Bending Performance of Splice Connections for
Assembly of Tubular Section FRP Members:
Experimental and Numerical Study
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Abstract: This paper presents experimental and numerical investigations of the bending performance of innovative splice connections
developed for tubular section FRP members. Each of the splice connections consists of a steel bolted flange joint between two tubular
steel-FRP bonded sleeve joints. Three connection specimens with different bolt configurations or bond lengths are prepared and tested under
four-point bending. Finite element (FE) models are developed featuring a mixed-mode bilinear traction-separation relation for the adhesive
bond, the Tsai-Wu failure criterion for the FRP, and yielding of the steel components. The contact behavior and bolt pretensioning are also
modeled in detail. All of the connection specimens exhibit excellent ductility through yielding of the steel flange-plate before ultimate failure.
The FE modeling, validated by the experimental failure mode, moment-rotation behavior, and strain response, provides insight into the
adhesive stress distribution and the yielding mechanism of the steel flange-plates. According to Eurocode 3 for steel structures, the connection
specimens are all classified as semirigid and partial-strength connections. The results also show that under flexural loading, the splice
connections, which have ductility indices between 5.7 and 8.4, are able to impart ductility to a structure made of brittle FRP members.
DOI: 10.1061/(ASCE)CC.1943-5614.0000964. © 2019 American Society of Civil Engineers.
Author keywords: Fiber reinforced polymer (FRP); Tubular section member; Splice connection; Bolted flange joint; Bonded sleeve joint;
Ductility.

Introduction
The past two decades have seen increasing application of fiber reinforced polymer (FRP) composites in civil engineering structures.
These lightweight and corrosion-proof materials have gained recognition worldwide through applications in the rehabilitation and
strengthening of existing structures (Teng et al. 2003; Zhao and
Zhang 2007). Due to the moderate cost of glass fibers and advances
in the pultrusion manufacturing technique (Meyer 2012), FRP
composites also have great potential as load-bearing members in
new construction. Examples include bridge decks (Turner et al.
2004), beams (Bank 1989), columns (Tomblin and Barbero 1994),
and floor systems (Satasivam et al. 2014). Connection designs for
these members should consider the brittle and anisotropic nature
of FRP materials. Mosallam (2011) provided major references
for FRP composite connections, primarily for plates and I-section
members. Additional studies may be needed for tubular section
members which have the added advantage of efficient resistance
against torsional and global buckling (Xie et al. 2018).
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The closed section shape of tubular members poses an additional challenge for connection design; regardless, several connection methods have been proposed and studied. Various types of
bolted connections have been developed and compared for FRP
beam-to-column assemblies with tubular sections (Smith et al.
1999). To assemble tubular FRP members into space lattice structures, a steel-FRP bolted sleeve joint configuration was proposed
and tested under axial loading (Luo et al. 2016a). These boltfastening methods caused stress concentrations around the drilled
holes and exposed the weak in-plane shear strength of the FRP
members. In contrast, adhesive bonds maintain the integrity of
the FRP composites (without drilling holes), alleviate the stress
concentrations and adapt well to curved surfaces. In a recent study
by Ascione et al. (2017), full adhesive FRP beam-column connections were shown to be more advantageous in stiffness and moment
capacity than bolted connections. Smith et al. (1999) proposed a
cuff connector for tubular section members that integrated the
FRP beam and column into a monolithic unit with adhesive
bond. An experimental study of these bonded cuff connections
(Singamsethi et al. 2005) revealed up to 57% increase in the moment capacity compared with connections with bolted cuffs. Subsequently, a bonded sleeve connection with a steel endplate was
designed to join tubular FRP beams to steel columns (Wu et al.
2016). Improved rotational stiffness, moment capacity, and ductility were demonstrated over steel seated angle connections and
bolted sleeve connections. This bonded sleeve connection was later
adapted for all FRP beam-to-column assemblies and evaluated
under static (Zhang et al. 2018b) and cyclic (Zhang et al. 2018a)
loadings. The tubular FRP-steel bonded sleeve connection was also
adopted in spatial trusses to connect circular FRP tubes to steel
Octatube nodal joints (Yang et al. 2015).
The steel-FRP bonded sleeve joint (BSJ) can be adapted to provide a splicing solution that is needed to apply tubular section
FRP members in building structures and in long-span scenarios.
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understanding of its stiffness, strength, and ductility under flexural
loading.
Therefore, this paper presents experimental and numerical investigations of the bending performance of the splice connection
described in Fig. 1. Three specimens with different bolt configurations or bond lengths are tested under four-point bending.
Detailed three-dimensional FE modeling is also conducted. The experimental results are discussed and compared with the FE modeling in terms of the failure mode, moment-rotation behavior, and
local strain response. Finally, the performance of the splice connection specimens is discussed respecting the rotational stiffness,
moment capacity, and ductility.

Experiment
Specimens
The splice connection specimens were indexed in the format B-x-y,
where the first letter B refers to the bending loading; x denotes the
bond length of the steel-FRP bonded sleeve joint in mm; and y is
the number of bolts. Three types of connection specimens, with one
specimen per type, were prepared: B-170-4, B-170-8, and B-120-8.
The configuration and dimensions of each specimen are illustrated
in Figs. 2 and 3. A grade 355 steel square tube (80 × 80 × 6 mm)
was joined to a 6-mm-thick grade 250 steel flange-plate (Fig. 3) by
fillet welds with a leg length of approximately 6 mm. The other
end of the steel tube was coaxially coupled into and bonded to
a pultruded glass fiber reinforced polymer (GFRP) square tube
(102 × 102 × 9.5 mm) with Sikadur-330, a two-component epoxybased adhesive. To achieve optimal bonding, the surface treatment
of the steel and GFRP followed a procedure of degreasing, grit
blasting, and solvent cleaning before the adhesive was applied.
The bonded assembly was cured for 2 weeks at room temperature.
Before the experimental testing, two of the bonded assemblies
were fastened together at the steel flange-plates with M12 grade
8.8 bolts (with washers and nuts), each of which was pretensioned
to approximately 65 kN by a torque wrench to qualify as tensiontight according to AS1998 (Standards Australia 1998).
Material Properties
The pultruded GFRP square tubes, supplied by EXEL Composites, consist of E-glass fibers embedded in a polyester matrix.

Steel tube
Upper module
Bolted
flange
joint

Floor beam
X
Z

Bolt
Adhesive
Tubular
FRP
member

Y
Bonded
sleeve
joint

On-site assembly via
splice connections
Ceiling beam
Beam-column
connection
Lower module

(a)

Column

Downloaded from ascelibrary.org by Monash University on 08/05/19. Copyright ASCE. For personal use only; all rights reserved.

Previous studies of adhesively bonded FRP-steel (Yu et al. 2012;
Fernando et al. 2013; Qiu et al. 2017) and FRP-FRP joints (Keller
and Vallée 2005) could be useful references to gain an understanding of the bond behavior in BSJs. To integrate BSJs into a splice
connection, the bolted flange joint (BFJ) offers a solution for splicing the steel tubular members. The axial and flexural behaviors of
BFJs have been subjects of extensive research. For tensile scenarios, yield line mechanisms were proposed by Kato and Mukai
(1985) to derive the load capacities of BFJs with one or two bolts
on each side of the square hollow section (SHS). BFJs of similar
configurations were also studied under tension (Willibald et al.
2002) but with a focus on bolt failure. Focusing on bending performance, yield line mechanisms were developed to derive the moment capacities of four-bolt (one at each corner) (Wheeler et al.
1998) and eight-bolt (two at each side of the SHS) (Wheeler
et al. 2003) configurations. The effect of stiffeners on the eight-bolt
configuration was studied by Wang et al. (2013) using experimental
testing and FE modeling, based on which simplified yield line
method was proposed.
To date, splice connections for FRP members, especially those
with tubular sections, have been the focus of limited research.
Beam splices formed by bonded or bolted lap plates have been developed for I-sections (Hai and Mutsuyoshi 2012; Turvey 2014;
Turvey and Cerutti 2015) and square tubular section members
(Nagaraj and Gangarao 1998). However, these studies primarily
focused on the serviceability or fatigue behavior; the ultimate
capacities and corresponding failure modes were not clearly understood. To address this research need, a splice connection for tubular
FRP members [Fig. 1(a)] that integrates two BSJs and a BFJ was
proposed (Qiu et al. 2018). The stress concentration in the FRP
members is reduced by the bonded joints (compared with boltfastening), and convenient on-site assembly and ductile failure
can be realized by the BFJ. In this configuration, limited steel parts
are exposed (the flange-plates and the bolts); to protect against corrosion galvanized parts can be used or surface coating can be easily
applied. In addition to a general column or beam splice to extend
the member continuity, another potential application of the splice
connection is to enable the assembly of FRP modular building units
[Fig. 1(b)]. As in modular steel construction (Deng et al. 2018), the
ceiling and floor beams (where partition walls may be attached)
of two adjacent stories are connected, respectively, to the lower
and upper columns spliced by the connection. The research gap
and the potential applications of this splice connection require

(b)

Fig. 1. (a) Proposed splice connection for tubular section FRP members; and (b) potential application to FRP modular buildings.
© ASCE

04019040-2

J. Compos. Constr., 2019, 23(5): 04019040

J. Compos. Constr.

Steel flange-plate

Roller
420

6

370
G1
to
G4

80*80*6 steel tube
120 or 170

Y

15

Side

G5
to
G8

35

X

D1

D3 D4

D2

D5

102*102*9.5
GFRP tube

D6

(a)
Top

120 or 170

18

G9

G13
G11

G14
Z

90 or 130 G5 to G8

(b)

G5 to G8
X

35

X

G10

G1 to G4

18

G1 to G4
G12

35

Downloaded from ascelibrary.org by Monash University on 08/05/19. Copyright ASCE. For personal use only; all rights reserved.

Bottom

Z

90 or 130

(c)

Fig. 2. Dimensions of specimens and instrumentation: (a) side view; (b) top view; and (c) bottom view (all dimensions in millimeters).
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Fig. 3. Dimensions of steel flange-plates with four (B-170-4) and eight
(B-120-8 and B-170-8) bolts and the positions of the strain gauges (all
dimensions in millimeters).

The strength and modulus properties of the GFRP are summarized in
Table 1, and the corresponding test methods [ASTM D3039 (ASTM
2014), ASTM D7264 (ASTM 2015), ASTM D2344 (ASTM 2016a)
and 10 off-axis tensile test (Lee et al. 1990)] are referenced in the
fourth column. The material properties of the steel tube and flangeplate, summarized in Table 2, were determined from tensile coupon
tests following ASTM A370 (ASTM 2016b). The M12 bolt had a
yield strength of 1,043 MPa and a Young’s modulus of 235 GPa, as
reported in an earlier study (Zhang et al. 2016). Under the tensile test
in accordance with ASTM D638 (ASTM 2010), the Sikadur-330
adhesive exhibited a linear load-displacement behavior. The average
tensile strength (f t;a ) was recorded as 32.2 MPa with an elastic
modulus (Ea ) of 4.25 GPa and a Poisson’s ratio (va ) of 0.28.
Notched beam specimens of the Sikadur-330 adhesive which were
tested under three-point bending as per ASTM D5045 (ASTM 2007)
showed an average mode I fracture energy (Gcr
I ) of 0.887 kN=m. To
accurately represent the material properties, the tensile and notched
beam specimens of the adhesive were cured in the same environment
for the same period of time as the connection specimens.

Table 1. Strengths and moduli of the GFRP material
Orientation and component
Longitudinal tensile
Longitudinal compressive
Transverse flexural
Transverse tensile
Transverse compressive
Interlaminar shear
In-plane shear
a

Strength (MPa)

Modulus (GPa)

Test method

330.6  19.4
330.6
88.5  6.5
88.5
103.0
31.2  1.9
27.6  1.7

25.2  1.3
—
6.2  1.2
—
—
—
3.0  0.3

ASTM D3039
Taken equal to the longitudinal tensile
ASTM D7264
Taken equal to the transverse flexurala
From the manufacturer’s datasheet
ASTM D2344
10° off-axis tensile test (Lee et al. 1990)

Transverse samples too short for tensile testing.

Table 2. Strengths and moduli of the steel materials
Steel component
80 × 80 × 6 mm SHS
6-mm-thick flange

a

a

Yield strength (MPa)

Ultimate strength (MPa)

Young’s modulus (GPa)

Poisson’s ratio

420.1  5.9
311.8  1.7

519.4  8.4
455.2  2.0

209.5  3.9
201.2  2.1

0.28  0.1
0.28  0.1

b

Tensile coupon samples cut from walls of the tube.
0.2% offset yield strength.

b
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Fig. 4. (Color) Four-point bending experiment setup for all specimens.
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Loading Setup and Instrumentation
To specifically characterize the rotational stiffness and moment
capacity, a four-point bending setup (Figs. 2 and 4) was adopted
which subjected the splice connection to pure and uniform
moment loading. For each specimen, 14 strain gauges (G1–G14)
were attached on the GFRP tubes as shown in Fig. 2. The other
six strain gauges (G15–G20) on the steel flange-plates (Fig. 3)
were positioned and oriented across the probable yield lines based
on the FE analysis. Six displacement gauges (D1–D6, linear variable differential transducers or string pots) were deployed at the
positions shown in Fig. 2 to measure the deflection of the specimens. Using a 200 kN-capacity Amsler machine, four-point
bending of the specimens was applied by locking the two uppers
rollers while lifting the two lower ones at a rate of 1.5 mm=min
(Fig. 4).

Finite Element Modeling

X
Constrained in X
Downward displacement

Constrained
in X and Y

(b)
Fig. 5. (Color) Detailed FE modeling: (a) representative meshed model
(B-170-8) with cohesive zone modeling and contact behavior; and
(b) boundary conditions to simulate four-point bending.

the first load step before the four-point bending in the second load
step.
Bond Behavior between Steel and FRP

Geometries, Element Types, and Material Models
The finite element (FE) modeling was performed using the ANSYS
Mechanical APDL package. A representative meshed model is
presented in Fig. 5(a), where half of the geometry was constructed
due to symmetry about the XZ plane. Three-dimensional eightnode solid elements (SOLID185) were used to mesh the GFRP
and the steel components. The GFRP was defined as an orthotropic
linear elastic material with its longitudinal direction aligned with
the X axis [Fig. 5(a)]. The longitudinal, transverse, and shear
moduli shown in Table 1 were employed to define the GFRP
material. The steel components were modeled with isotropic multilinear hardening properties to simulate the stress-strain curves obtained from the tensile coupon tests. The fillet weld that joined the
steel tube to the flange-plate was assumed to be the same material
as the latter.
The contact between the bolt-fastened parts (the flange-plates
and the bolts) was modeled by a pair of four-node surface-tosurface contact elements, CONTA174 and TARGE170, applied
to the potential contact surfaces. Three pairs of potential contacts
were included and are highlighted in Fig. 5(a): between the flangeplates, between the bolt shank and the flange-plate, and between
the bolt head (washer) and the flange-plate. A steel-to-steel friction
coefficient of 0.44 was adopted (Trahair and Bradford 1998).
Pretension in the bolts was applied through PRETS179 elements
defined at the midsections of the bolt shanks [Fig. 5(a)]. The boundary conditions that simulate a four-point bending scenario are indicated in Fig. 5(b) except for the symmetric constraint applied
on the XZ cut plane. Pretensioning of the bolts was solved in
© ASCE
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The bond behavior between the steel and the GFRP was defined
through the cohesive zone modeling (CZM) that utilizes both
strength and energy criteria to characterize the debonding process
on a predefined path or plane (Campilho et al. 2013). A pair of
3D four-node surface-to-surface contact elements, CONTA174
and TARGE170, was superposed on the bonded surface of the
steel and GFRP, respectively [Fig. 5(a)]. Deformation and cracking of the adhesive layer was modeled by the interaction between
the contact pair. Representing the thickness of the adhesive layer,
the pair of contact elements was initially separated by 1.5 mm
but with enforcement of contact interaction. Because the flexural
loading on the bonded sleeve joint presents a combination of
shear and normal stresses on the adhesive layer, the interaction
between the contact pair was defined with mixed-mode softening
initiation and propagation. Mode I behavior of the adhesive layer
was modeled by a normal traction-separation relation between the
contact pair, whereas modes II and III, which are both represented by the tangential separation between the contact pair, were
modeled by the traction-separation relation referred to as mode II
or tangential in this study. As depicted in Fig. 6, in each pure
mode (mode I or II), the traction-separation relation between
the contact pair followed a bilinear elastic-softening curve, which
has been used for brittle adhesives with sufficient accuracy (Yu
et al. 2012). The bilinear curve of each pure mode is defined by
cr
three parameters: the critical peel or shear stress (σcr
I or σII ), the
cr
cr
corresponding separation (δ I or δ II ), and the debonding separation (δ fI or δfII ). The critical fracture energy of each mode is
cr
Gcr
I or GII , which is calculated as the area under the bilinear
curve. Initiation of the mixed-mode softening was triggered by
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from the elastic modulus (Ea ¼ 4.25 GPa) and Poisson’s ratio
(va ¼ 0.28) by
Ga ¼

Ea
2ð1 þ va Þ

ð7Þ

Failure Criterion for the FRP Members
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Fig. 6. Bilinear traction-separation relation for the GFRP-steel bond.

a quadratic combination of the pure mode scenarios, which is
expressed as
 2


hσI i 2
σII
þ
¼1
ð1Þ
cr
σcr
σ
I
II
where σI and σII represent the normal and shear stress, respectively; and the bracket hi implies that compressive stress does not
contribute to the initiation of softening.
Under mixed-mode conditions, linear softening occurs in modes
I and II as represented by the dashed line in Fig. 6. Debonding
under the mixed-mode conditions is predicted by the following
quadratic energy criterion (da Silva and Campilho 2012; ANSYS
2016):
 2  2
GI
GII
þ
¼1
ð2Þ
cr
Gcr
G
I
II
where GI and GII = work done by the peel (σI ) and shear (σII )
stress with the corresponding separation (δ I and δ II ), respectively.
The mode I critical stress takes the value of the tensile strength
of the adhesive (σcr
I ¼ f t;a ¼ 32.2 MPa). The critical fracture energy takes the value determined from the bulk adhesive notched
beam test (Gcr
I ¼ 0.887 kN=m), for testing of the bulk brittle epoxy
adhesive was reported to produce a similar value of Gcr
I compared
with joints with an adhesive layer thicker than 1.5 mm (Bascom
et al. 1975; Lee et al. 2004). The separation (δ cr
I ) at the critical
stress is calculated by
δ cr
I ¼

σcr
I
·t
Ea a

ð3Þ

where Ea ¼ 4.25 GPa is the elastic modulus of the adhesive; and
ta ¼ 1.5 mm is the thickness of the adhesive layer.
For mode II conditions, the critical stress (σcr
II ¼ 25.8 MPa)
and the critical fracture energy (Gcr
¼
3.80
kN=m)
were obtained
II
based on the empirical correlation [Eqs. (4) and (5)] developed by
Xia and Teng (2005), where similar adherends (steel and FRP), adhesive type (linear brittle epoxy) and adhesive thickness (1–2 mm)
were used. The shear displacement (δcr
II ) at the critical stress is determined by Eq. (6)
σcr
II ¼ 0.8f t;a
Gcr
II

 0.56
f
¼ 31 t;a
t0.27
a
Ga
δ cr
II ¼

σcr
II
·t
Ga a

with
A¼−

σ2x
f f
σxt σxc

−

ð5Þ
ð6Þ

σ2y
f f
σyt σyc

σ2z
f f
σzt σzc

−

þ

σ2xy

ðσfxy Þ2

þ

σ2yz

ðσfyz Þ2

þ

σ2xz

ðσfxz Þ2

Cxy σx σy
Cyz σy σz
Cxz σx σz
þ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ þ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ þ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
f f f f
f f f f
σxt σxc σyt σyc
σyt σyc σzt σzc
σfxt σfxc σfzt σfzc

B¼

1

σfxt

þ

1
σfxc




σx þ

1

σfyt

þ




1
1
σ
σz
þ
þ
y
σfyc
σfzt σfzc
1

ð9Þ

ð10Þ

where σi and σij are the stress components in the i and ij directions,
respectively; σfxt and σfxc = the longitudinal tensile and compressive
strengths, respectively, of the GFRP member = 330.6 MPa; σfyt ¼
σfzt = transverse tensile strengths = 88.5 MPa; σfyc ¼ σfzc = transverse compressive strengths = 103.0 MPa; σfxy ¼ σfyz ¼ σfxz = shear
strengths = 27.6 MPa (in-plane shear strength); and Cxy ¼ Cyz ¼
Cxz = coupling coefficients for the Tsai-Wu theory ¼ −1.0
(Barbero 2013).

Results and Discussion
Failure Modes and Moment-Rotation Behavior
All three specimens exhibited considerable ductility through yielding of the steel flange-plate before their ultimate loads were
reached, as reflected in the moment-rotation (M-θ) curves (Fig. 7).
The rotation angle θ, illustrated in Fig. 8(a) which indicates the
overall deformation of the specimen, is calculated by Eq. (11):
θ¼

ð4Þ

where f t;a ¼ 32.2 MPa is the tensile strength of the adhesive;
and Ga is the shear modulus of the adhesive, which is calculated
© ASCE

Although the FRP members were defined with a linear elastic
material model, a failure criterion can be applied based on the computed stresses to identify damage initiation. The Tsai-Wu failure
criterion (Tsai and Wu 1971), which has been successfully applied
to detect damage initiation in pultruded FRP members (Carrion
et al. 2005; Luo et al. 2016b), was adopted in this study. An inverse
Tsai-Wu failure index (I F ), calculated by Eq. (8), was used to
evaluate the stress state of the FRP material, where I F > 1.0 indicates material failure at the location:

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
B
þ ðB=2AÞ2 þ ð1.0=AÞ
−
ð8Þ
IF ¼ 1
2A

D2 − D1 D5 − D6
þ
L1;2
L5;6

ð11Þ

where Di = displacement measured by displacement gauge i; and
Li;j = distance between displacement gauges i and j.
The M-θ curve of B-170-4 (Fig. 7) shows that nonlinearity began to develop at approximately 3.4 kNm and was caused by yielding of the steel flange-plate. The flange deformation of B-170-4
[Fig. 8(b)] was characterized by the opening of gaps at the sides
and bottom. The bending of B-170-4 continued until its moment
resistance ceased to increase after M ¼ 8.4 kNm. Specimens
B-170-8 and B-120-8 experienced similar nonlinearity in the
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M-θ curves, which started at approximately 5.7 kNm and was again
triggered by yielding of the steel flange-plate. As highlighted in
Fig. 8(c), the steel flanges were bent outward between the steel tube
and the tensile bolts. In B-170-8, the moment resistance continued
to increase at a reduced rotational stiffness until M ¼ 15.4 kNm,
when the steel flange-plate fractured near the weld line on the tensile side of the steel tube [Fig. 8(d)]. In B-120-8, which had a

shorter bond length of 120 mm, the peak bending moment was attained at M ¼ 13.9 kNm and was marked by brittle failure due to
cracking at the top flange of the GFRP tube near the web-flange
junctions [Fig. 8(e)]. This was instantly followed by debonding of
the GFRP from the steel tube at the side and bottom faces. Fig. 8(f)
shows the debonded steel and GFRP tube of B-120-8, where the
adhesive remaining on the surfaces of the steel and the GFRP indicates a cohesive failure.
The initial rotational stiffnesses and moment capacities of the
specimens are summarized in Table 3. A comparison of B-170-4
and B-170-8 shows that the change of the flange-plate configuration from the four-bolt to eight-bolt design increases the rotational
stiffness (SE ) by 64% (from 225 to 369 kNm=rad) and the yield
moment (M y;E ) by 75% (from 5.6 to 9.8 kNm). The ultimate bending moment (M u;E ) also increases by 83% from 8.4 to 15.4 kNm. A
comparison of B-120-8 and B-170-8 shows that the increase of the
bond length improves SE slightly from 324 to 369 kNm=rad; the
recorded values of My;E were 8.6 kNm for B-120-8 and 9.8 kNm
for B-170-8. The increased bond length also shifts the ultimate failure from the GFRP web-flange cracking (B-120-8) to fracturing of
the steel flange-plate (B-170-8), enhancing the ultimate moment
(M u;E ) from 13.9 to 15.4 kNm.
The M-θ results from the FE modeling are plotted as the dashed
lines alongside the experimental results in Fig. 7 and show a good
match of the initial stiffnesses and the yielding behaviors. The validity of the modeling is reinforced by the consistent deformations

18

Bending moment M (kNm)
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Fig. 7. (Color) Moment-rotation (M-θ) curves for all specimens from
the experiments and FE modeling.

Rotation angle
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Flange fracture
at weld
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Cohesive debonded
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Fig. 8. (Color) Deformations and failure modes: (a) typical overall deformation; (b) experimental and FE deformation of steel flange-plate B-170-4;
(c) experimental and FE deformation of steel flange-plate B-170-8; (d) ultimate failure of B-170-8 by steel fracturing; (e) ultimate failure of B-120-8
by GFRP web-flange cracking; and (f) debonded failure surface of B-120-8.
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Table 3. Rotational stiffnesses and moment capacities of all specimens
Rotational stiffness, Sa,b (kNm=rad)

Ultimate moment,
Mu c (kNm)

Yield moment, My b,c (kNm)

Specimen

SE

SFE

SE =SFE

My;E

My;FE

My;E =My;FE

Mu;E

Mu;FE

Ductility
index, DId

B-170-4
B-170-8
B-120-8

225
369
324

244
342
310

0.922
1.078
1.045

5.6
9.8
8.6

5.9
9.4
9.3

0.949
1.043
0.925

8.4
15.4
13.9

9.0
16.6
15.3

8.4
6.1
5.7

a

Slope of the initial linear part of the moment-rotation (M-θ) curve.
The subscript E refers to experimental results, and FE refers to FE results.
c
Intersection point of the elastic and post-yield tangent lines of the M-θ curve.
d
DI ¼ θu =θy , where θy is the rotation angle θ at M y;E , and θu is θ at M u;E .

of the steel flange-plates produced by the experiments and FE
modeling [Figs. 8(c and d)]. As shown in Table 3, the rotational
stiffnesses from the FE modeling (SFE ) are within 7.8% of the
experimental values (SE ), and the yield moments from the FE modeling (M y;FE ) are within 7.6% of M y;E . In Fig. 7, the M-θ curves
of B-170-4 and B-170-8 from the FE modeling are plotted up to
attainment of the steel ultimate strain in the flange-plates, and
the corresponding ultimate moments (M u;FE ) are listed in Table 3.
The Mu;FE of B-120-8 is deemed to attain in the FE modeling when
damage is detected in the GFRP tube based on the Tsai-Wu failure
criterion, as discussed in further detail in the section “Failure
Prediction of GFRP.”
Strain and Stress Responses of Steel-GFRP Bonding

40
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0
-10
-20
-30
-40
-0.3 -0.2 -0.1

(a)

25% Mu
50% Mu
75% Mu
100% M u

0

0.1

Strain (%)

0.2

along the section depth at different load levels (Fig. 9). In both
Figs. 9(a and b), the strain distribution deviates from linearity at
100% M u , which implies a loss of full composite action between
the steel and GFRP tube in the later stage of the loading process.
The load-strain curves from these strain gauges (G1–G4) are presented in Fig. 10. For both B-120-8 [Fig. 10(a)] and B-170-8
[Fig. 10(b)], a linear load-strain behavior up to the ultimate load
is observed from G3 and G4, whereas nonlinearity appears in
the curves of G1 and G2. These nonlinear load-strain behaviors
most likely stem from the adhesive bond being loaded into the softening stage (Fig. 6), resulting in an incomplete stress transfer between the steel and the GFRP tube. The observation that the G1 and
G2 curves exhibit nonlinearity compared with the G3 and G4
curves suggests that the softening may be more significant closer
to the top face of the adhesive layer.
The load-strain curves from the FE modeling, also plotted
in Fig. 10, successfully capture the nonlinear behavior. The

Section depth (mm)

Section depth (mm)

For specimens B-120-8 and B-170-8, the axial strains on the
side surfaces of the steel-GFRP bonded sections are plotted

0.3
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100% M u
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0.2

0.3
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Fig. 9. Experimental axial strain distributions along the depth of the steel-GFRP bonded sections: (a) B-120-8; and (b) B-170-8.
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Fig. 10. (Color) Experimental and FE load-strain responses from the strain gauges along the depth of the steel-GFRP bonded sections: (a) B-120-8;
and (b) B-170-8.
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larger load levels than the experiments. A likely reason is that the
FE models assume a perfect adhesive bond, whereas defects and
geometric imperfections inevitably exist in the fabricated specimens, causing premature bond softening.
With the FE modeling validated by the load-strain behaviors, the
interaction stress between the CZM contact pair is computed and
presented in Fig. 12 to provide insight into the distribution of the
adhesive stress. As the vector sum of the normal and shear stresses
between the contact pair, the total contact stress shown in Fig. 12
is able to indicate softening and debonding of the adhesive under
mixed-mode conditions. It is revealed that the top, bottom, and side

Moment M (kNm)

18

16
14
12
10
8
6
4
2
0

Moment M (kNm)
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nonlinearity in the experimental G1 and G2 curves initiates at approximately 7.9 kNm for B-120-8 and 9.7 kNm for B-170-8.
Correspondingly, the FE curves begin to exhibit nonlinearity at
approximately 9.3 and 11.0 kNm, respectively. Softening of the
adhesive bond is further evidenced by the nonlinear load-strain response (G13 or G14) shown in Fig. 11. Similar to Fig. 10, the FE
modeling predicts a later appearance of nonlinearity, at 9.3 kNm for
B-120-8 and 11.2 kNm for B-170-8, than the experimental values
of 7.7 and 9.6 kNm, respectively. The discrepancy (within 17%)
between the experimental and FE curves in Figs. 10 and 11 implies
that FE modeling predicts the occurrence of bond softening at

Web-flange
cracking of
GFRP

G14

15
12

G14 FE

Fracture of
steel flange

9
6

G13

3

G13 FE

0
0

(a)

0.01

0.02

0.03

0

0.04

0.01

(b)

Strain (%)

0.02

0.03

0.04

Strain (%)

Fig. 11. Experimental and FE load-strain responses from strain gauges G13 or G14: (a) B-120-8; and (b) B-170-8.
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Fig. 12. (Color) Distributions of the CZM total contact stress over the bonded area from the FE modeling at M u;FE : (a) B-120-8 at 15.3 kNm; and
(b) B-170-8 at 16.6 kNm.
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faces of the adhesive layer are all subjected to shear stresses between the GFRP and steel. Compressive stresses are incurred on
the top face near the steel end (X ¼ 0) and on the bottom face near
the GFRP end (X ¼ 120 or 170), whereas tensile (peeling) stresses
are induced on the top face near the GFRP end and on bottom face
near the steel end. Fig. 12 shows that the loading on the adhesive
layer is primarily sustained near the steel and GFRP ends and
especially the GFRP end, which corresponds to the more flexible
adherend. Softening first occurs near the adherend corners at the
GFRP end before extending inward transversely (in the Z direction)
and longitudinally (in the X direction) as the load increases.
The boundary between the softening zone and the remaining
elastic zone, which is highlighted by the dashed lines in Fig. 12,
is marked by lines of critical stress (a combination of shear and
peeling stresses that initiates softening of the adhesive bond). The
results show that the softening is more significant on the top face
compared with the bottom and side faces, because the top adhesive
layer at the GFRP end is subjected to, besides shear stress, peeling
stress which contributes to softening of the adhesive. At the GFRP
end, the observation that softening is more significant on the top
face than on the bottom face echoes the load-strain behaviors of
G1 and G4 in Fig. 10; i.e., the load-strain curve of G1 (near the
top of the section) exhibits apparent nonlinearity, whereas the curve
of G4 (near the bottom of the section) is almost linear. On the top
face of the adhesive at the GFRP end, debonding is identified near
the adherend corner, indicated in Figs. 12(a and b) as the region
with zero contact stress. The maximum compressive stress in the
adhesive is found on the bottom face at the GFRP end near the
adherend corner [Figs. 12(a and b)]. A comparison of Figs. 12(a
and b), which are at similar load levels, shows that the increase
of the bond length from 120 to 170 mm does not result in a notable
change of the softening zone but rather a larger area of the lowstress zone in the elastic stage. This observation suggests that
increasing the bond length beyond 120 mm is not efficient in reducing the softening of the adhesive bond.
Failure Prediction of GFRP
The B-120-8 specimen ultimately failed by cracking in the GFRP
tube at the top flange near the web-flange junctions [Fig. 8(e)].

The Tsai-Wu failure criterion was applied in the FE model to predict the initiation of this failure. Fig. 13 presents the distributions of
the Tsai-Wu failure index (I F ) for B-120-8 and B-170-8 at the ultimate loads (M u;FE ), where I F > 1.0 indicates exceedance of the
failure criterion. Fig. 13(a) shows that the FE modeling indicated
failure at the top flange near the web, which correlated well with the
position where the GFRP cracking shown in Fig. 8(e) initiated.
Because the ultimate failure of B-120-8 (cracking of the GFRP)
occurred in a rather brittle manner without signs of prior local damage, its M u;FE was considered to be reached when I F became larger
than 1.0. Beyond this load, the modeling would no longer be valid
because postdamage behavior was not defined for the GFRP
material. The FE modeling gave a satisfactory prediction for
B-120-8 as M u;FE ¼ 15.3 kNm, in comparison with the experimental result of M u;E ¼ 13.9 kNm. The distribution of I F for
B-170-8 is also presented [Fig. 13(b)]; this specimen ultimately
failed by fracturing of the steel flange-plate. As indicated, the critical region is also at the top flange near the web, but with no
occurrence of GFRP damage (i.e., I F < 1.0).
Strain and Stress Responses of Steel Flange-Plates
The load-strain responses from the strain gauges on the steel
flange-plates are plotted in Fig. 14 with the FE results. Because
the strain gauges were positioned and oriented across the probable
yield lines, their readings provide indications of the initiation of
yielding and further validation of the FE modeling. For B-170-4
[Fig. 14(a)], G16 is the first experimental curve to exhibit nonlinearity, which signals the beginning of yielding, at approximately
2.5 kNm. For B-170-8, the initiation of yielding can be identified
from the G16 and G19 experimental curves, which deviate from
initial linearity at approximately 4.9 kNm. The load-strain curves
from the FE modeling, shown as the dashed lines in Fig. 14, correlate well with the corresponding experimental curves, especially
in the nonlinear stages.
The FE modeling, which was validated by the moment-rotation
and load-strain behaviors, is able to visualize the stress distributions
of the steel flange-plates (B-170-4 and B-170-8) as presented in
Fig. 15. The stress state ratio, defined as the ratio of the von-Mises
stress to the yield stress, is shown; thus, a value larger than 1.0

Maximum failure
index IF

Damage initiation
IF > 1.0

Y

Y

Z

X

Z

(a)

X

(b)

Fig. 13. (Color) Distribution of the Tsai-Wu failure index (I F ) on the GFRP from the FE modeling at Mu;FE : (a) B-120-8 at 15.3 kNm; and
(b) B-170-8 at 16.6 kNm.
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Fig. 14. (Color) Experimental and FE load-strain responses from the strain gauges on the steel flange-plates: (a) B-170-4; and (b) B-170-8.

indicates yielding of the steel. At bending moments of 6.8 kNm
[B-170-4, Fig. 15(a)] and 11.2 kNm [B-170-8, Fig. 15(b)], where
substantial yielding had occurred, the yielded areas of the flangeplate connected to continuous patterns that enabled plastic rotation
of the specimen. Notably, the yielding mechanism of B-170-8,
compared with that of B-170-4, involves larger yielded areas thus
engage more internal work as the flange-plate deforms, which results in the enhanced stiffness and moment capacities. Fig. 15 also
shows the stress state of the bottom bolts, which were the most
critically stressed in each specimen. The bottom bolts were subjected to a combined tensile and bending loading due to the prying
action exerted by the deformed flange-plate. In the FE models, minor yielding is observed in the middle of the bolt shank but over
less than 20% of the cross section.

E, I s , and Ls are the longitudinal modulus, second moment of
area, and length of the connected GFRP members, respectively,
and M s is the section moment capacity of the GFRP member
calculated according to its section geometries and tensile strength.
The member length (Ls ) takes a value of 3.5 m based on the proposed splice connection for column applications and typical story
heights. A comparison between the connection specimens (SE and
M u;E in Table 3) and the classification boundaries in Table 4
shows that all three specimens are classified as semirigid and
partial-strength connections. Having the highest moment capacity
among the specimens, B-170-8 achieved an ultimate moment
of 47%M s .
The three specimens demonstrate excellent ductility through
yielding of the steel flange-plate prior to ultimate failure. The ductility index (DI), defined by Eq. (12), is calculated for each specimen and presented in Table 3

Stiffness, Strength, and Ductility of the Connections
As design guidelines for FRP frame structures are not yet available,
Eurocode 3 (CEN 2005), which concerns the design of steel structures, is often referred to for classification of FRP beam-column
connections (Martins et al. 2017; Ascione et al. 2018). Eurocode
3 is also followed in this study to classify the splice connections
in terms of their stiffness and strength. Table 4 presents the classification adapted to the GFRP member in this study. In Table 4,

DI ¼ θu =θy

ð12Þ

where θy = rotation angle (θ) at the yield moment, M y;E ; and θu ¼ θ
at the ultimate moment, M u;E .
Of the specimens, B-170-4 has the highest DI value of 8.4,
whereas B-170-8, which has the highest rotational stiffness (SE )
and moment capacities (M y;E and M u;E ), has a lower DI of 6.1.
For a structure made of brittle FRP members, the proposed splice

Yielded
areas on
flange

(a)

(b)

Fig. 15. (Color) Distributions of the von-Mises stress state on the steel components from the FE modeling: (a) B-170-4 at 6.8 kNm; and (b) B-170-8 at
11.2 kNm.
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Table 4. Classification of the splice connections according to Eurocode 3
Category
Stiffness (S)

Strength (Mu )

Classification

Equationa

Requirement

Rigid
Semi-rigid
Nominally pinned
Full-strength
Partial-strength
Nominally pinned

S ≥ 25EIs =Ls
0.5EIs =Ls < S < 25EIs =Ls
S ≤ 0.5EIs =Ls
Mu ≥ Ms
0.25Ms < Mu < Ms
Mu ≤ 0.25Ms

S ≥ 911 kNm=rad
18 kNm=rad < S < 911 kNm=rad
S ≤ 18 kNm=rad
Mu ≥ 32.8 kNm
8.2 kNm < Mu < 32.8 kNm
Mu ≤ 8.2 kNm

Downloaded from ascelibrary.org by Monash University on 08/05/19. Copyright ASCE. For personal use only; all rights reserved.

Source: Data from CEN (2005).
a
E, I s , Ls , and Ms are the longitudinal modulus, second moment of area, length, and section moment capacity of the connected GFRP members, respectively;
Ls ¼ 3.5 m based on column application and typical story heights.

connection should be able to provide adequate prefailure warning
and substantial energy dissipation before collapse of the structure.

particularly Mr. Philip Warnes, for their assistance in the experimental program.
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