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This study investigates the cyclic performance of splice connections developed for hollow section ﬁbre reinforced
polymer (FRP) members. Splice connection specimens, each consisting of a steel bolted ﬂange joint between two
hollow section steel-FRP bonded sleeve joints, are prepared in three conﬁgurations with diﬀerence in bolt arrangement or bond length. Correspondingly, detailed ﬁnite element (FE) models are constructed with consideration of yielding of the steels, damage in the adhesive bond, pre-tensioning of the bolts and contact between
the bolt-fastened parts. Tested under a cyclic ﬂexural loading, the specimens experience diﬀerent levels of
yielding in the steel ﬂange-plates before ultimate failure in the FRP member or in the steel ﬂange-plate. Excellent
ductility and energy dissipation capacity are demonstrated in a specimen where plastic deformation of the steel
ﬂange-plates is fully developed. The strain responses are also analysed to identify damage in the adhesive bond
and yielding in the ﬂange-plates. The FE modelling agrees well with the experimental results in terms of moment-rotation and load-strain responses, and can also predict the initiation of the ultimate failure in the FRP
using the Tsai-Wu failure criterion.

1. Introduction
Fibre reinforced polymer (FRP) composites, compared to traditional
construction materials, have unique features such as high strength-toweight ratio and corrosion resistance. Majorly used in rehabilitation
and strengthening of concrete [1] and steel structures [2], they are also
ﬁnding applications in new constructions thanks to development of the
pultrusion manufacturing technique [3] and the moderate cost of FRPs
with glass ﬁbres (GFRPs). Examples of ﬁeld applications and laboratory
studies include bridges decks [4,5], space trusses [6,7], ﬂoor slabs [8,9]
and wall panels [10]. In attempts to exploit the advantages of pultruded
FRPs in frame structures, structural connections have been developed to
accommodate the brittle and anisotropic characteristics of the material.
In frame structures, the beam-column and splice connections are
two fundamental connections to facilitate the assembly. To date, beamcolumn connections of FRP structures have received extensive study.
Bank et al. conducted pioneering works in which FRP bolts, seated
angles and web cleats were used to connect FRP I-section beam and
column similar as in steel structures [11,12]. Unique failure modes of
pultruded FRP composites were revealed such as web-ﬂange separation
and delamination of the seated angles. To mitigate these types of
failure, through-bolts that engaged both ﬂanges of the I-section were
⁎

examined [11], before universal connector [13] and wrapped connector
[14] were developed. Further works were conducted in [15–17] to
explore the eﬀect of bolt arrangements, angle cleats positions and the
materials of connectors (i.e. steel vs. FRP). Later on, beam-column
connections were developed for hollow section members where steel
bolts, adhesive, ﬂange angles and web plates were used [18]. In search
of further improvement in strength, a cuﬀ connector that integrated a
hollow section FRP beam and column into a monolithic unit using
adhesive bond was studied [19,20]. The ultimate moment capacity was
increased by up to 57% compared to specimen with bolted cuﬀ. More
recently, bonded sleeve connection with extended steel endplate was
developed into stud connection [21] and beam-column connection [22]
for hollow section FRP members. In this conﬁguration, the extended
endplate enabled easy assembly with bolts and ductile failure through
steel yielding. In another recent work, innovative steel tube connectors
with welded bolt nuts were designed inside rectangular hollow section
FRP members for easy connection of beam and column, and to impart
ductility by yielding of these steel connectors [23].
Apart from the aforementioned works which focused on the
monotonic behaviour of beam-column connections, the cyclic performance was also investigated in a few studies. Early cyclic studies were
conducted on connections consisting of FRP angle and T-shaped
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connections will be of important concern under seismic loading.
Therefore, this paper investigates the cyclic performance of the splice
connection, by both full-scale experimental testing and ﬁnite element
(FE) modelling. Splice connection specimens with diﬀerence in bolt
arrangement or bond length are studied under cyclic ﬂexural loading to
reveal their failure modes, moment-rotation behaviours and cyclic
performances. Local strain responses that indicate the interaction between the bonded members and yield status of the steel components are
also reported and discussed.

connectors [24] or universal connectors [25] that were bonded and/or
bolted to I-section beams and columns. The bonded cuﬀ connection for
hollow section members was also examined under cyclic loading
[20,26]. These cyclic studies revealed limited ductility and energy
dissipation due to brittle fracture or delamination of the connector
elements at the beam ﬂanges. In the more recent cyclic studies, i.e. the
bonded sleeve connection with extended endplate [27] and the connection comprised of steel tubular connectors bolted inside the hollow
section beam and column [28,29], improved energy dissipation capacities were demonstrated through yielding of steel components and also
bearing failure of bolted joints in FRP instead of shear-out failure [30].
In comparison, splice connections for FRP members have received
far less research. Splice connections are often used in beams or columns
to enable their continuity over long span or multiple storeys. In one of
the earliest studies, beam splices formed by bolted and bonded FRP lap
plates were applied to wide ﬂange I-sections and square hollow sections
[31]. This study focused on the fatigue performance and reported the
realization of 60–80% (I-section) and 46–60% (hollow section) of the
intact beam fatigue life. Hybrid FRP I-beams with double lap splice
joints at midspan were tested in [32] where bonded and bolted joints
proved enhanced stiﬀness compared to bolted-only joints. In another
similar work, steel splice plates were used instead of FRP plates, and the
eﬀect of bolt row number was investigated [33]. Later, the serviceability behaviour of beam splices formed by bonded-only [34] and
bolted-only [35,36] lap plates for pultruded wide ﬂange I-section was
investigated, while the behaviour at ultimate state was not reported.
Among the aforementioned works of splice connections, few was
conducted for hollow section FRP members. Therefore, a splice connection was proposed in [37] consisting of a steel bolted ﬂange joint
between two hollow section steel-FRP bonded sleeve joints (Fig. 1). The
bonded sleeve joint, formed by a steel square hollow section (SHS)
member coupled into an FRP SHS member with a high-strength adhesive, was intended to be prefabricated oﬀ-site to attain manufacturing accuracy. The bonded sleeve joint, by integrating the FRP and
steel member into a monolithic unit, provided a high degree of interaction between the two components and a reduced stress concentration
in the FRP member (compared to bolt-fastening). A rotational stiﬀness
up to 114% of a continuous member was realized, and an ultimate
moment capacity of 47% of the FRP section could be attained [38]. The
steel ﬂange-plate, designed for easy on-site assembly, also enabled
ductile failure by steel yielding [38], suggesting promising energy
dissipation performance of the splice connection under cyclic loading.
To protect the exposed steel parts (the ﬂange-plates and the bolts)
against corrosion, galvanized or stainless-steel parts can be used instead, or surface coating can be easily applied. In multi-storey FRP
frame structures, the energy dissipation capacity of the splice
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2. Experimental programme
2.1. Specimens and fabrication
The overall conﬁguration and dimensions of the splice connection
specimens are illustrated in Fig. 2a. The connection specimens were
prepared in three conﬁgurations, namely C-170–8, C-120–8 and C170–4. The ﬁrst letter “C” refers to the cyclic loading; the ﬁrst number
(170 or 120) denotes the steel-FRP coupling bond length in mm
(Fig. 2b-d); and the second number (4 or 8) represents the number of
bolts on the steel ﬂange-plate (Fig. 2e). One specimen per conﬁguration
was prepared considering the large scale and veriﬁcation from FE
modelling. Fabrication of the specimens started with welding a 6 mmthick steel ﬂange-plate to one end of a steel SHS (80 × 80 × 6 mm)
member by ﬁllet weld approximately 6 mm in leg length. The other end
of the steel SHS member was co-axially coupled into and bonded to a
pultruded
GFRP
member
with
a
hollow
section
of
102 × 102 × 9.5 mm. Before the adhesive was applied, the to-bebonded surfaces of the steel and GFRP members were treated following
a procedure of degreasing, grit blasting for steel/sandpaper abrading
for GFRP, air nozzle blow-oﬀ cleaning, and solvent cleaning. Each of
the bonded assembly was cured for two weeks under room temperature,
before a pair of them was bolted together at the ﬂange-plates with
grade 8.8 M12 bolts and nuts with washers. The fasteners were pretensioned to around 65 kN by a torque wrench to meet the speciﬁcation
of “tension tight” according to AS4100 [39].
2.2. Material properties
The pultruded GFRP SHS member was comprised of E-glass ﬁbres
embedded in a polyester resin matrix. The strengths and moduli of the
GFRP material are summarised in Table 1 where the relevant test
methods [40–44] are also provided. The stress-strain behaviours of the
steel SHS and ﬂange-plate were characterised from tensile coupon tests
following ASTM A370-16 [45]; the key strength and modulus properties
are summarised in Table 2. Reported in an earlier study [46], the grade
8.8 M12 bolts had a yield strength of 1043 MPa and Young’s modulus of
235 GPa. The adhesive used to bond the steel and GFRP members was
Sikadur-330, a two-component epoxy-based adhesive. Tested under
tensile loading as per ASTM D638-10 [47], the Sikadur-330 adhesive
showed a linear stress–strain behaviour up to an average ultimate
strength of 33.7 MPa; the elastic modulus was recorded as 4.09 GPa and
the Poisson’s ratio as 0.28.
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2.3. Test setup and instrumentation
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A cantilever ﬂexural setup was adopted as shown in Fig. 2a where
the cyclic loading was applied vertically at the free end of the specimen.
The test setup, designed to subject the splice connection to a combination of shear and moment cyclic loading, simulates the load scenario
of a beam or column splice when a building frame is under seismic or
other lateral sway loadings. To approximate a ﬁxed boundary condition, the constrained end of the specimen was clamped over a 340 mmlength to a short steel column which was anchored to the strong ﬂoor
(Figs. 2a and 3). The clamped area of the GFRP member was
strengthened against failure by externally bonded steel plates. The

Y
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Fig. 1. Conﬁguration of the proposed splice connection for hollow section FRP
member.
2
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Fig. 2. Dimensions of the splice connection specimens (all units in mm; G1 to G20: strain gauges; D1 to D4: displacement gauges): (a) overall side view; (b) side view
of the connection; (c) top view of the connection; (d) bottom view of the connection; (e) front view of the ﬂange-plates with four and eight bolts.

the GFRP member (Fig. 2b-d) to evaluate the interaction between the
bonded steel and GFRP members. Four strain gauges (G17 to G20) were
attached on the steel ﬂange-plate (Fig. 2d) in positions and orientations
where yielding would initiate according to FE analysis. Four displacement gauges (D1 to D4, string potentiometers) were deployed along the

cyclic loading was applied by an Instron hydraulic actuator with a jack
stroke limit of ± 125 mm and a load cell of ± 250 kN capacity. Shown
in Fig. 3, a spread plate with a hinge joint was used at the loaded end of
the specimen to ensure freedom of rotation and verticality of the load.
In each specimen, sixteen strain gauges (G1 to G16) were attached on
Table 1
Strengths and moduli of the GFRP material.
Component of properties
Longitudinal tensile
Longitudinal compressive
Transverse ﬂexural
Transverse tensile
Transverse compressive
Interlaminar shear
In-plane shear
a
b
c

Modulus (GPa)
25.18 ± 12.80
23.77 ± 5.46
6.24 ± 1.18 a
5.52
8.78 ± 2.37
–
3.02 ± 0.31 a

Strength (MPa)
a

330.6 ± 19.4
307.7 ± 4.3 b
88.5 ± 6.5
48.3 b
127.9 ± 7.6 b
31.2 ± 1.9
27.6 ± 1.7 b

Adopted as the elastic moduli in the FE modelling.
Adopted as the strength parameters in the Tsai-Wu failure criterion.
Transverse sample too short for tensile testing.
3

Test method
b

ASTM D3039 [40]
ASTM D695 [41]
ASTM D7264 [42]
From manufacturer’s datasheet
ASTM D695 [41]
ASTM D2344 [43]
10° oﬀ-axis tensile test [44]

c
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Table 2
Strengths and moduli of the steel materials.
Steel material

Yield strength (MPa)

Ultimate strength (MPa)

Young’s modulus (GPa)

Poisson’s ratio

6 mm-thick ﬂange
80 × 80 × 6 mm SHS

372.8 ± 4.0
420.1 ± 5.9

467.2 ± 3.1
519.4 ± 8.4

205.1 ± 2.0
209.5 ± 3.9

0.243 ± 0.08
0.277 ± 0.07

a

a

0.2% oﬀset yield strength.
4

specimen to measure vertical deﬂections.

............

Displacement (δ/δy)

3

2.4. Cyclic loading sequence
In the absence of a cyclic loading protocol for FRP structures, the
ATC-24 protocol [48] for components of steel structures was based on
to devise the loading sequence in this study. The loading sequence, illustrated in Fig. 4, used the yield displacement (δy) as the reference to
increase the amplitude of cycles. The magnitude of δy, deﬁned as the
loaded end displacement when yielding of the steel ﬂange-plate began,
was estimated by FE modelling. For a direct comparison of cyclic performance among specimens, the δy value of 25 mm from specimen C170-4 was adopted for all cyclic testings. The loading sequence, applied
in a displacement-control mode (12 mm/min), consisted of nine elastic
cycles (amplitude ≤ δy) followed by a series of cycle pairs with amplitude increment of 0.5δy. In a cyclic testing, the loading sequence was
implemented until a complete failure of the specimen, i.e. sudden drop
in load resistance, or until the stroke limit of the hydraulic jack
( ± 125 mm) was reached.

δ2 = 0.75δy

1
0
-1

δ1 = 0.5δy

δ3 = 1.0δy

-2
-3
-4
0

1

2

3

4

5

6

7

8

9 10 11 12 13 14 15 16 17 18 19 20
Cycles

Fig. 4. Cyclic loading sequence applied to the specimens (δy = 25 mm).

strain hysteresis behaviour was deﬁned by ﬁtting its envelop to the
stress-strain curve obtained from the tensile coupon tests (Section 2.2).
Contact between the bolted parts was considered by deﬁning a pair
of 4-node surface-to-surface contact elements (CONTA173 and
TARGE170) onto the potential contact surfaces. Three pairs of contact
were included: between the ﬂange-plates, between the bolt shank and
the ﬂange-plate, and between the bolt head (washer) and the ﬂangeplate. For the contact interaction, free separation was allowed in the
normal direction. While in compression the contact behaviour was
governed by the augmented Lagrange algorithm where the contact
pressure would be adjusted during equilibrium iterations to keep the
penetration below an allowable tolerance. The tolerance was deﬁned as
10% of the underlying element depth considering a balance between
accuracy and computation time. In trial FE analysis with monotonic
loading, the 10% tolerance did not result in a distinguishable diﬀerence
in specimen load-deﬂection response compared to a 5% tolerance.
Contact behaviour in the tangential direction was governed by a friction coeﬃcient of 0.44 between the steel surfaces [50]. Pre-tensioning
of the bolts was modelled by deﬁning PRETS179 elements at the midsection of the bolt shanks.
In terms of boundary conditions, a symmetric constraint was applied on the XY cut plane of the specimen models. The top and bottom
nodes at one end of the models were constrained from translation to
simulate the ﬁxed end condition (Fig. 5b), while the nodes at the other

3. Finite element modelling
3.1. Geometries, element types, material models and boundary conditions
Finite element (FE) modelling of the specimens was conducted in
the ANSYS 19.2 Mechanical APDL package. The geometry of the models
was constructed with symmetric simpliﬁcation about the XY-plane
(Fig. 5a). The steel and GFRP components were meshed by a 3D 8-node
hexagonal element (SOLID185). The GFRPs were modelled as an orthotropic elastic member with the longitudinal direction aligned parallel to the X-axis. The elastic material properties of the GFRP (longitudinal, transverse and shear moduli) were input as those obtained
from the material characterisation tests (Table 1). In the post-processing, the Tsai-Wu failure criterion [49] was applied to evaluate the
stress status of the GFRP member, and the strength parameters adopted
to deﬁne the Tsai-Wu criterion are highlighted in Table 1. For the steel
components, material models with the von-Mises yield criterion and
kinematic multi-linear hardening behaviour were adopted; the stress-

Instron loading
machine

2

Fixed-end
constraint

Steel flange-plate
Y

Hinge
X

Z

GFRP SHS
member
String
potentiometers

Fig. 3. Experiment cyclic test setup.
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Fig. 6. Stress-separation (σ-δ) relation for steel-GFRP adhesive bond.

therefore adopted. To complete the deﬁnition of the bond behaviour,
the state of (δpf, t , 0) in Fig. 6 was reached when:

CONTA174 on GFRP

Gp

Upward and
downward
displacements

Y

Gpcr

Gt
=1
Gtcr

(2)

where Gp or Gt is the work done by the peel (σp) or tangential (σt) stress
with the corresponding separation (δp or δt); Gpcr or Gtcr , as the area
under the corresponding σ-δ curve, was calculated by Eqs. (3) or (4).

X

(b)
Fig. 5. FE modelling of the splice connection specimens: (a) a typical meshed
model; (b) boundary conditions.

end were displaced upwards and downwards to simulate the cyclic
loading. To solve for the mechanical response, pre-tensioning of the
bolts was applied in the ﬁrst load step, before the cyclic displacements
were applied in the subsequent load steps.

Gpcr = σpcr δpf /2

(3)

Gtcr = σtcr δt f /2

(4)

It should be noted that under cyclic loading, damage in the adhesive
bond was deemed to be cumulative that any unloading and reloading
beyond the elastic stage would occur with a reduced slope as shown in
Fig. 6. Moreover, at damaged regions, compressive normal stress could
still be transferred with the initial stiﬀness.
The critical peel stress (σpcr ) was input as the tensile strength of the
adhesive, i.e. ft,a = 33.7 MPa. The critical tangential stress (σtcr ) was
input as the shear strength of the adhesive, i.e. τa = 0.8ft,a = 27.0 MPa
based on the empirical correlation concluded in [52] where the shearslip behaviour of steel-FRP bonded joints was investigated using linear
brittle epoxy adhesives 1–2 mm in thickness. Between the contact pair,
the contact stiﬀness in the normal (σpcr /δpcr and σc/δc) and tangential
(σtcr /δtcr ) directions were calculated based on a linear elastic and isotropic deformation of the adhesive layer:

3.2. Modelling of the steel-GFRP bond
In adhesive bonded joints, local damage could be initiated in the
high stress regions of the bonded area, while this does not necessarily
lead to an immediate loss of load-carrying capacity. To account for the
damage initiation and propagation in the steel-GFRP bonded sleeve
joint of the connection specimens, the bond behaviour was modelled
through the interaction between a pair of contact elements. As indicated in Fig. 5a, the adhesive layer was not represented by solid
elements; instead, CONTA174 and TARGE170, a pair of 8-node surfaceto-surface contact elements, were superposed onto the bonded surface
of the steel and the GFRP respectively. Because of the thickness of the
adhesive layer (and thus the distance between the steel and GFRP
surfaces), the pair of contact elements were 1.5 mm apart from each
other initially but with contact interaction.
Considering the presence of both shear and normal stresses on the
adhesive layer when the bonded sleeve joint was under ﬂexural loading,
damage in the adhesive bond was deﬁned to be initiated when:

σpcr / δpcr = σc / δc = Ea/ ta

(5)

σtcr / δtcr

= Ga/ ta

(6)

Ea
2(1 + va )

(7)

Ga =

where σc and δc are the stress and relative displacement between the
contact pair in the normal compressive direction; ta (1.5 mm) is the
thickness of the adhesive; Ga is the shear modulus of the adhesive; Ea
(4.09 GPa) and va (0.28) are the elastic modulus and Poison’s ratio.

2

2
⎛ σp ⎞ + ⎜⎛ σt ⎟⎞ = 1
⎜ cr ⎟
cr
⎝ σt ⎠
⎝ σp ⎠

+

4. Results and discussion

(1)

where σp or σt is the peel or tangential stress between the contact pair;
σpcr or σtcr is the corresponding critical stress that would lead to damage
initiation in the state of pure peel or tangential stress. Compressive
damage was not included in the modelling as the Sikadur-330 adhesive
exhibited a 115% higher strength in compression than in tension [51],
and also considering that compressive stress could still be transferred
when debonded adherends were in contact. As illustrated in Fig. 6, once
damage was initiated, the stress-separation (σ-δ) relation of the contact
pair entered the debonded stage in a brittle manner, ideally with a
δpf, t / δpcr, t ratio of 1.0. However, in the numerical implementation, a debonding slope was deﬁned (δpf, t / δpcr, t > 1.0) to overcome convergence
diﬃculty. From trial FE analyses, a δpf, t / δpcr, t ratio of 1.15 was found to
allow substantial propagation of the adhesive bond damage, and was

4.1. Moment-rotation responses and failure modes
The moment-rotation (M-θ) hysteresis responses of all the specimens are presented in Fig. 7 where the bending moment M was calculated considering a lever arm of 946 mm measured horizontally from
the loading position to the centre of the steel ﬂange-plates. The rotation
angle θ was derived from the vertical deﬂections measured by the
displacement gauges (Fig. 2a):

θ=

D3 − D2
D
− 1
L2,3
L1

where Di = deﬂection measured
L2,3 = 150 mm, and L1 = 75 mm
5

(8)
by

displacement

gauge

i,
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Fig. 7. Moment-rotation (M-θ) responses: (a) specimen C-170-8; (b) C-120-8; (c) C-170-4; (d) envelop curves of all specimens.

The envelops of the M-θ responses of the three specimens are
plotted together in Fig. 7d with the key performance results summarised in Table 3. A comparison of C-170-8 and C-120-8 shows that
the increase of bond length from 120 mm to 170 mm improved the
initial rotational stiﬀness Si (deﬁned as the average secant stiﬀness of
the ﬁrst 3 cycles) by 13% (from 404 to 456 kNm/rad) and the peak
moment capacity Mu by 15% (from 11.0 to 12.8 kNm). Comparing C170-8 and C-170-4, the change of bolt arrangement (from the 8-bolt to
4-bolt) resulted in 22% decrease in Si (from 456 to 355 kNm/rad) and
26% decrease in Mu (from 12.7 to 9.5 KNm), but prevented the brittle
failure of GFRP cracking and better utilized the yielding of steel, improving the ultimate rotation from 61 to 221 mrad.
The M-θ responses from the FE modelling are also plotted in Fig. 7ac alongside the experimental results. Overall, the FE modelling is able
to well capture the hysteresis responses in terms of the nonlinear behaviours and residual rotations. More detailed comparisons of stiﬀness
and strength evolution are presented in the following section. For C170-8 and C-120-8, the peak moment from FE modelling (Mu,FE) was
determined by checking the stress state of the GFRP member against the
Tsai-Wu failure criterion, as further discussed in Section 4.4. For C-1704, from C20 onwards the FE M-θ curve started to show evident deviation from the experimental curve with overestimation of the bending
moment. This happened because fracture might have been initiated in
the steel ﬂange-plates in the experimental scenario but such steel
fracture was not considered in the FE modelling. In FE modelling, the
ultimate failure and Mu,FE of C-170-4 (Table 3) was deemed to be attained when the von-Mises stress in the steel ﬂange-plate reached the
steel ultimate strength of 467.2 MPa.

The M-θ curve of specimen C-170–8 (Fig. 7a) started to show
identiﬁable nonlinearity and residual rotation (upon unloading to 0
kNm) in the 10th cycle (C10). The nonlinearity, due to yielding of the
steel-ﬂange plate (to be discussed in Section 4.3), continued to develop
as the cycle amplitude increased. In the upward excursion of C14, the
specimen attained its peak bending moment (Mu) of +12.7 kNm; in the
downward excursion of the same cycle ultimate failure occurred at
−12.5 kNm as cracking happened near the lower web-ﬂange junctions
of the GFRP SHS member (Fig. 8a), which was instantly followed by
debonding between the steel and the GFRP SHS member at the upper
face. Similar to in C-170-8 and because of the same bolt conﬁguration,
the M-θ curve of C-120-8 started its nonlinearity in C10 due to yielding
of the steel ﬂange-plate. But with a shorter bond length of 120 mm, C120-8 was unable to withstand C12 and failed in the upward excursion
at Mu of +11.0 kNm. The failure mode of C-120-8, shown in Fig. 8b,
was similar to that of C-170-8, except that the GFRP web-ﬂange
cracking and the debonding occurred at the reversed sides compared to
in C-170-8. Presented in Fig. 7c, specimen C-170-4 exhibited the most
ductile M-θ hysteresis response because it experienced the most substantial yielding in the steel ﬂange-plate, as visualised by the opening
between the ﬂange-plates highlighted in Fig. 8c. In Fig. 7c, C-170-4
started to develop residual rotation in C10, and in the downward excursion of C16 reached its peak bending moment (Mu) of −9.5 kNm.
After that the peak M in each cycle started to gradually deteriorate,
possibly due to the initiation of fracture in the steel ﬂange-plates. After
C25 during which the stroke limit of the hydraulic jack ( ± 125 mm)
was attained, an extension bar was attached to the jack and C-170-4
was reloaded downwards until occurrence of ultimate failure at rotation
θ = −221 mrad. The ultimate failure was highlighted in Fig. 8c as the
fracture of the steel ﬂange-plates near the corner welding of the steel
SHS.
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Constrained end

Debonding
between steel
and GFRP

Cracking near webflange junctions of
GFRP SHS

(a)
Cracking near webflange junctions of
GFRP SHS

Debonding
between steel
and GFRP

Constrained
end

(b)

Constrained
end

Fracture in steel
flange-plate near
welding

Opening
between
steel flangeplates

(c)
Fig. 8. Failure modes: (a) specimen C-170-8; (b) C-120-8; (c) C-170-4.
Table 3
Mechanical performance of all specimens under cyclic loading.
Specimen

C-170–8
C-120–8
C-170–4
a
b
c

Rotational stiﬀness (kNm/rad)

a,b

Peak moment (kNm)

b,c

Si

Si,FE

Mu

Mu,FE

456
404
355

425
385
333

12.7 (+)
11.0 (+)
9.5 (−)

14.5 (+)
12.9 (+)
11.4 (+)

Failure cycle

Ultimate rotation (mrad)

14
12
26

61 (−)
37 (+)
221 (−)

c

Accumulated dissipated energy (kJ)

2.36
0.57
21.9

Average secant stiﬀness of the ﬁrst 3 cycles.
Subscript ‘FE’ means result from FE modelling.
‘+’ means in the upward excursion, ‘−’ means downward.

The most notable drop in stiﬀness occurred between C9 and C10, where
the cycle amplitude increased from 1.0δy to 1.5δy (Fig. 4). Comparing
the stiﬀness evolution of specimens C-170-8 (presented as black triangles) and C-120-8 (red circles) which had the same bolt arrangement, C120-8 showed slightly lower stiﬀness in C1 to C9 because of the shorter
bond length. However, as the stiﬀness degraded further (yielding of the
steel ﬂange-plates became more substantial) the stiﬀness of the two
specimens converged towards each other. Compared to C-170-8 and C120-8, the overall lower Ss of C-170-4 (green squares) shows that the
bolt arrangement has a greater eﬀect on the stiﬀness than the bond
length. Among the specimens, C-170-4 sustained the most extended
stiﬀness degradation because of the most substantial steel yielding before ultimate failure. In Fig. 9b which presents the strength evolution,

4.2. Cyclic performance
In this study, the cyclic performance of the specimens is evaluated
in regard to their stiﬀness and strength evolutions and energy dissipation capacities. The evolutions of stiﬀness and strength versus the
loading cycles are plotted in Fig. 9a and b respectively. Herein the
stiﬀness and strength of each cycle are the secant stiﬀness (Ss) and
bending moment (M) when the loading displacement reversed in direction. Of each cycle the average values (Ss and M) of the upward and
downward excursions were adopted, considering the reasonable symmetry of the M-θ responses (Fig. 7). In Fig. 9a, generally for all the
specimens, the stiﬀness ﬂuctuated slightly in C1 to C6 before declining
continuously afterwards as yielding developed in the steel ﬂange-plate.
7
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Fig. 9. Evolution of (a) stiﬀness (Ss) and (b) strength (M) of the specimens.

compared to C9 (Fig. 9a). Up to C14 where its ultimate failure occurred,
C-170-8 dissipated the most energy due to its highest stiﬀness (highest
bending moment at similar imposed rotation). Beyond C14, C-170-4
obviously outperformed the others with a total dissipated energy of
21.9 kJ as it withstood the most loading cycles by full utilization of the
plastic deformation of the steel ﬂange-plates. In comparison to C-170-8,
C-120-8 exhibited inferior cyclic performance with 13% lower rotational stiﬀness (ﬁrst 3 cycles Si), 15% lower peak moment (Mu) and 76%
lower energy dissipation. C-170-4 presented a remarkable 826% higher
energy dissipation than C-170-8, while was 22% and 26% lower in Si
and Mu respectively. Nevertheless, C-170-4 still had a Si that amounted
to 109% of a continuous member (considering a connection length of
392 mm as per Fig. 2) and a Mu equal to 29% of the theoretical elastic
moment capacity of the connected section. For the conﬁguration of C170-4, the excellent energy dissipation capacity, along with the satisfactory rotational stiﬀness and strength, suggests its potential for
application in seismic regions with brittle pultruded FRP members.

the bending moment (M) sustained by C-170-8 (black triangles) and C120-8 (red circles) shows steady increase with the cycle amplitude,
until the brittle ultimate failure of GFRP. In contrast, the M of C-170-4
stabilized and deteriorated slowly after peaking at C16, because the
brittle GFRP failure was preceded by substantial yielding of the steel
ﬂange-plates.
The evolutions of stiﬀness and strength from FE modelling are also
plotted in Fig. 9a and b as the dashed lines. In Fig. 9a, the FE modelling
was able to capture the stiﬀness degradation, although the stiﬀness in
the ﬁrst nine cycles was underestimated (within 15%). The underestimation may be attributed to the neglect of the minor initial bowing
deformation of the steel ﬂange-plates induced through welding to the
steel SHS member. This deformation resulted in minor gaps between
the steel ﬂange-plates which were subsequently closed when the bolts
were pre-tensioned. The initial deformation of the ﬂange-plates was
shown in [53] to slightly increase the initial ﬂexural stiﬀness of the
bolted ﬂange joint. The strength evolution produced by FE modelling
(Fig. 9b) also agreed well with the experimental results (diﬀerence
within 13%) before occurrence of ultimate failure or strength deterioration. The overestimation of the ultimate strength of C-170-8 and C120-8 is to be discussed in Section 4.4. In C-170-4, while the experimental result of strength stabilized and deteriorated after C16, due to
excessive yielding and possibly fracture in the steel ﬂange-plates, the FE
results kept increasing steadily. This was, again, due to the absence of a
fracture behaviour for the steel material in the FE modelling.
The energy dissipation performance of the specimens is shown in
Fig. 10 as the accumulated dissipated energy versus the loading cycles.
In each cycle the dissipated energy was calculated as the area enclosed
by the M-θ hysteresis loop. For all the specimens, energy dissipation
was hardly visible until C10 where a notable drop in stiﬀness happened

Accu. dissipated energy (kJ)

24

4.3. Local strain responses
Mechanical responses that are not distinguishable in the M-θ results
may be reﬂected in the strain responses. To indicate the interaction
between the bonded steel and GFRP SHS members, the strain proﬁles of
the bonded section are plotted at the maximum positive M of diﬀerent
cycles in Fig. 11, based on the measurement of strain gauges G1 to G6
installed on the surface of the GFRP member (Fig. 2b-d). In specimen C170-8 (Fig. 11a), the strain proﬁle was close to linear in the early cycles
(e.g. C6, C9 and C11) but showed apparent nonlinearity at C13 and
C14, implying a degradation in the interaction between the steel and
the GFRP sections and thus possible damage in the adhesive bond in
later stage of the cyclic loading. In C-120-8 with a shorter bond length
(Fig. 11b), the deviation of strain proﬁle from linearity could be identiﬁed at C11 and C12.
For strain gauges G1, G2, G5 and G6, the load-strain responses are
plotted in Fig. 12. In both C-170-8 and C-120-8, in the ﬁrst nine cycles
(C1 to C9) the load-strain responses were almost linear. In C-170-8
(Fig. 12a) the ﬁrst appearance of nonlinearity was observed in the G5
and G6 curves at −9.1 kNm of C10; then at +10.1 kNm of C12, nonlinear responses also occurred in the G1 and G2 curves. Likewise, in C120-8 (Fig. 12b) similar nonlinearity ﬁrst appeared in the G5 and G6
curves at −8.5 kNm of C10 before in the G1 and G2 curves at +8.4
kNm of C12. These nonlinearities in the load-strain responses, most
likely caused by damage in the adhesive bond, were all initiated at or
near the compression ﬂange (negative strain). The strain gauges in
Fig. 12 (G1, G2, G5 and G6) were positioned near the GFRP end of the
bonded region, where the compression ﬂange was characterised with an
adhesive stress state of peel-and-shear while the tension ﬂange was
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12

0.0

8

0

3

6

9

12 15

4
0
0

4

8

12
16
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24

28

Fig. 10. Accumulated energy dissipation of the specimens.
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0.24

-60
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0
0.12
Strain (%)

0.24
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Fig. 11. Strain proﬁles of the steel-GFRP bonded section at diﬀerent cycles: (a) C-170-8; (b) C-120-8.

still be transferred in the debonded regions; and ii) the debonding slope
deﬁned for the stress-separation behaviour (Fig. 6) to overcome convergence diﬃculty (Section 3.2), resulting in a quick reduction but not
immediate loss of the peel and tangential stresses.
The strain data from the strain gauges on the steel ﬂange-plates
(G17 to G20 in Fig. 2e) can provide a direct indication of steel yielding,
as a veriﬁcation of the failure modes and M-θ responses. The envelop
curves of the load-strain responses are plotted in Fig. 15 with indication
of the steel yield strain (0.18%). In both C-170-8 (Fig. 15a) and C-170-4
(Fig. 15b), the yield strain was ﬁrst attained in C10, at +8.3 kNm (G19)
and at +6.0 kNm (G18) respectively, echoing the observation of residual rotations in C10 from the M-θ responses. For C-170-8 where the
deformation of the steel ﬂange-plate was diﬃcult to visually notice, the
strain responses presented in Fig. 15a can evidence the yielding of the
steel ﬂange-plate. Fig. 15b shows that the yielding in C-170-4 was more
substantial. Besides this, in the curve of G17 which was positioned near
the ultimate steel fracture, the envelop strain of C22, compared to that
of C21, experienced a decrease although with an increased cycle displacement amplitude, signalling possible initiation of the steel fracture.

15
12
9
C12
6
3
0
-3
-6
-9
-12
-15
-0.45 -0.3

(a)

4.4. GFRP failure
The ultimate failure of specimens C-170-8 and C-120-8, i.e. cracking
of the GFRP SHS member near the web-ﬂange junctions, was predicted
in the FE modelling by detecting the exceedance of Tsai-Wu failure
criterion. For these two specimens, the distributions of Tsai-Wu failure
index (IF) on the GFRP members (at the constrained side) are presented
in Fig. 16 where IF > 1.0 indicates exceedance of the failure criterion.

Moment M (kNm)

Moment M (kNm)

characterised with a state of compressive-and-shear. The initiation of
the load-strain nonlinearities at the compression ﬂange suggested that
damage in the adhesive bond was more likely to be induced by a stress
state of peel-and-shear than compressive-and-shear. This ﬁnding was
consistent with the damage criterion of Eq. (1) adopted in the FE
modelling. The load-strain responses of G6 by FE modelling are also
presented in Fig. 12 as the dashed curves. It can be seen that, with the
modelling of debonding behaviour, the FE results were able to capture
the nonlinear responses, although at a relatively later stage, i.e. at
−10.5 kNm of C12 for C-170-8 and at −9.2 kNm of C10 for C-120-8.
The damage in adhesive bond was further evidenced by the loadstrain responses from G9 as presented in Fig. 13. In C10 the tensile
strain in both C-170-8 and C-120-8 experienced a release when the
bending moment increased beyond −9.5 kNm and −8.7 kNm respectively. This response, also captured in the FE modelling at −10.9 kNm
of C12 for C-170-8 and at −8.4 kNm of C10 for C-120-8, was associated
with the onset of debonding at the position as exempliﬁed in Fig. 14 for
C-120-8. Fig. 14 presents the total contact stress, as the vector sum of
the normal and tangential stresses, over the steel-GFRP bonded area, at
the load level where the strain release (G9) was captured in the FE
modelling. The highlighted debonded areas, representing the regions
where the contact status was loaded into the debonded stage (Fig. 6),
mainly appeared at the GFRP end because of its smaller stiﬀness than
the steel member [54]. At this load level the debonded area appeared
and expanded over the projected position of G9, resulting in the release
of tensile strain in the detached region of the GFRP. Total contact stress
beyond a trivial level was noted in the debonded areas. This may be
resulted from i) the existence of normal compressive stress which could
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Fig. 12. Load-strain responses from strain gauges G1, G2, G5 and G6: (a) C-170-8; (b) C-120-8.
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Fig. 13. Load-strain responses from strain gauges G9: (a) C-170-8; (b) C-120-8.

This failure initiation signalled an imminent cracking of the GFRP
member near the web-ﬂange junctions as observed in the experiments.
As the crack development of the GFRP was not modelled, the major
debonding (Fig. 8a and b) that instantly followed was not reﬂected in
the modelling either. The ultimate bending moments of C-170–8 and C120–8 from experimental testing (Mu) and FE modelling (Mu,FE) are
listed in Table 3. The FE modelling overestimated the ultimate moment
by less than 18%, resulting in the occurrence of failure one cycle later
than the experimental result for C-170–8 and two cycles later for C120–8. A possible reason for the overestimation is that pultruded FRP
members usually exhibit weaker strength at or near the web-ﬂange
junctions than in the ﬂanges or webs [55,56].

120 mm

Steel flangeplate

Projected
position of G9
Debonded
area
M

Y
Debonded
area

X

Z
5. Conclusions

Constrained
GFRP end

This paper investigated the cyclic ﬂexural performance of splice
connections developed for hollow section FRP members. The splice
connection specimens, each comprised of a steel bolted ﬂange joint
between two hollow section steel-GFRP bonded sleeve joints, were
prepared in three conﬁgurations with diﬀerence in bond length or bolt
arrangement. Based on the results from the experiments and the corresponding FE modelling, the following conclusions can be drawn:

MPa

Fig. 14. Distribution of total contact stress over the bonded area from FE
modelling (C-120-8 at M = −8.40 kNm of C10).

1. Under the cyclic ﬂexural loading, the specimens experienced different levels of yielding in the steel ﬂange-plates before ultimate
failure in the mode of GFRP cracking near the web-ﬂange junctions,
i.e. in C-170-8 (the specimen with 170 mm steel-GFRP bond length
and eight bolts at the steel ﬂange-plate) and C-120-8, or fracture in
the steel ﬂange-plate, i.e. in C-170-4. Specimen C-170-8 exhibited
the highest rotational stiﬀness (456 kNm/rad) and ultimate moment

Due to the brittle failure mode, in FE modelling the ultimate bending
moments (Mu,FE) of C-170-8 and C-120-8 were deemed to be reached
when IF > 1.0. As shown in Fig. 16 a and b, Mu,FE of both C-170-8 and
C-120-8 was reached in an upward loading excursion as failure was
initiated (IF > 1.0) at the inside of the upper web-ﬂange junctions.

(a)
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Fig. 15. Envelop curves of load-strain response from strain gauges on the steel ﬂange-plates: (a) C-170-8; (b) C-170-4.
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Fig. 16. Distribution of Tsai-Wu failure index (IF) on the GFRP from FE modelling: (a) C-170-8 at Mu,FE = +14.5 kNm; (b) C-120-8 at Mu,FE = +12.9 kNm.

junction cracking during the course of a seismic loading. The geometries of the ﬂange-plates (e.g. thickness, number and position of bolts
etc.) and the steel-FRP bond length are design variables that could be
modiﬁed to fulﬁll the objective of energy dissipation as well as other
design requirements such as connection stiﬀness and strength.

capacity (12.7 kNm); while C-170-4 presented the most ductile
moment-rotation behaviour and the highest rotation capacity (221
mrad).
2. In terms of cyclic performance, through yielding of the steel ﬂangeplate, the specimens began to show energy dissipation as their cycle
secant stiﬀness underwent a steady degradation. The energy dissipation capacity of C-170-8 (with 170 mm-bond length and eight
bolts) and C-120-8 was limited by the brittle failure of GFRP
cracking prior to substantial yielding in the steel ﬂange-plate. C170-4, without signiﬁcant compromise in the rotational stiﬀness
(22% lower than C-170-8) and peak bending moment (26% lower),
showed remarkably improved total energy dissipation (826%
higher) by fully exploiting the plastic deformation of the steel
ﬂange-plate before failure in the GFRP.
3. In the steel-GFRP bonded sleeve joint of the splice connection, damage in the adhesive bond could be identiﬁed from the nonlinear
strain proﬁle of the bonded section, and further evidenced from the
nonlinearity and strain release in the load-strain responses. The
strain data of the steel ﬂange-plate was able to indicate steel
yielding which may be diﬃcult to identify from the deformations
and moment-rotation responses; from the steel strain data of specimen C-170-4 (with 170 mm-bond length and four bolts), the decrease of cycle envelope strain may signal the initiation of the ultimate steel fracture.
4. The FE modelling produced moment-rotation responses that agreed
well with the experimental results. Before failure or deterioration of
strength, for all the specimens the diﬀerence in stiﬀness evolution
was within 15% and that in strength evolution was within 13%.
With the deﬁnition of a debonding behaviour, the FE modelling was
able to capture the nonlinear load-strain responses in the steel-GFRP
bonded sleeve joint. The ultimate failure of web-ﬂange cracking in
the GFRP member (in C-170-8 and C-120-8 with eight bolts but
diﬀerent bond length) was predicted by examining the GFRP stress
state against the Tsai-Wu failure criterion. Using this modelling
approach, the location of failure initiation could be satisfactorily
predicted, and the ultimate moments were overestimated within
18%.

6. Data availability
The raw/processed data required to reproduce these ﬁndings cannot
be shared at this time as the data also forms part of an ongoing study.
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