Stiffness prediction of CFRP/steel double strap joints
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ABSTRACT: Carbon fiber-reinforced polymer (CFRP) composites have been increasingly used
in the strengthening and rehabilitation of steel structures. One area that receives much research
interest is the adhesively bonded CFRP/steel joint, which simulates the cases of connecting two
steel plates or strengthening cracked steel members with CFRP composites. Joint stiffness is an
effective parameter in assessing the damage of structural elements. However, so far, only a few
studies have focused on the prediction of CFRP/steel joint stiffness. The current study presents a
stiffness prediction model for CFRP/steel double strap joints. Compared with an existing similar
model, a more detailed mechanical analysis in the overlap region was conducted in the present
model. The prediction results agreed well with the existing experimental data in the literature.
Finally, the model was used to perform a parametric analysis.
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INTRODUCTION

Carbon fiber-reinforced polymer (CFRP) composites, due to their high strength, good
durability, flexibility in shape, ease of construction and excellent fatigue life, have been
increasingly used in strengthening and rehabilitation of steel structures (Hollaway, 2010; Teng
et al., 2012; Zhao and Zhang, 2007). It has been shown in previous studies that application of a
CFRP composites to structural steel members can enhance their flexural capacity (Ghafoori and
Motavalli 2013), buckling strength (Ghafoori and Motavalli 2015a & b) and fatigue behaviour
(Ghafoori et al. 2015a, Ghafoori et al. 2015b, Ghafoori et al. 2015c). Adhesively-bonded
CFRP/steel joint system has received considerable research attention. In such system, CFRP
composites are used to connect two steel plates or to strengthen cracked steel members (Lam et
al., 2007; Zhao and Zhang, 2007). Figure 1 presents a schematic view of CFRP/steel double
strap joint.

Figure 1. Schematic view of CFRP/steel double strap joint.
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The majority of the studies on this topic have so far only focused on interface behavior of joints,
e.g. the bond slip model, the shear stress or strain distribution, and the joint strength prediction
(Al-Zubaidy et al., 2012; Nguyen et al., 2013; Wu et al., 2012; Yu et al., 2012), while the
prediction of CFRP/steel joint stiffness, which is the slope of load-displacement curves, have
not been much studied. Ghafoori et al. (2012a, 2012b) have studied experimentally the effect of
CFRP strengthening of cracked steel beams on their load-displacement (i.e., stiffness) behavior.
The results have shown that that application of the pre-stressed CFRP plates could effectively
increase the stiffness of the steel beam by applying a compressive stress to the cracked section,
and, therefore increasing the net cross-section. Hosseini et al. (2017) have also shown that
CFRP laminates could be used for strengthening of cracked steel plates. Owens and LeeSullivan (2000a; 2000b) have studied the stiffness behavior of composite/aluminum joints.
Although their stiffness prediction model has been validated by experimental data, it involves
the Adams-Peppiatt stress distribution formula, which requires the division of overlap region
into many small parts and is a complex technique. Xiao et al. (2004) have proposed a much
simpler model (denoted as the Xiao model), which was later adopted by Deb et al. (2008). Their
model assumes that the tensile stress in the overlap region decreases linearly from maximum
value at the loading end to zero at the free end. Their assumption provides an insight into the
analysis of CFRP/steel joints. However, as their joints were metal/metal joints with a bond
length of only 25 mm, and the bond length of CFRP/steel joints might reach as long as 100 mm
(Wu et al. 2012), the Xiao model might be inaccurate for the analysis the CFRP/steel joints.
The stiffness of joints is an excellent non-destructive parameter in monitoring the damage of
structural elements and assessing the residual life (O’Brien, 1980; Owens and Lee-Sullivan,
2000a). In addition, an accurate analysis of the stiffness contributes to a better understanding of
the mechanical behavior of joints under tensile load.
This paper aims at developing an accurate stiffness prediction model for CFRP/steel double
strap joints. The proposed model was based on the Xiao model, but a more detailed tensile stress
analysis within the bond region was conducted. The prediction results were compared with the
existing experimental data in the literature. At the end, the verified model was used to perform a
parametric analysis.
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STIFFNESS PREDICTION MODEL

In this section, first, the analysis of double lap joints is presented. This is because the double
strap joint could be deemed as a combination of two double lap joints, which results in an easier
analysis process. The stiffness prediction models of symmetrical double strap joints (where
bond lengths of the two double lap joints are the same) and unsymmetrical double strap joints
(where the bond lengths of the double lap joints are different) will be also presented at the end
of this section.
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Figure 2. Schematic view of CFRP/steel double lap joint.
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The double lap joint is divided into the following regions: double leg region (length= l1 ), overlap
region (length= l2 ), and single leg region (length= l3 ), as shown in Figure 2.
(1) Double leg region (length= l1 )
The strain and displacement of the double leg region l1 , ε1 and u1 , are as follows:

ε1 =
u1 =

σ
Efrp

=

F

(1)

2btfrp Efrp

Fl1
2btfrp Efrp

(2)

where F is the tensile load and b is the width of joint. Furthermore tfrp and Efrp are the
thickness and elastic modulus of FRP composites, respectively.
(2) Overlap region (length= l2 )
The displacement of the overlap region l2 , u2 , consists of two parts, i.e. the adhesive shear
deformation part u2s and the steel tensile part u2t . The calculation of u2s and u2t depends on
whether l2 is larger than the effective bond length le . The effective bond length is the bond
length which the ultimate load does not increase with any further increase in it. le could be
calculated according to the model proposed by Hart-Smith (1973):
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where ta and Ga are the thickness and shear modulus of the bonding adhesive, respectively. ts
and Es are the thickness and elastic modulus of steel, respectively. τ p is the shear strength of
the bonding adhesive. Pu is the lesser of Pi and Po :
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(4)

(5)

where Pi and Po represent the ultimate load when Es ts < 2 Efrp tfrp and Es ts ≥ 2 Efrp tfrp ,
respectively. γ e and γ p are the elastic shear strain and plastic shear strain of the bonding
adhesive, respectively. The relationship between γ p and γ e could be assumed as γ p = 5γ e
according to the suggestion of Wu et al. (2012).
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For joints with l2 less than le , it can be simply assumed that the tensile stress of the steel
decreases linearly to zero along the bond length. Therefore, u2s and u2t could be respectively
calculated as follows:
=
u2s γ=
a ta
u2t =

t ave

=
ta

Ga

Fta
2bl2Ga

(6)

Fl2
2bts Es

(7)

For joints with l2 equal to or larger than le , l2 is subdivided into l2e1 , l2e2 and l20 . The sum of
l2e1 and l2e2 is le , i.e.:
l2 =l2e1 + l2e2 + l20 =le + l20

(8)

Within le , the assumption of linear change in tensile stress of adherends could be adopted.
Within l20 , however, the outer adherend (CFRP) and inner adherend (steel) are of the same
constant nonzero tensile strain.
Therefore, u2s is:
=
u2s γ=
a ta

t ave

=
ta

Ga

Fta
2ble Ga

(9)

u2t is composed of tensile deformations in l2e1 , l2e2 and l20 , which are u2e1 , u2e2 , and u2t0 ,
respectively. u2e1 + u2e2 is calculated as follows:

u2e1=
+ u2e2

F (l2e1 + l2e2 )
Fle
=
2bts Es
2bts Es

(10)

The calculation of u2t0 depends upon the tensile strain ε . As the load F is distributed between
CFRP and steel based on their respective stiffness, F is expressed as follows:
F 2btfrp Efrpε + bts Esε
=

(11)

By transforming equation (11), the strain ε is:

ε=

F

(12)

2btfrp Efrp + bts Es

As ε is also equal to u2t0 / l20 , u2t0 is derived as:

u2t0 =

Fl20
2btfrp Efrp + bts Es

(13)

Based on equations (10) and (13), the displacement u2t is:

u2t = u2e1 + u2e2 + u2t0 =

Fle
Fl20
+
2bts Es 2btfrp Efrp + bts Es

Therefore for joints with l2 less than le , the displacement u2 is:
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(14)

u2 = u2s + u2t =

Fta
Fl2
+
2bl2Ga 2bts Es

(15)

and for joints with l2 equal to or larger than le , the displacement u2 is:

u2 = u2s + u2t =

Fta
Fle
Fl20
+
+
2ble Ga 2bts Es 2btfrp Efrp + bts Es

(16)

It is worth mentioning that although the deformation of CFRP in the overlap region was not
expressed explicitly by formula, the deformation of CFRP was taken into account. In region l20 ,
CFRP and steel have the same tensile deformation. In l2e1 and l2e2 , the difference between
deformation of CFRP and that of steel is reflected in the adhesive shear deformation.
(3) Single leg region (length= l3 )
u3 =

Fl3
bts Es

(17)

By adding up u1 , u2 , and u3 , the total displacement u of the double lap joint is derived:
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Therefore the stiffness for double lap joints is:
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For symmetrical double strap joints, the joint stiffness is half of the value of the double lap
joints:

K sym-strap =

K lap

(20)
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For unsymmetrical double strap joints, the joint stiffness is:
K unsym-strap =

1
1
1
+
K lap1 K lap2

(21)

where K lap1 and K lap2 are the joint stiffness of the two double lap joints which constitute the
double strap joint.
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VALIDATION OF THE MODEL

The prediction results are compared with the experimental data from literature, as shown in
Table 1, together with the predictions from the Xiao model. The average estimated errors
relative to the experimental values of the proposed model and the Xiao model are 0.13 and 0.21,
respectively, indicating the accuracy of the proposed model. The existing errors might be due to
the assumption in adherend tensile stress distribution.
Table 1. Comparison of the existing experimental and theoretical studies and the proposed model

Set

Specimen

Nguyen et
al. (2011)

Lam et al.
(2007)

Matta et al.
(2005)
4

Experime
ntal K exp

Theoretical (this
model)

Theoretical (the Xiao
Model)

(kN/mm)

K theo
(kN/mm)

K theo / K exp

K theo
(kN/mm)

K theo / K exp

CF1-BL60-T20

132.8

144.7

1.09

177.7

1.34

CF3-BL100-T20

183.3

170.2

0.93

209.1

1.14

P-2-50-1/2

192.8

223.0

1.16

223

1.16

P-2-100-1/2

195.9

239.5

1.22

249.3

1.27

P-2-150-1/2

203.1

252.1

1.24

277.3

1.37

P-3-50-1/4

122.8

113.4

0.92

113.4

0.92

P-3-100-1/4

133.8

125.4

0.94

125.5

0.94

P-3-150-1/4

148.2

139.1

0.94

139.4

0.94

DSS (unfatigued)

65.1

75.0

1.15

94.7

1.45

PARAMETRIC ANALYSIS

A parametric analysis was conducted using the proposed stiffness prediction model. The
parameters investigated in the present paper were bond length and adherend stiffness ratio, the
latter of which is defined as 2 Efrp tfrp / Es ts (Lam et al., 2007). The data of joint geometry and
material properties were of joint P-3-50-1/4 from Lam et al. (2007). The geometry and material
properties are as follows: l1 = 1mm , l2 = 49mm , l3 = 251mm , tfrp = 3.66mm , Efrp = 176061MPa ,
ts = 6.09mm , Es = 205700MPa , ta = 0.65mm , and Ga = 1680MPa .
Figure 3 shows the effect of bond length on stiffness of CFRP/steel double strap joints, with the
bond length ranging from 10 to 290 mm. It could be observed that the joint stiffness increases
almost linearly with the increase in bond length, which can be also seen in the experimental
results. The effects of bond length for joints with other configurations (e.g., the total length of
joint, the adherend stiffness ratio, etc.) require further investigation.
Figure 4 shows the effect of adherend stiffness ratio on stiffness of CFRP/steel double strap
joints, with the value of adherend stiffness ratio ranging from 0.01 to 1.00. The increase in
adherend stiffness ratio was realized by increasing the elastic modulus of the CFRP composite.
It can be seem from Figure 4 that the joint stiffness increases substantially when the adherend
stiffness ratio increases from 0.01 to about 0.1. From 0.1 to about 0.25, the increase in stiffness
6

is not substantial. From 0.25 to 1.0, the stiffness is almost constant. Further investigation into
the component deformation of each part shows that the change of stiffness is a result of
Fl1
deformation u1 =
in the double leg region, which is an inverse proportional function of
2btfrp Efrp

Efrp , and, therefore leading to the insensitivity to changes of Efrp when Efrp is rather large.

Figure 3. Effect of bond length on stiffness.
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Figure 4. Effect of adherend stiffness ratio on
stiffness.

CONCLUSIONS

A stiffness prediction model for double strap joints under tensile load was presented in this
paper. The results of the model agreed well with the existing experimental data in the literature.
Based on the presented model, a parametric analysis was conducted. It was observed that the
stiffness increases almost linearly with an increase in the bond length, and a substantial increase
in stiffness occurs when the adherend stiffness ratio increases from 0.01 to about 0.1.
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