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ABSTRACT

Many civil applications use square hollow sections (SHSs) as members in beam-column
connections which can be vulnerable under cyclic loading. Cyclic loadings from earthquakes,
wind, waves and currents affect onshore and offshore civil infrastructure. In addition, these
beam-column connections can become structurally inadequate through incremental service
loads, design/fabrication errors and material property degradation over time. Due to this, it will
be necessary to strengthen SHS beam-column connections to improve their performance under
sustained monotonic and cyclic loadings. This paper treats the performance of SHS beam-

column connections strengthened with externally bonded carbon fibre reinforced polymer
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(CFRP) and glass fibre reinforced polymer (GFRP). Experimental investigations have been
conducted on the bare, CFRP and GFRP strengthened SHS connections under monotonic and
cyclic loading. Results show that under cyclic loading both CFRP and GFRP strengthened SHS
beam-column connections exhibit improved ultimate moment capacity, moment degradation
behaviour, secant stiffness, energy dissipation capacity and plastic hinge behaviour compared
to their bare counterparts. Under monotonic loading, both types of strengthened connections
show higher moment capacity, secant stiffness and ductility. In addition, CFRP strengthening

enhances the ultimate strength, while GFRP strengthening enhances ductility.

Keywords: Square hollow sections (SHS) beam-column connections; Carbon fibre reinforced
polymer (CFRP); Glass fibre reinforced polymer (GFRP); Strengthening; Monotonic loading;

Cyclic loading.

1. Introduction

Beam-columns connections using square hollow sections (SHSs) as members in steel structures
are quite common and used extensively due to their many structural and architectural
advantages [1,2]. SHSs show better structural performance in comparison to other open
sections in torsion, and compression, as well as offer more fire protection options and better
capability to resist corrosion due to the absence of sharp edges [1]. SHSs are used in columns,

beams, beam-column connections, lattice girders and facades of civil infrastructures.

Earthquakes have caused significant damage to structures and resulted in significant loss of
human life. In the 20™ century alone, this natural disaster has resulted in 1.87 million casualties.
A single earthquake has caused an average of 2052 deaths between 1990 and 2010 [3].
Recently, the frequency of earthquakes occurring globally has increased [4]. Cyclic loading is
now an important concern as the major cause of structural failure has been through steel

fractures in hollow members [5]. Seismic loading which is a kind of cyclic loading, can cause



structural connections to fail in isolation, causing failure in sections of a building or entire
collapse of the structure [6]. This can occur either through horizontal acceleration or ground
liquefaction [7]. The cyclic loading generated from earthquakes and winds affects both onshore
and offshore structures. Offshore structures, mainly the oil and gas extraction support platform
of the mining industry, face cyclic loading through current and waves in addition to earthquakes
and winds [5]. Strong-column weak-beam is the main concept in the design of moment-
resisting frames. Steel structures such as hospitals and other public facilities were damaged
severely due to the Northridge earthquake in 1994. Both high-rise and low-rise buildings, and
the old, as well as the new buildings were damaged. Damage in welded beam-column
connections was the most common damage. Damage was found in 75% of the connections in
the surveyed buildings. At least one connection was severely damaged in 70% of the floors and
in several cases, all the connections were damaged in one or more floors of the building [8].
The columns had buckled and the flanges of girders had yielded and buckled as well in some
steel structures [9]. In 1995 in the Hyogo-ken Nanbu earthquake, more severe damage was
observed and the damage of steel-framed structures was due to failures of columns, column
bases, beams and beam-column connections [10]. In addition to such random loading, SHS
beam-column connections can also become structurally inadequate through incremental
service loads, design/construction errors and material property degradation. Researchers aim
to repair or strengthen these connections to improve their performance under sustained cyclic

loading. However, studies on cyclic loading on SHS beam-column connection is limited.

Currently, the standard method of repairing and strengthening connections in steel structures
is through welding extra steel plates where needed. This results in added weight and sometimes
altered stress distributions due to the heat created during the welding [11]. These welded plates
are also vulnerable to damage from corrosion [12]. This process often requires heavy machines,

scaffolding and long disruptions to services during the repairs [5]. Strengthening or repairing



through fibre reinforced polymer (FRP) is increasing nowadays [13] and can circumvent these
issues while providing additional benefits. These include higher tensile strength and strength
to weight ratio [14,15], resistance to corrosion [16,17], cheaper as less preparation and labour
are required, easy to apply in confined spaces, increased flexibility and the ability to form any
shape [18]. Research has demonstrated the ability of FRP strengthening to improve the moment
capacity and ductility of the steel members [2,19,20], enhance resistance to impacts [21] and
reduction in tip displacement in rigid steel frames under lateral loads [22-24]. FRP
strengthening can delay local buckling [25], increase steel member energy absorption capacity
[26] and improve the fatigue behaviour of the steel members [27] and plates [28,29]. Moreover,
FRP strengthening technique has been effective in enhancing the axial capacity of SHSs
[30,31], lipped channel steel sections [32] and concrete-filled steel tubes [33]. Based on the
above advantages of FRP, both carbon fibre reinforced polymer (CFRP) and glass fibre
reinforced polymer (GFRP) strengthening techniques have been used to repair and strengthen
SHS steel beam-column connections subjected to both monotonic and cyclic loading.
Moreover, there are different beam-column connections e.g. welded, bolted, combined welded
and bolted etc [34]. Welded beam-column connection is chosen in the present study as except
for its fracture tendency index, it possesses good load carrying capacity, hysteretic behaviour
and cumulative damage resistance under seismic and cyclic loadings [35] and the FRP

strengthening technique will be effective to enhance its fracture resistance capacity.

Although there have been some investigations on FRP strengthening of welded connections
under fatigue loading, e.g. welded steel attachments [36], welded cross-beam connections [37],
welded web gusset joints [38], K-joints [39], the behaviours of FRP strengthened SHS beam-
column connections under large-displacement cyclic and monotonic loadings have not yet been
investigated. Hence, there is an urgent need to investigate the behaviour of FRP strengthened

SHS beam-column connections subjected to monotonic and cyclic loading. In the present



study, the monotonic push loading and cyclic push-pull loading are applied with a hydraulic
actuator at the beam tip to investigate the behaviour of FRP strengthened SHS beam-column
connections under monotonic and cyclic loadings. Six SHS welded beam-column connections
with the same column and beam sizes are prepared. Both CFRP and GFRP are used for the
strengthening using the same adhesive in order to investigate the effect of FRP type. Structural
performance in terms of moment capacity, secant stiffness, energy dissipation and ductility of
the bare, CFRP and GFRP strengthened SHS beam-column connections under monotonic
loading are compared first. This is followed by evaluating the effects of continued cycling on
the behaviour of the bare, CFRP and GFRP strengthened SHS beam-column connections with
respect to the same performance indicators. Moreover, the development of plastic hinge and
the propagation of yielding along the beam length are investigated for all the SHS beam-

column connections under cyclic loading.

2. Experimental Program

2.1 Materials

Four different materials namely, steel, adhesive, CFRP and GFRP were used in the present
study. Liberty OneSteel Ltd., Australia supplied the cold-formed SHS steel sections. The grade
of the steel was C350L and was manufactured according to AS/NZS 1163 [40]. The standard
coupons of steel are prepared from the SHS steel sections and the mechanical properties of
steel are obtained through standard coupon tests according to AS1391 [41]. Figure 1 shows the
stress-strain curves obtained from the standard coupon tests. As there is no definite yield
plateau, the yield stress is obtained using the 0.2% offset method. The measured average
modulus of elasticity, yield stress and tensile strength were 190 GPa, 380 MPa and 475 MPa
respectively. CF130 normal modulus, unidirectional and with nominal dry thickness of 0.176

mm are used as CFRP and supplied by BASF Pty Ltd., Australia. The used GFRP sheets were



manufactured and supplied by CG Composites Pty Ltd., Australia. Tensile tests of epoxy
coated cured CFRP and GFRP sheets were undertaken by one of the authors according to
ASTM: D3039 [42] to determine the sheet’s mechanical properties. The measured average
modulus of elasticity and tensile strength were 75 GPa and 987 MPa respectively for CFRP
[43] and 55 GPa and 1065 MPa respectively for GFRP [44]. The thicknesses of CFRP and
GFRP laminates are measured by using digital Vernier callipers in three different locations.
The measured average thicknesses of one-layer CFRP and GFRP laminate are 0.60 mm and
0.65 mm respectively. MBrace 3500 and MBrace 4500 two-part epoxy resin manufactured and
supplied by BASF construction chemicals Australia Pty Ltd. are used as adhesion promoter
primer and bonding material respectively in the present study. Standard tensile coupon tests
were conducted in accordance with ASTM: D638-10 [45] by one of the authors to measure the
material properties of adhesive [46]. The average modulus of elasticity and tensile strength of

adhesive were 2.86 GPa and 46 MPa respectively.

600

500 f

e imielmieerelelm e e e -t .

-, es e
T emer s I LI LT

Lot S

. '-_\

400

'-I

Stress (MPa)
w
38

200

—--—Coupon-1
......... Coupon_2
- - -+ Coupon-3

100

0 1 1 1
0 0.05 0.1 0.15 0.2 0.25

Strain (mm/mm)

Figure 1: Stress—strain curves from the standard coupon tests.



2.2 Experimental specimens and schemes of strengthening

Six identical SHS welded beam-column connections are prepared. SHS 100x100x3 (mm) and
100x100%9 (mm) were used as beam and column respectively for all the specimens. The beam
section was non-compact whereas the column section was compact. The SHS members were
selected by considering the strong-column weak-beam concept. The beam is welded all around
with the column by complete joint penetration (CJP) groove welds according to AWS D1.1
[47]. CJP groove weld was used to reduce the probability of welding failure. Steel end plates
of 20 mm thickness are welded at both ends of the column and connected with the pin supported
connections while the same endplate is welded at the tip end of the beam to be connected with

the load transferring hinges.

For clarity in results, the specimens are labelled for identification. The first term is the type of
connection - BBCC denotes the bare beam-column connections and SBCC denotes the FRP
strengthened beam-column connections. The next text denotes the types of FRP used for
strengthening where B stands for bare connections, C for CFRP strengthened connections and
G for GFRP strengthened connections. The last letter denotes the applied loading condition
during the experiment - M for monotonic loading and C for cyclic loading. Details are given in

Table 1 for each specimen.

Table 1: Experimental specimens matrix

Specimen types Specimen Types of FRP Loading
identifier condition
Bare beam-column connection BBCC-B-M - Monotonic
Strengthened beam-column connection SBCC-C-M CFRP Monotonic
Strengthened beam-column connection SBCC-G-M GFRP Monotonic

Bare beam-column connection BBCC-B-C - Cyclic



Strengthened beam-column connection SBCC-C-C  CFRP Cyclic

Strengthened beam-column connection SBCC-G-C  GFRP Cyclic

The beams of all strengthened beam-column connections are strengthened with the same bond
length of 300 mm FRP with the FRP fibre direction of LLH, which means that FRP fibres are
in the longitudinal direction (L) in both first and second layers and in the hoop direction (H) in
the third layer. The FRP fibre orientation of LLH is chosen to utilise the higher stiffness and
tensile strength of FRP in the longitudinal direction in the first two layers and the third layer in
the hoop direction to clip and confine the first two layers for better debonding resistance. The
columns of all the beam-column connections are strengthened with the same bond length of
FRP of 200 mm. The FRP fibre orientation of first and third layers is in the hoop direction to
clip and confine the overlapped FRP from the beams while the second layer is in the
longitudinal direction to utilise the advantages of FRP’s longitudinal properties. The schematic

diagram of the FRP strengthened connection is shown in Figure 2.
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Figure 2: Schematic diagram of the FRP strengthened connection



2.3 Preparation of specimen and strengthening procedure

Two specimens remained untreated and left as bare steel connections to be used as control
specimens for the monotonic and cyclic tests. The steel surface of SHS beam-column
connections was roughened by sandblasting in the area to be strengthened to ensure a sound
adhesion of the FRP with the steel surface and shown in Figure 3(a). Grease and any remaining
particles were cleaned using acetone with a cloth. Once the acetone had dried, the area is primed
with the adhesion promoter and left to sit for a minimum of 45 minutes and shown in Figure
3(b). The epoxy part A and B are then mixed thoroughly as a ratio of 1:3 and applied into the
primed area as stated in the guidelines provided by the manufacturer. The FRP sheets are
prepared according to the required dimensions and applied one layer at a time. The first layers
are applied in the adhesive coated steel surfaces (around the top and bottom of the beam and
front and back of the column) of the beam-column connection. The sheets are rib rolled in the
direction of the main fibres to ensure full saturation of the fibres and with the adhesive coming
through as shown in Figure 3(c). Before applying the second layer of FRP, the additional
adhesive is applied on the first layer and rib rolled again in the direction of the main fibres. The
third layer is then applied above the second layer by following the same procedure as before.
This whole process was conducted while all layers remained saturated with epoxy to promote
bonding between all layers and the bare steel section. Hence, after curing it will behave as a
single laminate of FRP. Then the strengthened area is wrapped with masking tape to prevent
premature debonding and shown in Figure 3(d). The masking tape was removed from the
strengthened connection after 24 hours of curing. To confirm the achievement of proper

bonding, the strengthened connections were cured for a minimum of two weeks in ambient



temperature. All tested bare, CFRP and GFRP strengthened beam-column connections are

shown in Figure 4.

Figure 3: Specimen preparation: (a) specimen after sandblasting; (b) process of rib rolling; (c)

application of masking tape (d) cured connection



Figure 4: Tested bare, CFRP and GFRP strengthened SHS beam-column connections

2.4 Experimental setup and loading protocol

The exterior SHS beam-column connection in rigid moment frames is characterised by the
tested SHS beam-column connections of the present study. The SHS was supported vertically
at the top and bottom ends through pinned connections to represent the points of inflection at
the column ends accurately. The SHS beam is horizontally cantilevered out perpendicular to
the column face so that the tip of the SHS beam will be directly under the hydraulic loading
point. The beam is connected to the hydraulic through a doubly pinned hinge to avoid any axial

load and to investigate the connections under pure bending. A thick bearing plate is welded to



the tip of the beam and bolted to the pinned hinge connected to the hydraulic to avoid local
deformations due to applied loading. This setup allows for vertical push loading required
during the monotonic testing and both vertical push and pull loading required during the cyclic

testing as well. A schematic diagram of the experimental setup is shown in Figure 5(a).

The used hydraulic actuator has a loading capacity of 1000 kKN and the ability to measure
applied displacements and loads. The applied load at the tip of the beam is multiplied by the
lever arm (1000 mm) to determine the applied moment. The displacement at various sections
of the specimen is measured using Laser Displacement Sensors (LDS). Strain gauges are placed
at 50 mm, 100 mm, 200 mm and 300 mm from the column front face on the centre of the top
face of the beam. Figure 5(b) shows a photograph of the experimental setup. The increasing
displacement control large-deformation cyclic loading protocol as specified in ANSI/AISC
341-16 [48] was used for the cyclic loading tests and shown in Figure 6. This earthquake
simulation protocol was selected as current provisions for earthquakes require the connections
to undergo the large deformation and simulate far field type earthquakes [48]. The
displacement at the end of the beam is divided by the lever arm of the loading point (1000 mm)
to determine the rotation experienced by each connection according to ANSI/AISC 341-16
[48]. A small amount of flexibility was noticed at the supports of the connection and loading

point during the testing of each specimen (Figure 5(b)).
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3. Experimental Results and Discussion

Strengthening with CFRP and GFRP improves the structural response of the SHS beam-
column connection. By aligning the longitudinal fibres of the sheets with the direction of
loading and locking it in place with a transversely oriented hooping layer, the connections
achieved greater ultimate moment capacity, secant stiffness, energy dissipation capacity and

ductility.

3.1 Behaviour under monotonic loading

The bending response of bare, CFRP and GFRP strengthened connections under monotonic
loading is evaluated and presented as moment-rotation curves. The applied load is multiplied
by the lever arm of 1000 mm to calculate the moment capacity and plotted with the
corresponding rotation for that moment. Moment capacity versus rotation curves of the bare,
CFRP and GFRP strengthened SHS beam-column connections under monotonic loading are
compared in Figure 7 which shows that the moment capacity is significantly increased for both
CFRP and GFRP strengthened connections compared to the bare connection. The ultimate
moment capacities of the bare, CFRP and GFRP strengthened SHS beam-column connections
under monotonic loading are 19.1 kN.m, 25.6 KN.m and 25.5 kN.m respectively. The ultimate
moment capacity of CFRP strengthened SHS connection is therefore improved by 34.2% while
the GFRP strengthened SHS connection shows a slightly lower improvement of 33.8%
compared to bare SHS connection under monotonic loading. Moreover, both CFRP and GFRP
strengthened connections have been able to support higher rotational capacity of 0.042 radians
and 0.053 radians respectively at the ultimate moment capacity compared to 0.028 radians of
the bare connection. Moreover, Figure 8 exhibits the experimental failure modes of bare, CFRP
and GFRP strengthened connections under monotonic loading where both of CFRP and GFRP
strengthened connections are showed less buckling compared to bare connection. Fracture in

weld was not observed during the testing. Moreover, the FRP strengthened connections failed



due to buckling of the steel beam under bending and fracture in the FRP was not observed
during the experiments. Hence, the tensile strength of CFRP or GFRP was not the controlling
factor, but their initial stiffness i.e. elastic modulus is the controlling factor. As the elastic
modulus of the CFRP is higher than that of GFRP, CFRP strengthened connection showed
higher moment capacity compared to the GFRP strengthened connection. On the other hand,
GFRP strengthened connection shows a better rotational capacity compared to the CFRP
strengthened connection due to its higher ductility property. However, sudden drops in the
moment capacity occurred in both strengthened connections. These sudden drops may be due
to some debonding on the compression sides, but the FRPs remained in their original positions
since they were yet attached to the SHSs on the three other remaining sides. It can hence be
concluded that both CFRP and GFRP strengthening techniques are effective to enhance the

structural performance of SHS beam-column connections under monotonic loading.
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(a) (b) (c)
Figure 8: Experimental failure modes of (a) bare, (b) CFRP and (c) GFRP strengthened
connections under monotonic loading
The secant stiffness was determined by dividing the applied load by the corresponding
displacement and plotted versus the rotation of the connections. The comparison of the secant
stiffness curves of the bare, CFRP and GFRP strengthened SHS beam-column connections
under monotonic loading is shown in Figure 9. The maximum secant stiffnesses of the CFRP
and GFRP strengthened connections are 1156.3 kN/m and 1090.3 kN/m respectively which are
7.6% and 1.5% respectively higher compared to the maximum secant stiffness of 1074.4 kKN/m
of the bare connection. Secant stiffnesses for all connections are clearly seen to decrease with
the increased rotation. At the ultimate deflection, the CFRP and GFRP strengthened
connections have 39.6% and 64.9% greater secant stiffness compared to the that of the

unstrengthened bare connection.
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Figure 9: Secant stiffness-rotation curves of the bare, CFRP and GFRP strengthened
connections under monotonic loading
The final performance factor under monotonic loading is the ductility factor for each
connection. The ductility of connections in a steel frame has a significant effect on the
structure’s performance under seismic loading. The ductility factor is obtained by finding the
ratio of energy dissipation at the ultimate load to the energy dissipation at the yield point [49].
The yield point is obtained according to Li et al. [50]. The ductility factors of all connections
are shown in Figure 10. The improved ductility of both FRP reinforced connections over that
of the bare steel connection is clear. The ductility factors of the bare, CFRP and GFRP
strengthened SHS beam-column connections are 1.65, 2.03 and 2.50 respectively. Hence, due
to the CFRP strengthening, the ductility of the SHS connections is increased by 22.9% and
51.4% due to the GFRP strengthening respectively. These increases in ductility factors are due

to the increased post-yield capacities of the FRP wrapped connections.
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3.2 Behaviour under cyclic loading

Both CFRP and GFRP have been used to strengthen the welded steel SHS connections and
tested alongside an identical bare connection. These tests are subjected to cyclic loads intended
to simulate the cyclic effects of earthquake loading. The data from these tests have been
analysed and plotted in terms of cyclic hysteretic responses, moment-rotation backbone curves,
secant stiffnesses, energy dissipation capacities and plastic hinge development for clarity.
These data and the summaries confirm the effectiveness of both FRP strengthening techniques.
The sections below show the improvement of structural performances due to CFRP and GFRP

strengthening over the bare connection under cyclic loading.

3.2.1 Experimental hysteretic behaviour
The cyclic bending responses of the bare, CFRP and GFRP strengthened SHS beam-column
connections have been evaluated through hysteretic moment-rotation analysis. The moment

capacity is calculated by multiplying the applied load by the lever arm of the loading point



(1000 mm) and plotted against the rotation measured in radians. Moment capacity versus
rotation hysteresis responses of the bare, CFRP and GFRP strengthened SHS connections are
shown in Figure 11(a), Figure 11(b) and Figure 11(c) respectively. Moreover, Figure 12
exhibits the experimental failure modes of bare, CFRP and GFRP strengthened connections
under cyclic loading. All SHS connections behaved inelastically as seen from the hysteretic
loops. Towards the end of the loading protocol specially after the yielding, a decrease in
moment capacity is seen on the second cycle of each rotation level. This decrease was more
significant in each of the subsequent higher rotation cycles. The moment capacity under cyclic
loading has greatly improved in both CFRP and GFRP strengthened connections compared to
that of the bare connection. For the positive rotation, the maximum moment capacity is 18.0
kKN.m for the bare, 25.5 kKN.m for the CFRP strengthened and 23.8 kN.m for the GFRP
strengthened SHS beam-column connections. This shows that the CFRP strengthening
increases the connection’s maximum moment capacity by 41.3% and 31.8% respectively.
Similarly, an increase in maximum moment capacities of both FRP strengthened connections
are seen in the negative rotation. The maximum capacity for negative direction is 17.9 KN.m,
23.6 kN.m and 23.4 kN.m for the bare, CFRP and GFRP strengthened connections respectively.
Hence, the maximum moment capacity in the negative rotation is slightly smaller than the
maximum moment capacity in the positive rotation for each type of connection. Moreover, an
increase in maximum moment capacity by 32.1% for the CFRP and 31.0% for GFRP
strengthened connections over the bare specimen can be noticed in the negative rotation.
Additionally, the bare, CFRP and GFRP strengthened connections reached the maximum
moments at the rotational levels of 0.03 radian, 0.04 radian and 0.05 radian respectively in both
positive and negative directions. Hence, both CFRP and GFRP strengthened connections
reached higher rotational levels than the bare connection whereas GFPR strengthened

connection reached a higher rotational level than the CFPR strengthened connection.
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Figure 12: Experimental failure modes of (a) bare, (b) CFRP and (c) GFRP strengthened

connections under cyclic loading

3.2.2 Moment Capacity Degradation Behaviour
Moment capacity degradation behaviour was analysed through moment versus rotation
backbone curves for each tested connection. The backbone curves were created by plotting the

moment at the maximum rotation of the first cycle of each rotation against the corresponding



maximum rotation. The moment versus rotation backbone curves of the bare, CFRP and GFRP
strengthened SHS beam-column connections under cyclic loading are shown in Figure 13
which highlights the moment versus rotation hysteresis responses shown in Figure 11(a), (b)
and (c). All connections show stable responses by exhibiting symmetric moment-rotation
responses in both positive and negative directions. Moreover, all connections showed a
decrease in moment capacity with each subsequent rotational level after reaching the ultimate
moment (as rotations become larger). The decreasing moment capacity is due to local buckling
in the beam connections of each specimen. Both FRP strengthened connections maintained
higher moment capacities at the higher rotations and post-buckling, even at maximum rotation.
In the positive direction, the bare connection has the maximum moment capacity of 18.0 kN.m
at 0.03 radian rotation and reducing to 12.4 kN.m at the maximum rotation of 0.05 radians. The
CFRP strengthened connection reached the maximum moment capacity of 25.5 kN.m at 0.04
radians and dropping to 20.9 KN.m at the maximum rotation of 0.05 radians. This shows a
reduction of 31.1% in the moment capacity of the bare connection and 18.0% for the CFRP
strengthened connection. On the other hand, GFRP strengthened connection did not show any
moment degradation until the rotational level of 0.05 radians. Hence, the GFRP strengthened
connection exhibits a better moment degradation behaviour than the CFRP strengthened
connection and the CFRP strengthened connection exhibits a better moment degradation
behaviour than the bare connection. Moreover, the GFRP strengthened connection reached the
maximum moment capacity of 23.8 kN.m at 0.05 radians and dropping to 20.4 KN.m (14.3%
reduction) at the rotation of 0.06 radians. In addition, after yielding the reduction in moment
capacity occurred on each cycle within a given rotation level as well (can be seen from Figure
11). For the same rotation level, the bare, CRFP and GFRP strengthened connections moment
capacities dropped by a maximum of 14.3 %, 13.4% and 16.3% between two cycles within a

given rotation level.
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3.2.3 Secant Stiffness
Secant stiffness for each rotational level is calculated through dividing the applied load (at
maximum displacement) by the maximum displacement of that particular rotation. The
calculated secant stiffness is then plotted against the corresponding rotation in radians for each
connection type. Secant stiffness-rotation curves for bare, CFRP and GFRP strengthened SHS
beam-column connections are compared in Figure 14. It can be seen that as the rotation
increases with each loading cycle, the secant stiffness for all connections decreased. For the
positive rotation, the bare, CFRP and GFRP strengthened connections have maximum secant
stiffnesses of 838.4 kN/m, 901.4 kN/m and 898.9 kN/m respectively at 0.01 radians. This
results in 7.5% and 7.2% improvements in secant stiffness due to CFRP and GFRP
strengthening. Although all connections lost stiffness gradually, the bare steel section suffered
a greater stiffness degradation compared to FRP strengthened connections. The bare section

lost 70.2% stiffness at 0.05 radians while the CFRP and GFRP strengthened connections lost



53.7% and 47.3% respectively of their stiffness at 0.05 radians. Hence, the stiffness of CFRP
and GFRP have a significant effect on the strengthening of SHS connections. The CFRP
strengthened connection showed a higher stiffness due to the higher stiffness characteristics of
CFRP compared to GFRP whereas the GFRP strengthened connection showed less degradation
of stiffness due to the high ductility characteristics of GFRP compared to CFRP. Moreover, at
the final rotation of bare connection (0.05 radians), the CFRP and GFRP strengthened
connections have 67.1% and 89.9% respectively higher secant stiffness compared to the bare
connection. At the ultimate moment capacity point of bare connection (0.03 radians), the secant
stiffnesses of the CFRP and GFRP strengthened connections are 24.3% and 13.5% respectively

higher than the bare connection.
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Figure 14: Secant stiffness-rotation curves of the bare, CFRP and GFRP strengthened SHS

connections

3.2.4 Energy Dissipation Capacity
The effects of CFRP and GFRP strengthening on energy dissipation capacity under cyclic
loading are investigated. Seismic energy is mostly dissipated through specific elements that

deform inelastically in a structure. The base of columns, beams and intermediate panels will



generally inelastically deform to dissipate energy in the steel-framed buildings. Therefore, the
capacities of strengthened and bare connections have for energy dissipation are critical when
considering earthquake input energy. The energy dissipation capacity is determined by
calculating the area enclosed by all cycles of each rotation level and plotted against the rotation.
The energy dissipation capacity versus rotation curves of bare, CFRP and GFRP strengthened
connections are shown in Figure 15. The dissipated energy for each specimen remained low in
the elastic region (almost until the rotation of 0.02 radians). These increased rapidly for all
connections after yielding, with that for the bare connection increasing slightly faster than those
for the FRP wrapped connections. At the ultimate moment capacity point of each connection,
the bare connection has dissipated 1.01 kN.m of energy, while the CFRP strengthened
dissipated 1.86 kN.m, an increase of 84.2% and the GFRP strengthened dissipated 3.06 kN.m,
an increase of 203.9%. The increased maximum moment capacity and rotational capacity allow
the CFRP and GFRP connections to dissipate more energy as they can handle much higher
loads and rotations before failure. Moreover, at the rotation of 0.05 radian, CFRP and GFRP
strengthened connections have shown higher energy dissipation capacities of 24.54% and

16.2% respectively compared to the bare connection.
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Figure 15: Energy dissipation-rotation curves of the bare, CFRP and GFRP strengthened SHS

connections

3.2.5 Plastic Hinge Development
The development of plastic hinges in the bare and FRP strengthened SHS connections are also
discussed and compared to investigate the effectiveness of both FRP strengthening techniques.
The propagation of yielding along the beam length was investigated through the distribution
characteristics of strain along the beam length. The strain distribution along the beam length
was measured by four strain gauges placed at 50 mm, 100 mm, 200 mm and 300 mm distances
from the column front face at the centre of the top face of the beam. The value of the yield
strain of steel is 2000 (pe) and was calculated based on the steel yield stress of steel. The strains
of bare, CFRP and GFRP strengthened SHS beam-column connections are compared at the
rotation levels of 0.01 radian, 0.03 radian, 0.04 radian and 0.05 radian which represent small,
medium, high and very high levels of rotation respectively. The comparison of the strains at
different rotational levels of the bare, CFRP and GFRP strengthened connections are shown in

Figure 16, Figure 17 and Figure 18 respectively.

At the rotational level of 0.01 radian, the bare SHS beam remains elastic in both tension and
compression. At the rotational level of 0.03 radian, yielding has spread as a minimum of 200
mm of the bare SHS beam from the connection. However, at the rotational level of 0.04 and
0.05 radians, reductions in the strains of bare SHS beam are found at 50 mm, 100 mm, 200 mm
and 300 mm from the column end (compared to that at the rotation of 0.03 radian). Hence,
local buckling occurred in the bare SHS beam before the rotational level of 0.04 radian and at
less than 50 mm from the connection. On the other hand, the strains in the CFRP and GFRP
strengthened SHS beams increased up to the rotation of 0.04 and 0.05 radians. Then reductions
in strains occur at all gauges compared to those at the previous rotation of 0.04 radian in the

CFRP strengthened beam and 0.05 radian in the GFRP strengthened beam. Hence, FRP



strengthening technique can effectively enhance the SHS beam rotational capacity and the local
buckling has been delayed as a result of CFRP and GFRP strengthening from 0.04 radian to

0.05 radian and 0.04 radian to 0.06 radian respectively.
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Figure 16: Strain distribution along the beam length of the bare connection
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Figure 17: Strain distribution along the beam length of the CFRP Strengthened connection
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Figure 18: Strain distribution along the beam length of the GFRP Strengthened connection

4. Conclusions

Experimental investigations have been conducted on the behaviour of bare, CFRP and GFRP
strengthened SHS connections under both monotonic and cyclic loadings. Both CFRP and
GFRP strengthening techniques are found to have enhanced the structural performances
effectively under both monotonic and cyclic loadings. The major benefits and conclusions of

CFRP and GFRP strengthening technique are outlined as follow:

1. Both CFRP and GFRP strengthening techniques are effective for enhancing the ultimate
moment capacity and rotational capacity of SHS beam-column connections under
monotonic loading where the CFRP strengthened connection shows a slightly higher
ultimate moment capacity while the GFRP strengthened connection shows better
rotational capacity.

2. Although the stiffness and ductility of SHS beam-column connections can be effectively
enhanced under monotonic loading by both CFRP and GFRP strengthening, the CFRP

strengthened connection exhibited better performance in terms of secant stiffness due to



its higher ultimate moment capacity whereas the GFRP strengthened connection exhibited
better performance in terms of ductility due to its higher rotational capacity.

. The CFRP and GFRP strengthening techniques improved the maximum moment capacity
of the SHS beam-column connection by 41.3% and 31.8% respectively under cyclic
loading. Additionally, both CFRP and GFPR strengthened connections reached maximum
moment capacities at the higher rotational levels of 0.04 and 0.05 radian respectively
compared to the bare connection which reached its maximum moment capacity at 0.03
radian.

Both CFRP and GFRP strengthened SHS connections exhibited more stable hysteresis
responses by showing less moment degradation behaviour compared to bare SHS
connection. GFRP strengthened SHS connections showed less moment degradation
compared to CFRP strengthened SHS connections due to the higher ductility
characteristics of GFRP compared to CFRP.

. The stiffness of CFRP and GFRP have a significant effect on the strengthening of the
SHS connections under cyclic loading. The CFRP strengthened connection showed higher
stiffness due to the higher stiffness characteristics of CFRP compared to GFRP, whereas
the GFRP strengthened connection showed less degradation of stiffness as the GFRP
strengthened connection showed less moment degradation compared to the CFRP
strengthened connection.

. The increased maximum moment capacity and rotational capacity allow the CFRP and
GFRP connections to dissipate more energy under cyclic loading. The energy dissipation
capacity of SHS connection was enhanced by 84.2% and 203.9% as a result of CFRP and
GFRP strengthening respectively under cyclic loading at the ultimate moment capacity

point of each connection.



7. FRP strengthening technique can effectively enhance the SHS beam rotational capacity
under cyclic loading where the local buckling is delayed from 0.04 radian to 0.05 radian

and 0.04 radian to 0.06 radian as a result of CFRP and GFRP strengthening respectively.
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