SHS member exhibited lower moment
degradation than the CFRP-strengthened SHS member as GFRP is less stiff than the
CFRP.

Although CFRP strengthening is more efficient to enhance the strength of the SHS
member compared to GFRP strengthening, both CFRP and GFRP strengthening

enhance the almost same level of energy dissipation capacity as the lower stiffness
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Vii.

viii.

material properties of GFRP also have additional effect to enhance the energy
dissipation capacity.

GFRP is found to be more effective than CFRP to strengthen the SHS under cyclic
loading. Although the CFRP composite is more than three times stiffer than the GFRP
composite, the cyclic performance of the GFRP-strengthened member was close to the
CFRP-strengthened member as the performances were dominated by the buckling of
the steel SHS and additionally, GFRP has the lower stiffness and better capacity to
absorbed cyclic forces than that of CFRP.

The theoretical prediction model was developed by assuming that the FRP will not be
debonded and fail before reaching at the ultimate moment capacity in addition to the
influence of the modular ratio concept and the modest contribution of the fibre strength.
There was good agreement between the theoretically predicted and experimental values
of the ultimate moment capacities for all the bare, CFRP and GFRP-strengthened

members.

Furthermore, the effect of the number of layers and bond length on the performance of FRP-

strengthened SHS as well as FRP-strengthened concrete-filled circular hollow section and the

square hollow section can be investigated in future studies through detailed experimental study

and numerical investigation such as finite element modelling.
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