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Bonded sleeve joints formed by telescoping a steel tube connector for bolt-fastening are effective means
for assembling tubular fibre reinforced polymer (FRP) members into more complex structures such as
planar or space frames. A theoretical formulation is developed in this paper to estimate the capacity of
such joints in axial loading and the predictions are validated by experimental results covering various
section geometries and bond lengths. The formulation is based on the bilinear bond-slip constitutive rela-
tionship considering elastic, softening and debonding behaviour at the adhesive bonding region. Finite
element (FE) analysis is also conducted to estimate the joint capacity and to describe shear stress distri-
bution in the adhesive layer, validating the reliability of the theoretic results. The theoretical formulation
is therefore further used to study the effects of design parameters including bond length and adherend
stiffness ratio, again validated by FE results. An effective bond length can be accurately predicted by
the theoretical formulation for the joint capacity at both the elastic limit and the ultimate state. Given
a bond length, an optimal adherend stiffness ratio can be identified to achieve the maximum joint capac-
ity at the elastic limit or the ultimate state.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

With virtues such as high strength-to-weight ratio, superior
corrosion resistance and low maintenance requirements, fibre
reinforced polymer (FRP) structural members have gained broad
recognition in the construction industry [1,2]. In particular, glass
FRP (GFRP) composites, with sufficient strength and stiffness at
moderate cost, have received acceptance as construction materials
for structural members [3–5]. Aided by the pultrusion manufactur-
ing technique [6,7], mass production of GFRP structural compo-
nents with constant cross-section has been facilitated at reduced
cost and with satisfactory quality control. Such components have
been employed as bridge decks [8–11], reinforcements [12], roof
structures [13], trusses [14], floor systems [15–17], and compo-
nents in hybrid members [18–20], in shapes of open or closed sec-
tion. However, their application in structural construction still
requires the development of reliable and convenient connection
approaches, especially for tubular sections.
Early efforts to develop connections for GFRP tubular sections
imitated practices in steel structures, for example, using bolted-
through web-gusset plates or flange-angle cleats for beam-
column connections [21]. Later, a cuff connection for pultruded
GFRP tubular sections was proposed and demonstrated enhanced
strength and stiffness [22,23]. Recently, the benefits of a sleeve
connection formed by telescoping steel and GFRP tubular members
have been underlined for applications in space frame structures
[24]. The steel sleeve connector not only enables versatile connec-
tion forms but also provides ductile failure mode through steel
yielding. In such connections, the GFRP-steel telescoping portion
or the sleeve portion acts compositely through adhesive bonding
[25] or mechanical fastening [26,27]. Although mechanical fasten-
ing facilitates convenient in-situ fabrication, its employment in fix-
ing sleeve joints exposes the relatively weak shear strength of
anisotropic GFRP materials and such use becomes inapplicable
when circular profiles are used. If adhesive bonding is used, a more
uniform stress transfer to GFRP materials is achieved. Bonded
sleeve connections have also been developed into beam-to-
column scenario [28], where pultruded GFRP and steel tubular
square members were used. Such bonded sleeve connections have
exhibited significant improvement in both stiffness and strength in
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Fig. 1. Bonded sleeve connections for: (a) specimens G1&G2; (b) specimens
G3&G4; (c) specimen G5; and (d) an assembled large-scale space frame.
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comparison with traditional steel angle connections and bolted
sleeve connections.

Bonded sleeve connections transfer axial loading through shear
between the GFRP and steel adherends. As a special type of bonded
lap joint, the joint capacity may be determined through the shear
mechanism of the adhesive bonding when the adherends (steel
and GFRP in this case) are sufficiently strong. Pioneering theoreti-
cal works on single and double lap adhesive-bonded joints have
been conducted to understand such shear mechanisms where only
elastic [29,30] or elastic-plastic [31,32] bonding behaviour was
considered. Joint capacity was therefore evaluated against allow-
able material stress or strain at critical regions. These approaches
are limited to identifying possible failure location or initiation.

Fracture mechanics-based approaches were further introduced
to understand the full range behaviour of several types of single
and double lap joints. This required understanding of the nonlinear
bond-slip relationship at the bonded region. Simplification of the
nonlinear bond-slip relationship into a bilinear form enabled the
development of closed form analytical solutions for joint capacity
and shear stress distribution in the adhesive layer. Such a bilinear
relationship is characterised by a linearly ascending stage of shear
stress with slip, followed by a linear decrease to zero shear stress at
the debonding slip (and slip may further increase while shear
stress remains zero). This bilinear relationship was adopted by
Ranisch [33] to study the post-cracking behaviour of bonded
steel-to-concrete single lap joints subjected to axial loading. By
incorporating Volkersen’s classical stress analysis and the bilinear
bond-slip model, analytical solutions for the capacities of a pull-
push plate-to-block bonded joint at elastic and ultimate limit
states were developed by Brosens and Van Gemert [34]. This work
was further expanded in [35], where analytical solutions were
developed to identify several stages of the debonding process. Also
utilising the bilinear model, Wu et al. [36] analytically derived the
expressions for the joint capacity, adhesive shear stress distribu-
tion and the debonding processes of pull-pull and pull-push single
lap joints. Experimental investigations were also conducted to
understand the debonding behaviour of single and double lap
joints, such as steel plate-to-concrete block double lap joint in
[37], FRP plate-to-steel pull-push joints in [38], single and double
lap FRP plate joints for structural rehabilitation in [39], and single
and double lap aluminium plate joints in [40]. Such experimental
results were able to validate analytical and numerical models that
employed the aforementioned bilinear bond-slip relationship. Fur-
thermore, experimental results of shear stress and slip in the adhe-
sive layer measured from FRP-to-concrete [41,42] and FRP-to-steel
bonded lap joints [38,43,44] provided evidence that, when a brittle
adhesive was used, the bilinear bond-slip relationship provided a
satisfactory approximation to the experimental measurement.

In addition to the bilinear form, several representations of the
bond-slip relationships were also proposed to study the behaviour
of single and double lap bonded joints. A nonlinear bond-slip curve
including softening behaviour was employed by Täljsten [45] for
numerical calculation of the capacity of CFRP plate-to-concrete
bonded joints; however, it was too sophisticated for analytical
derivation, as pointed out by the author. A bond-slip relationship
characterised by abrupt failure after the linearly elastic region
was adopted by Yuan et al. [35,46]; and a bond-slip relationship
with exponential softening behaviour was also considered in the
former. For ductile adhesives, bond-slip relationships with trape-
zoidal shape were considered as more appropriate [44,47]. The
load-displacement behaviour of a double lap joint connecting alu-
minium plates under pull-out test was numerically studied in [48],
with consideration of four shapes of bond-slip relationship: bilin-
ear, linear-parabolic, exponential and trapezoidal. It was concluded
that, given identical initial stiffness, peak shear stress and fracture
energy (as the area under the bond-slip curve) of the bonded inter-
face, the load-displacement behaviour was practically independent
of the shape of the bond-slip relationship. It appears that previous
analytical and numerical studies have focused mainly on the adhe-
sive shear stress distribution and capacity of adhesive-bonded
joints in single or double lap forms. Such responses of a bonded
sleeve connection require theoretic understanding and experimen-
tal validation to enhance confidence in their application.

This paper therefore formulates theoretical modelling for the
joint capacity of a bonded sleeve connection for tubular GFRP
members. This theoretic formulation employs the aforementioned
well-accepted bilinear bond-slip relationship. Experimental results
of joint capacities were obtained from tension tests conducted on
steel/GFRP bonded sleeve connection specimens with various
cross-section geometries and bond lengths. Finite element (FE)
models were also developed for comparison of the joint capacities
and shear stress distribution along the bond length. After valida-
tion by experimental and FE results, the theoretical formulation
was further utilised to investigate the effects of major design
parameters including bond length and adherend stiffness ratio,
i.e. EsAs/EgAg where Es or Eg are the Young’s modulus of steel or
GFRP, and As or Ag are cross-section area of the steel or GFRP
component.

2. Summary of experimental results

A series of bonded sleeve joint specimens consisting of a steel
tube connector and a GFRP component were prepared and exam-
ined, as shown in Fig. 1a–c [24,25]. Their joint capacities were
tested for assembly into planar trusses [49] or space frames with
assistance of the Octatube nodal joints [25] (Fig. 1d). The tested
specimens were categorized into five groups (G1 to G5) based on
different cross-sections and geometrical characteristics of steel
and GFRP components. Such information is illustrated in Fig. 2 with
relevant dimensions provided in Table 1. The material properties of
the steel and GFRP components in each group had been measured
previously [24,25] and are summarised in Table 1. The adhesive
used was Araldite� 420, a two-component epoxy based structural
adhesive. Its tensile strength and Young’s modulus were tested to
be 28.6 MPa and 1.9 GPa; Poisson ratio of 0.36 was obtained [24].

The bonded sleeve connection specimens in G1 and G2 were
formed by GFRP rods inserted into steel tubes; those in G3 to G5
were formed by steel tubes inserted into GFRP tubes (Figs. 1 and
2). These groups of specimens cover possible scenarios in practice
where the GFRP component may be either the outer [25] or inner
adherend [49]. The adoption of GFRP rods instead of tubes in G1
and G2 was to increase their cross section areas thus axial capaci-
ties, preventing potential failure of the GFRP component. In G1 to
G4, the free ends of the steel tubes were flattened for clamping
or bolt-fastening to nodal joints in structural assembly. With a sim-
ilar purpose, those in G5 were slot-welded with a steel gusset
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Fig. 2. Geometries of specimens in different groups (magnitudes of the symbols are
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Fig. 3. Typical failure modes of bonded sleeve connection specimens: (a) pull-out
failure; (b) fracture of steel tube connector.
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plate. The specimens were loaded in tension to failure under dis-
placement control. Among all specimens, two types of failure mode
were observed, namely pull-out failure (Fig. 3a) and excessive
yielding or fracture of the steel tube connector (Fig. 3b). The former
failure mode was characterised by adhesive failure close to the
inner adherend or interface failure between the adhesive and the
inner adherend. Also listed in Table 1 are the bond lengths that
incurred pull-out failure within each group of specimens. In
Table 2, these specimens are named following the convention of
group index and bond length, together with the experimental
results of their ultimate joint capacity Pu,E.

3. Theoretical formulation of joint capacity

3.1. Governing differential equations

Differential governing equations are formulated in this section
for adhesive shear stress and adherend normal stress based on
Volkersen’s stress analysis. When a joint is under axial loading
(P), the adhesive layer is predominantly subjected to shear defor-
mation, as illustrated in Fig. 4. Here the outer adherend is pre-
sumed to be a GFRP tube and the inner adherend a steel tube
(Fig. 4a), though the deduced equilibrium is equally applicable to
other materials or to the case in which the inner adherend is a cir-
cular rod. Moreover, despite the derivation being based on axial
tension, a compression scenario would produce identical force
equilibrium. In this study, L, A and b are the bond length, cross-
section area and circular circumference of the bonded face respec-
tively; r, u and e are axial stress, displacement and strain of adher-
end; E is Young’s modulus and s is shear stress in the adhesive
layer; subscripts ‘g’ and ‘s’ denote the material of GFRP or steel.

A few assumptions or simplifications are made in the deriva-
tion. Adherends are linear elastic thus the formulation is valid
before yielding of the steel tube. Normal stress is assumed uni-
Table 1
Geometry and material properties of specimens.

Group Description GFRP diameter Dg,out/Dg,in

(mm)*
Steel diameter Ds,out/D
(mm)*

G1 GFRP rod into steel
tube

15.5/– 21.3/17.3
G2 25.3/– 33.7/27.5
G3 Steel tube into GFRP

tube
38.0/30.0 26.9/22.3

G4 31.0/24.6 21.3/17.3
G5 92.0/76.0 73.0/65.0

* For GFRP or steel component: outer diameter/inner diameter; for Young’s modulus
GFRP/yield strength of steel.
formly distributed over the cross-section of adherends. The adhe-
sive layer is thin compared to the thickness of the adherend;
therefore shear stress is considered uniform through the thickness
of adhesive. Cross-sections of adherends and adhesive are constant
along the bonded region.

As a result, the slip between adherends d is defined as the rela-
tive displacement between the GFRP and steel components
(Fig. 4b):

d ¼ us � ug ð1Þ
where us and ug are the axial displacement of the steel and GFRP
adherend respectively.

Taking derivatives of d with respect to x gives:

dd
dx

¼ dus

dx
� dug

dx
¼ rs

Es
� rg

Eg
ð2Þ

d2d

dx2
¼ d2us

dx2
� d2ug

dx2
ð3Þ

For a differential length of the steel tube (Fig. 4b), the shear
stress in the adhesive layer s and the normal stress in the steel
rs can be expressed according to force equilibrium in the x
direction:

sbsdx ¼ Asdrs ! drs

dx
¼ sbs

As
ð4Þ

rs ¼ Es
dus

dx
! drs

dx
¼ Es

d2us

dx2
ð5Þ

Likewise, for a differential length of GFRP tube (Fig. 4b) shear
stress in the adhesive layer s and normal stress in the GFRP rg

can be expressed accordingly:
s,in Bond length for pull-out failure L
(mm)

Young’s modulus E
(GPa)*

Strength
(MPa)*

30, 40, 50 51.5/198.3 207.0/487.5
30, 40, 50, 60, 70, 80 47.4/209.7 207.0/397.4
30, 40 21.6/182.4 240.0/294.7
30, 40 31.4/198.3 240.0/487.5
80 39.3/196.8 300.0/451.3

: longitudinal direction of GFRP/steel; for strength: longitudinal tensile strength of



Table 2
Ultimate joint capacity (Pu) of specimens with the pull-out failure mode.

Specimen Experiment Pu,E (kN) Theoretical Pu,TH (kN) Pu,E/Pu,TH Finite element Pu,FE (kN) Pu,E/Pu,FE

G1-30 40.0 33.8 1.183 34.1 1.172
G1-40 48.0 44.2 1.085 43.3 1.109
G1-50 53.0 53.9 0.983 51.6 1.028

G1-60, 70 and 80 failed by fracture of steel
G2-30 52.0 54.9 0.947 52.5 0.990
G2-40 72.0 72.3 0.996 69.6 1.035
G2-50 82.0 89.0 0.922 85.7 0.957
G2-60 97.0 104.6 0.927 102.7 0.944
G2-70 111.0 119.1 0.932 114.7 0.968
G2-80 116.0 132.1 0.878 125.5 0.924

G2-90 and 100 failed by excessive yielding of steel
G3-30 41.0 57.4 0.714 52.9 0.776
G3-40 57.0 73.7 0.773 64.9 0.878

G3-50, 60 and 70 failed by fracture of steel
G4-30 42.0 46.8 0.897 42.5 0.988
G4-40 56.0 60.7 0.922 55.4 1.012

G4-50, 60 and 70 failed by fracture of steel
G5-80 362.0 387.6 0.934 378.0 0.958

G5-100 failed by fracture of steel
Mean 0.935 0.981
Standard deviation 0.114 0.095

x
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Fig. 4. A circular bonded sleeve connection under axial tension: (a) overall geometry; (b) typical differential element.
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Fig. 5. Typical bilinear bond-slip relationship for adhesive bonding between steel
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sbgdx ¼ �Agdrg ! drg

dx
¼ � sbg

Ag
ð6Þ

rg ¼ Eg
dug

dx
! drg

dx
¼ Eg

d2ug

dx2
ð7Þ

For a full cross-section within the bond length, the force equi-
librium in the axial direction gives:

rsAs þ rgAg ¼ P ! rs ¼ P � rgAg

As
ð8Þ

Combining Eqs. (3)–(7), the governing equation for the shear
stress in the adhesive layer s can be formed as:

d2d

dx2
� bs

EsAs
þ bg

EgAg

� �
s ¼ 0 ð9Þ

Because of the thin adhesive layer, in Eq. (9) the bonded circum-
ference around the steel bs is approximately equal to that of the
GFRP bg, and both these values can be considered as the centre line
perimeter of the adhesive layer. The governing equation for the
normal stress in the GFRP component rg can be obtained by substi-
tuting Eq. (8) into Eq. (2):

rg ¼ 1
Ag

As
1
Es
þ 1

Eg

� � P
EsAs

� dd
dx

� �
ð10Þ

Knowing the normal stress in the GFRP component rg from Eq.
(10), the normal stress in the steel component rs can be easily
obtained from Eq. (8).
Eqs. (9) and (10) are the governing differential equations for the
adhesive shear stress and adherend normal stress of a bonded
sleeve joint under axial loading. They are valid regardless of the
exact shape of the bond-slip relationship. In the following sections,
a bilinear bond-slip relationship is implemented into the governing
equations. The stress distributions and corresponding joint capac-
ities are solved under possible cases of boundary conditions.

3.2. Bond-slip relationship of adhesive layer

Fig. 5 shows the bilinear bond-slip relationship for the
adhesive-bonded region. Defined by the origin (0, 0), the peak
shear stress point (d1, sf) and the debonding point (df, 0), such a
bilinear curve is commonly described with three stages: elastic,
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softening and debonding stages, as indicated in Fig. 5. The area
bounded by the curve (i.e. elastic and softening stage) is termed
the interface fracture energy (Gf). Eqs. (11) and (12) were used to
determine the peak shear stress sf and the debonding slip df,
according to the correlations formed in [38]. This is because similar
adherend materials (steel and pultruded FRP), adhesive thickness
(1 to 2 mm) adhesive tensile strength (20 to 30 MPa) and surface
preparation of adherends (sandblasted and cleaned with Acetone)
were adopted. With the assumption of uniform shear stress
through the thickness of adhesive layer, the slip at peak shear
stress d1 can be obtained from Eq. (13) based on the corresponding
shear strain (sf/Ga).

sf ¼ 0:8f t;a ð11Þ

1
2
sf df ¼ 31

f t;a
Ga

� �0:56

t0:27a ð12Þ

d1 ¼ sf ta=Ga ð13Þ
where ft,a is the tensile strength of the adhesive; Ga is the shear
modulus of the adhesive; and ta is the thickness of the adhesive
layer. In Eq. (12), sf, ft,a and Ga are in MPa, df and ta in mm. As a
result, the bond-slip relationship is represented in mathematical
form as Eq. (14)

s ¼ f ðdÞ ¼

sf
d1
d; 0 6 d 6 d1
sf

df�d1
ðdf � dÞ; d1 6 d 6 df

0; d1 6 d

8>>>><
>>>>:

ð14Þ

where s and d are the shear stress in the adhesive layer and slip
between the adherends.

As the axial load (P) increases, the joint capacity at the elastic
limit (Pe) is attained when any location within the bonded area is
loaded to completion of the elastic stage, i.e. when s reaches sf.
Further, the joint capacity at the ultimate state is attained when
the debonding slip df is reached at either end of the bonded area
[35] (i.e. d(x = 0 or L) = df) with softening of only one end (Pu,s1) or
both ends (Pu,s2), or when the full bond length is loaded to the soft-
ening stage (Pu,sf, i.e. for 0 6 x 6 L and d1 6 d < df). In what follows,
the joint capacities are solved for the elastic limit (Pe) and three dif-
ferent scenarios of the ultimate state (Pu,s1, Pu,s2 or Pu,sf). Finally, the
joint capacities can be compared to the capacities of the adherends
(steel tube connector or GFRP component) before the critical
capacity can be determined accordingly.

3.3. Joint capacity Pe at elastic limit

When the applied load P is smaller than Pe, i.e. the slip d along
the bond length is no greater than d1, the entire bond length L
remains in the elastic region, i.e. L = Le, where Le denotes the length
of the bonded region at the elastic stage. Fig. 6 presents a typical
shear stress distribution along the bond length when d(x = 0)
reaches d1, i.e. the applied load P reaches Pe.

Since 0 6 d < d1, the corresponding shear stress expression in Eq.
(14) can be substituted into Eq. (9) as:

d2d

dx2
� bs

EsAs
þ bg

EgAg

� �
sf
d1

d ¼ 0 ð15Þ

The general solution form of Eq. (15) for slip at the elastic stage
del can be given as

delðxÞ ¼ A1coshðk1xÞ þ B1sinhðk1xÞ ð16Þ
where the subscript ‘el’ refers to the region of bond length at the
elastic stage
Substituting Eq. (16) into Eq. (10), the normal stress rg,el in the
GFRP at the elastic stage of adhesive bonding can be obtained as

rg;elðxÞ ¼ g
P

EsAs
� k1Asinhðk1xÞ � k1Bcoshðk1xÞ

� �
ð17Þ

where the constants k1 and g are

k21 ¼ bs

EsAs
þ bg

EgAg

� �
sf
d1

ð18Þ

g ¼ 1
Ag

As
1
Es
þ 1

Eg

� � ð19Þ

By substituting the boundary conditions (Eqs. (20) and (21)) at
the two free ends of the bond length

rg;elðx ¼ 0Þ ¼ P
Ag

ð20Þ

rg;elðx ¼ LÞ ¼ 0 ð21Þ
The unknown constants A1 and B1 can be solved as:

A1 ¼ P
k1

1
EsAssinhðk1LÞ �

1
tanhðk1LÞ ð

1
EsAs

� 1
gAg

Þ
� �

ð22Þ

B1 ¼ P
k1

1
EsAs

� 1
gAg

� �
ð23Þ

Pe is then obtained when del at either end (x = 0 or L) reaches d1
and the shear stress along the bond length s (x) when 0 6 P 6 Pe
can be obtained as

sðxÞ ¼ sf
d1

delðxÞ 0 6 x 6 L ð24Þ
3.4. Joint capacity Pu, s1 at ultimate state for softening of only one end

A bonded sleeve joint may reach its ultimate capacity Pu,s1 (the
subscript ‘s1’ denotes softening of one end) when the debonding
slip df is attained at one end while the other remains in the elastic
stage (i.e. d at this end is no greater than d1). The full bond length L
in this case can be divided into two portions: the softening length
Ls where the s-d relationship has entered the softening stage, and
the elastic length Le where the s-d relationship remains at the elas-
tic stage (Fig. 7). If the steel component is stiffer than the GFRP
component (i.e. EsAs > EgAg), the GFRP end of the bonded area
may be subjected to a higher level of slip between adherends
[29,32]. Fig. 7 depicts a typical shear stress distribution along the
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bond length when d reaches df at the GFRP end and the correspond-
ing applied load P therefore reaches the ultimate load Pu, s1.

Within the elastic length, i.e. Ls < x 6 L, and based on Eqs. (15)
and (16), the slip between adherends del and normal stress in the
GFRP component rg,el can be expressed as:

delðxÞ ¼ A2cosh½k1ðx� LsÞ� þ B2sinh½k1ðx� LsÞ� ð25Þ

rg;elðxÞ ¼ g
Pu;s1

EsAs
� k1A2sinh½k1ðx� LsÞ� þ k1B2cosh½k1ðx� LsÞ�

� �

ð26Þ
Within the softening length, i.e. 0 < x 6 Ls, the corresponding

shear stress expression from Eq. (14) can be substituted into Eq.
(9), and Eq. (27) can be obtained as:

d2d

dx2
� bs

EsAs
þ bg

EgAg

� �
sf

df � d1

� �
d ¼ bs

EsAs
þ bg

EgAg

� �
sf

df � d1

� �
df

ð27Þ
The general solution for d in Eq. (27) can be formed as:

dslðxÞ ¼ C1sinðk2xÞ þ D1sinhðk2xÞ þ df ð28Þ
where the subscript ‘sl’ refers to the region of bond length at the
softening stage, and the constant k2 is

k22 ¼ bs

EsAs
þ bg

EgAg

� �
sf

df � d1

� �
ð29Þ

Substituting Eq. (28) into Eq. (10) gives

rg;slðxÞ ¼ g
Pu;s1

EsAs
� k2C1cosðk2xÞ þ k2D1sinðk2xÞ

� �
ð30Þ

where the values of A2, B2, C1, D1, Pu,s1, Ls can be determined by
applying the following six boundary conditions:

dslðx ¼ 0Þ ¼ df ð31Þ

delðx ¼ LsÞ ¼ d1 ð32Þ

dslðx ¼ LsÞ ¼ d1 ð33Þ

rg;slðx ¼ 0Þ ¼ Pu;s1

Ag
ð34Þ

rg;elðx ¼ LÞ ¼ 0 ð35Þ

rg;elðx ¼ LsÞ ¼ rg;slðx ¼ LsÞ ð36Þ
When P = Pu,s1, the shear stress s(x) at a given location x along

the bond length can be obtained as:
sðxÞ ¼

sf
df�d1

½df � dslðxÞ�; 0 6 x 6 Ls
sf
d1
delðxÞ; Ls < x 6 L

8>><
>>:

ð37Þ

When the applied load P is less than Pu,s1 (while larger than Pe),
the values of A2, B2, C1, D1 and Ls can be obtained by applying Eqs.
(32)–(36), and the shear stress s(x) and normal stress rg,el(x) can be
solved accordingly using Eqs. (25), (26), (28), (30) and (37). It is
also necessary to check that the steel end is within the elastic stage
(i.e. del(x = L) < d1) and the softening length is less than the bond
length (i.e. Ls < L), for the validity of this ultimate state (when
P = Pu,s1), as softening of the bond length occurs only at one end.

3.5. Joint capacity Pu, s2 at ultimate state for softening of both ends

This case of the ultimate state represents the scenario when the
debonding slip df is attained at one end while the other end is
loaded into the softening stage of the bond-slip curve (i.e. d1 -
6 d < df). Therefore, the full bond length L can be divided into three
portions: with two softening lengths at two ends (Ls1 at the GFRP
end and Ls2 at the steel end), a portion of the bond length in
between remains in the elastic stage (Le). Fig. 8 shows a typical
shear stress distribution for this ultimate state and the divisions
of bond length, when the applied load P reaches the ultimate load
Pu,s2 (the subscript ‘s2’ denotes softening of two ends) for this case.

Within the elastic length, i.e. Ls1 < x 6 Ls1 + Le (Fig. 8), and based
on Eqs. (25) and (26), the slip del between adherends and normal
stress rg,el of the GFRP component can be expressed as:

delðxÞ ¼ A3cosh½k1ðx� Ls1Þ� þ B3sinh½k1ðx� Ls1Þ� ð38Þ

rg;elðxÞ ¼ g
Pu;s2

EsAs
� k1A3sinh½k1ðx� Ls1Þ� þ k1B3cosh½k1ðx� Ls1Þ�

� �

ð39Þ
Within the left softening length, i.e. 0 6 x < Ls1, and based on

Eqs. (28) and (30), the slip dsl1 and normal stress rg,sl1 of the GFRP
component can be expressed as:

dsl1ðxÞ ¼ C2sinðk2xÞ þ D2sinhðk2xÞ þ df ð40Þ

rg;sl1ðxÞ ¼ g
Pu;s2

EsAs
� k2C2cosðk2xÞ þ k2D2sinðk2xÞ

� �
ð41Þ

where the subscript ‘sl1’ refers to the left softening length.
Within the right softening length, i.e. Ls1 + Le < x 6 L (Fig. 8), and

also based on Eqs. (28) and (30), slip dsl2 and normal stress rg,sl2 of
the GFRP component can be expressed as:

dsl2ðxÞ ¼ C3sin½k2ðx� Ls1 � LeÞ� þ D3sinh½k2ðx� Ls1 � LeÞ� þ df ð42Þ
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Fig. 9. Typical shear stress distribution when P = Pu,sf (softening of full bond length).
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rg;sl2ðxÞ¼g
Pu;s2

EsAs
�k2C3cos½k2ðx�Ls1�LeÞ�þk2D3sin½k2ðx�Ls1�LeÞ�

� �

ð43Þ
where the subscript ‘sl2’ refers to the right softening length.

The values of A3, B3, C2, D2, C3, D3, Pu,s2, Ls1, Le can be determined
by applying the following nine boundary conditions:

dsl1ðx ¼ 0Þ ¼ df ð44Þ

dsl1ðx ¼ Ls1Þ ¼ d1 ð45Þ

delðx ¼ Ls1Þ ¼ d1 ð46Þ

delðx ¼ Ls1 þ LeÞ ¼ d1 ð47Þ

dsl2ðx ¼ Ls1 þ LeÞ ¼ d1 ð48Þ

rg;sl1ðx ¼ 0Þ ¼ Pus;2

Ag
ð49Þ

rg;sl2ðx ¼ LÞ ¼ 0 ð50Þ

rg;sl1ðx ¼ Ls1Þ ¼ rg;elðx ¼ Ls1Þ ð51Þ

rg;elðx ¼ Ls1 þ LeÞ ¼ rg;sl2ðx ¼ Ls1 þ LeÞ ð52Þ
When P = Pu,s2, the resulting shear stress at a given location x

along the bond length s(x) can be calculated from Eq. (53):

sðxÞ ¼

sf
df�d1

½df � dsl1ðxÞ�; 0 6 x 6 Ls1
sf
d1
delðxÞ; Ls1 < x 6 Ls1 þ Le
sf

df�d1
½df � dsl2ðxÞ�; Ls1 þ Le < x 6 L

8>>>>><
>>>>>:

ð53Þ

If the applied load P continuously increases from Pe to the ulti-
mate load Pu,s2, one end of the bond length (i.e. the GFRP end) starts
to soften first, followed by the softening of both ends and then
pull-out failure occurs when the debonding slip df is attained at
the GFRP end. Thus the form of shear stress distribution changes
accordingly, depending on the applied load level. When
Pe < P < Pu,s2, shear stress distribution s(x) thus may involve the
softening of one or both ends, depending on the load level. It is also
necessary to check that at this ultimate state (when P = Pu,s2), the
slip at the steel end is within the softening region (i.e. d1 < dsl2
(x = L) < df), and the softening length at the steel end is positive
(i.e. Ls2 > 0).

3.6. Joint capacity Pu,sf at ultimate state for softening of full bond
length

This ultimate state corresponds to the scenario in which the full
bond length is loaded into the softening stage of the bilinear bond-
slip curve (i.e. L = Ls) and the peak shear stress sf is achieved within
the bond length at a location x = Lp, as illustrated by Fig. 9.

As L = Ls and based on Eqs. (28) and (30), the slip dsl and normal
stress of the GFRP component rg,sl can be expressed as:

dslðxÞ ¼ C2sinðk2xÞ þ D2sinhðk2xÞ þ df ð54Þ

rg;slðxÞ ¼ g
Pu;sf

EsAs
� k2C2cosðk2xÞ þ k2D2sinðk2xÞ

� �
ð55Þ

When this ultimate state is attained, i.e. P = Pu,sf (the subscript
‘sf’ denotes softening of the full bond length), the peak shear stress
sf appears at the location x = Lp, and the values of C2, D2, Pu,sf, Lp can
be determined by applying the following four boundary
conditions:
dslðx ¼ LpÞ ¼ d1 ð56Þ

ddsl
dx

ðx ¼ LpÞ ¼ 0 ð57Þ

rg;slðx ¼ 0Þ ¼ Pu;sf

Ag
ð58Þ

rg;slðx ¼ LÞ ¼ 0 ð59Þ
The corresponding shear stress distribution s(x) can be formed

by Eq. (60) for this ultimate state.

sðxÞ ¼ sf
df � d1

½df � dslðxÞ�; 0 6 x 6 L ð60Þ

When the applied load increases from Pe to Pu,sf, softening of one
end is initiated first (i.e. the GFRP end), followed by softening of the
other end, and finally the two softening regions merge into one (i.e.
Ls = L) and pull-out failure occurs. The forms of shear stress distri-
bution may change accordingly, depending on the applied load
level. When Pe < P < Pu,s2, shear stress distribution s(x) thus may
involve softening of one or two ends, depending on the load level.
Again, it is necessary to validate this ultimate state (when P = Pu,sf)
by checking that the slip at the GFRP end is within the softening
stage (i.e. d1 < dsl(x = 0) < df) and the same condition at the steel
end (i.e. d1 < dsl(x = L) < df).

It should be noted that failure may also occur in the steel or
GFRP component if the joint capacity is greater than the axial
capacity of the adherend components. In this case, the joint capac-
ity Ps is determined by the steel yielding strength as Asfsy or by the
GFRP tensile strength as Agfgu, where fsy and fgu are the yield
strength and ultimate strength of the steel and GFRP component
respectively.

4. FE analysis

4.1. Geometry and materials

FE analysis was conducted using the ANSYS package to describe
the mechanical response of bonded sleeve joints under axial ten-
sion. Fig. 10a presents an example of the geometry of a bonded
sleeve joint connecting steel and GFRP tubes. Focusing on verifying
the theoretical results and estimating the experimental pull-out
failure load, the FE models were constructed only concerning the
bonded regions of the specimens. The material properties of the
GFRP, steel and adhesive are provided in Table 1. The GFRP was
defined as a linearly elastic and transversely isotropic material
with its longitudinal direction in alignment with the x-axis



Fig. 10. FE modelling: (a) overall geometry; (b) interface elements.
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(Fig. 10a). An isotropic bilinear work hardening material model
was employed for the steel component, with Von Mises’s yield cri-
terion and flow rule after yielding. The post-yield hardening mod-
ulus of the steel was taken 2% of its Young’s modulus (2% Es), an
upper limit of practical steel material as suggested in [50].The
material definition for the adhesive was isotropic and linearly
elastic.

4.2. Model establishment

All elements of the GFRP, steel and adhesive components were
meshed in ANSYS with SOLID185, a 3-D 8-node element. Three or
seven layers of elements were used across the thickness of each
GFRP tube or rod, while two layers were used for the steel and
one for the adhesive. Success in simulating bonded zone behaviour
hinges on correct implementation of the cohesive zone modelling
(CZM) technique in ANSYS. In general, the pull-out failure observed
from experiments took place in the adhesive layer (near the inner
adherend) or at the adhesive-inner adherend interface. This is
because of the slightly smaller bonded area associated to the inner
adherend, thus larger shear stress on the inner surface of the adhe-
sive layer. Accordingly, INTER205, a planar 3-D 8-node cohesive
element, was applied between the adhesive and the inner adher-
end (Fig. 10b). This 8-node element has four pairs of overlapping
nodes; each pair is attached to adjacent elements of steel and
adhesive or GFRP and adhesive. The overlapping nodes were sepa-
rated upon loading through a ‘Mode II’ separation, parallel to the
bonded interface, as observed from the experiments (Fig. 3a). The
shear traction–separation relationship was defined with the CZM
material property option in ANSYS, and was established in accor-
dance to the bilinear bond-slip relationship presented in Fig. 5.
Mesh studies were performed for specimens in G2 and G5 with
respect to the number of elements along the bond length, ensuring
that further refinement resulted in less than 1% change in the ulti-
mate joint capacities. As a result, elements sized at approximately
2 mm in the bond length direction were adopted.

4.3. Boundary condition and loading

In application of the axial loading, the GFRP end was restrained
in all directions before the steel end was displaced in a tensile
manner until the ultimate load was attained. Effects of material
nonlinearity were accounted for. The displacement was applied
in two load steps and solved with the sparse direct equation solver.
The first load step was a ramped-load where the displacement was
increased uniformly. As the ultimate load was approached, a sec-
ond load step was introduced for better convergence, in which
the automatic time stepping option was activated. This enabled
the program to determine the size of displacement increment
based on the structural response, and upon convergence failure
after a certain number of iterations, to restart with a halved incre-
ment size.

5. Results and discussion

5.1. Comparison of ultimate joint capacity

Summarised in Table 2 are the experimental results of the ulti-
mate joint capacities (Pu,E), along with theoretical estimates Pu,TH
(either Pu,s1, Pu,s2 or Pu,sf) and numerical estimates (Pu,FE) for the
specimens observed with the pull-out failure mode. Among these
14 specimens, the average ratio between experimental and theo-
retical results of joint capacity (Pu,E/Pu,TH) was 0.935 and that
between experimental and FE results (Pu,E/Pu,FE) was 0.981, with
standard deviations of 0.114 and 0.095 respectively. These indi-
cated good prediction and slight overestimation by the theoretical
and FE modelling, which may be attributed to fabrication defects in
the bonding zones of the specimens examined in the experiments.

According to the theoretical and FE modelling of all the experi-
mental specimens, their ultimate states were achieved when the
full bond length was loaded into the softening stage, i.e. P = Pu,sf,
therefore the resulting shear stress distribution was formulated
in Section 3.6. Because the same bond-slip relationship was used,
it was anticipated that close values of ultimate joint capacity (i.e.
Pu,TH vs. Pu,FE) would be obtained from the theoretical and FE mod-
elling. However, the FE modelling produced slightly lower esti-
mates than the theoretical ones (the average ratio Pu,FE/Pu,TH was
0.952). This may be attributed to a smaller bonded circumference
outside the inner adherend in the FE modelling compared to that
defined at the adhesive centreline in the theoretical formulation,
i.e. due to the assumption of a thin adhesive layer. Still, a discrep-
ancy to notice is that, besides the yielding of steel, the FE modelling
further considered shear deformation of adherends whereas the
theoretical formulation did not. The effects of shear deformation
of adherends may be taken into account by adopting the improved
Volkersen method developed in [51]. Such effects were revealed by
trial FE analysis to be insignificant and were thus neglected in the
theoretical formulation. It should be noted that FE modelling was
also conducted for the same specimens under compression load-
ing. Identical joint capacity and adhesive shear stress distribution
were produced as those under tension, which was also in accor-
dance to the theoretical formulation.

5.2. Shear stress distribution

Verified against the experimental ultimate joint capacities, the
theoretical and FE modelling are capable of providing insight into
the shear stress distribution, which is difficult to measure from
experiments. Fig. 11 shows examples of three forms of shear stress
distribution corresponding to different states of joint capacity
through theoretical and FE modelling. Using specimen G1-50 as
an example, Figs. 11a or 10b present the stress distribution when
the applied load P reached Pe or Pu,sf. In Fig. 11a, the full bond
length was in the elastic stage (i.e. d 6 d1 and L = Le) with the peak
shear stress sf attained at the GFRP end. The FE modelling gave
higher estimates of slip d (or shear stress s) in the middle portion,
resulting in 12.4% overestimation of Pe. For the same specimen, in
Fig. 11b, the full bond length was in the softening stage (i.e.
d1 6 d < df and L = Ls) corresponding to the joint capacity Pu,sf of
53.9 kN by theoretical formulation or 51.6 kN by FE modelling.
The peak shear stress sf appeared closer to the steel end, indicating
that the GFRP end was subjected to higher level of slip. The shear
stress distributions provided by theoretical and FE modelling were
practically identical.
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Fig. 11. Shear stress distribution along bond length: (a) specimen G1-50 when P = Pe (20.9 kN or 23.5 for theoretical or FE modelling); (b) specimen G1-50 when P = Pu,sf
(53.9 kN or 51.6 kN for theoretical or FE modelling); (c) theoretical and FE example G2-140 when P = Pu,s2 (167.8 kN or 160.4 kN for theoretical or FE modelling).
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The section configuration of specimens G2, with a longer bond
length of 140 mm, can be used for theoretical and numerical inves-
tigation. Fig. 11c presents the shear stress distribution when P = Pu,
s2, i.e. softening occurred at both ends and the debonding slip df
was attained at the GFRP end. In Fig. 11c, the two peaks, represent-
ing the peak shear stress sf, divide the full bond length into three
portions: Ls1, Le and Ls2 from left to right. This was in accordance
with the form of shear stress distribution presented in Fig. 8. Com-
pared to the theoretical distribution, the FE result exhibited shorter
Ls1 (84.6% of the theoretical result) and longer Le (130.6% of the the-
oretical result). In general, however, a satisfactory agreement of
joint capacity Pu,s2 can be found from Fig. 11c. It should be noted
that experimentally such a specimen would fail in the steel compo-
nent because of the joint capacity being greater than the 118.4 kN
of the steel adherend.

Fig. 12 shows, through FE analysis, the adhesive shear stress
distribution at different load levels. For both the specimen G1-50
and the numerical example of G2-140, when the applied load
(85% Pe in Fig. 12a and b) was less than Pe, the full bond length
remained in the elastic stage and the maximum shear stress
appeared at the GFRP end due to its lower stiffness (EgAg). As the
axial load (85% Pu,sf in Fig. 12a and 85% Pu,s2 in Fig. 12b) increased
beyond the elastic limit while still below the ultimate state (i.e.
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Fig. 12. Shear stress distribution along bond length from FE modelling a
Pe < P < Pu,sf or Pu,s2), softening was introduced at the GFRP end,
resulting in the peak shear stress (sf) appearing and shifting
towards the steel end while the rest of bond length remained in
the elastic stage. Approaching the ultimate state, specimen G1-50
(see Fig. 12a) had softening at both ends, and these two regions
merged into one when the load increased to 100% Pu,sf, resulting
in softening of the entire bond length. The peak shear stress (sf)
appeared at the confluence point of the two softening regions,
i.e. at the location of Lp in Fig. 9. In contrast, for the numerical
example G2-140 at 100% Pu,s2 (see Fig. 12b), where the ultimate
state corresponds to softening of both ends, the softening length
at the GFRP end extended towards the steel end such that the slip
d(x/L = 0) reached df. Meanwhile, softening was also introduced at
the steel end (i.e. d1 < d(x/L = 1) < df). The peak shear stress (sf),
appearing at two locations corresponding to those of Ls1 and
Ls1 + Lse (also see Fig. 8), defines the boundaries of the bond length
remaining in the elastic stage.

5.3. Effect of bond length on joint capacity

Variation of bond length (L), resulting in different forms of shear
stress distribution as illustrated in the theoretical formulation, is
believed to have a significant effect on the joint capacity. Fig. 13
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Fig. 13. Effect of bond length on joint capacity (specimens based on cross-section configuration in G2).
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presents the results of a parametric study with respect to bond
length (L), using section configuration of specimens G2. Both the
theoretical and the FE results in Fig. 13 indicated that the joint
capacity at the elastic limit Pe ceased to improve when the bond
length reached a certain level, demonstrating the existence of an
effective bond length within the elastic stage, which in this case
was around 40 mm. For bond lengths longer than the effective
value, the theoretical and FE modelling presented joint capacity
Pe around 46 kN and 55 kN respectively.

Clearly, the applied load may be increased beyond the elastic
stage. Experimental, theoretical and FE results of the relationship
between ultimate joint capacity and bond length are also pre-
sented in Fig. 13. Represented by the black triangles, the experi-
mental results increased almost linearly until a bond length of
around 70 mm, after which little improvement in joint capacity
was observed, due to yielding of the steel tube connector as
observed from experiments. The theoretical and FE results, show-
ing similar patterns, produced close agreement to experimental
data. It is worth clarifying that steel yielding was considered in
both theoretical and FE calculations, resulting in the joint capacity
at 119 kN and 126 kN formed as a horizontal line as the represen-
tation of the capacity of the steel tube connector.

Furthermore, in order to investigate the effect of bond length on
ultimate joint capacity that is dominated not by adherend capacity
(e.g. steel yielding) but by adhesive bonding, theoretical and FE
modelling were conducted on a series of specimens with the same
cross-section configuration as those in G2 but with the different
steel yield strength (fsy) of 580 MPa. Shown in Fig. 13, the theoret-
ical and FE ultimate joint capacities of such specimens still reached
a plateau that was not defined by the capacity of the adherends
(steel yielding in this case), corresponding to an effective bond
length of around 125 mm at the ultimate state. At and beyond this
effective value, the ultimate joint capacity was calculated as
169 kN from theoretical modelling and 163 kN from FE modelling.

It is also worthwhile to examine the change in the form of shear
stress distribution at the ultimate state of adhesive bonding (rather
than adherend) when the bond length approached the effective
value. For the section configuration G2 with steel yield strength
(fsy) of 580 MPa, Fig. 14a shows that, at the bond length of
100 mm (slightly below the effective value of 125 mm), the type
of shear stress distribution at the ultimate state (i.e. P = Pu,sf) was
characterised by softening of the full bond length. In contrast, with
a bond length of 120 mm, which was close to the effective value,
Fig. 14b shows the type of distribution when softening occurred
at both ends, with the debonding slip df attained at the GFRP
end, corresponding to the ultimate state illustrated in Fig. 8, i.e.
P = Pu,s2. This outcome occurred because, as the bond length
became sufficiently long, the debonding slip df was attained at
one end before the two softening ends merged. It should also be
noted that as the bond length passed the effective value, other than
the change of ultimate state from Pu,sf to Pu,s2 as illustrated above, a
change from Pu,sf to Pu,s1 could also occur depending on the section
geometries and bond-slip parameters. Similarly, this change was
due to the redistribution of shear stress. With a sufficiently long
bond length, the debonding slip df might be attained at one end
before the other was loaded into the softening stage.
5.4. Effect of stiffness ratio on joint capacities

The stiffness ratio between adherends (i.e. EsAs/EgAg) is another
important parameter to be considered in the design of such bonded
sleeve connections. In previous elastic analysis of single or double
lap joints, the inequality between EsAs and EgAg, known as the
adherend stiffness imbalance, could cause incapacity of a joint to
develop full strength at the elastic stage. This is because the
bonded zone at the end with the less stiff adherend could be
loaded to its stress limit prior to the other end [32,52,53]. Using
the developed theoretical formulation, the effect of this stiffness
imbalance on both the elastic and the ultimate state joint capacity
of a bonded sleeve connection is illustrated in Fig. 15, based on the
cross-section configurations and bond length of specimen G5-80.
The variation of stiffness ratios was achieved by changing the outer
diameter of the GFRP tube or the inner diameter of the steel tube,
while maintaining the section geometry of the adhesive layer. This
resulted in stiffness ratios EsAs/EgAg from 0.2 to 4 as shown in
Fig. 15.

Fig. 15 shows that, consistent with the cases of single or double
lap joints, the greatest joint capacity at the elastic limit (Pe) of a
bonded sleeve connection was achieved when the of the adherends
had equal stiffness i.e. EsAs/EgAg = 1. At the ultimate state (in this
case Pu,sf), the greatest joint capacity was achieved at a stiffness
ratio of around 0.8, as shown in Fig. 15. The variation of joint
capacity at the elastic limit (Pe) with the stiffness ratio EsAs/EgAg

was much more significant than that at the ultimate state (Pu,sf).
This finding is attributed to the steeper slope of the bilinear
bond-slip relationship at the elastic stage than at the softening
stage (see Fig. 5). Similar results were also observed from such
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Fig. 14. Change of shear stress distribution form as bond length approached effective value: (a) G2-100 with elevated adherend strength (Pu,sf = 152.4 kN or 145.9 kN for
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investigations on specimens with other section configurations and
bond lengths.

Fig. 16 shows the shear stress distribution calculated by the the-
oretical formulation for the configuration of specimen G5-80 with
three stiffness ratios. For the elastic limit, i.e. P = Pe, Fig. 16a indi-
cates that the shear stress distribution was symmetrical when
EsAs/EgAg = 1, and the peak shear stress sf was attained simultane-
ously at both ends. Otherwise, for the unbalanced stiffness ratios
(i.e. EsAs/EgAg = 0.4 or 2.5), the peak shear stress sf only appeared
at the end of the less stiff adherend. Fig. 16b presents the shear
stress distribution at the ultimate state, i.e. P = Pu,sf. Likewise, the
balanced adherend stiffness (i.e. EsAs/EgAg = 1) produced a symmet-
rical shear stress distribution which had the peak shear stress sf
appear at the middle of the bond length. The unbalanced adherend
stiffness resulted in the peak shear stress sf being located closer to
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Fig. 16. Effect of stiffness ratio (EsAs/EgAg) on shear stress distribution from theore
the end of the stiffer adherend, indicating a higher level of slip d at
the other end.

6. Conclusions

This paper develops a theoretic formulation to describe the
adhesive shear stress distribution and to predict the joint capacity
of bonded sleeve connections. A bilinear bond-slip relationship
was implemented in the governing equations to consider the elas-
tic, softening and debonding behaviour of the adhesive bonding.
The results of ultimate joint capacity calculated by the theoretic
formation were validated by results from FE modelling and from
experimental specimens subjected to axial tension where various
cross-sections and bond lengths were covered. Utilising the vali-
dated theoretical and FE modelling, the effects of bond length
and stiffness ratio on the adhesive shear stress distribution and
joint capacity were discussed and clarified for such bonded sleeve
connections. The work presented in this paper allows the following
conclusions to be drawn:

1. Employing the bilinear bond-slip relationship, when the
bonded sleeve connection is loaded to elastic limit, the full bond
length is within the elastic stage and the peak shear stress (sf)
appears at the end of the less stiff adherend. The joint capacity
at the ultimate state shows three different scenarios, each cor-
responding to shear stress distribution that features softening
of one end or both ends or along the full length of the bonding
region. The theoretic formulation, developed based on linear
elastic adherends, gives satisfactory prediction of the pull-out
joint capacities for the experimental specimens with different
cross-sections and bond lengths; the average test/prediction
ratio was obtained as 0.935.
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2. FE modelling can simulate adhesive bonding using the cohesive
interface elements associated with Mode II separation and the
bilinear bond-slip relationship. The FE modelling produced
slightly lower joint capacities compared to the theoretical mod-
elling, which could be explained by the more conservative rep-
resentation of the actual bond area in the FE modelling and the
consideration of material nonlinearity in the adherend. The FE
modelling yielded accurate prediction of the experimental joint
capacities for the pull-out failure mode, with an average test/
prediction ratio of 0.981.

3. For cases with no adherend failure, effective bond lengths do
exist for the joint capacities at both the elastic limit and the
ultimate state. Beyond the effective lengths, no further increase
in joint capacity was observed. Such effective bond lengths can
be well identified by the theoretic formulation and further well
validated by the FE modelling results. Attainment of effective
bond length may further cause transformation of the shear
stress distribution at the ultimate state. For example, the ulti-
mate state of Pu,sf may change to Pu,s2 if the bond length
increases from 100 mm to 120 mm for the G2 cross-section.
Such transformation of shear stress distribution may also occur
from Pu,sf to Pu,s1 depending on the cross-section configuration
or bond-slip parameters. Finally, taking into account the capac-
ity of adherends, the relationship between bond length and ulti-
mate joint capacity can be developed via theoretical and FE
modelling for a specific bonded sleeve connection.

4. The maximum joint capacity at the elastic limit (Pe) occurs
when the stiffnesses of adherends are balanced (i.e. EsAs/Eg-
Ag = 1). This finding is consistent with those from single or dou-
ble lap joints. Whereas the joint capacity at the ultimate state
(Pu,s) is optimal at the stiffness ratio (EsAs/EgAg) of around 0.8,
the effect of this stiffness ratio on the ultimate joint capacity
is much less obvious in comparison to the effect on the elastic
joint capacity. For both the elastic limit and ultimate state, a
balanced adherend stiffness (i.e. EsAs/EgAg = 1) generates sym-
metrical shear stress distribution, while a difference in adher-
end stiffness (i.e. EsAs/EgAg – 1) leads to more slip (d) at the
end of the less stiff adherend.
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