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Abstract Strengthening of steel structures with fibre-reinforced polymer (FRP)
composites has attracted great attention due to their desirable mechanical properties, non-
corrosive nature, and ease of application. The bond between an FRP laminate and steel
substrate plays a significant role in ensuring the effectiveness of the strengthening system.
Various bond-slip (1-3) relations for FRP-steel joints have been developed, mainly from
experimental tests on single or double-lap shear specimens. However, existing models
employ different stress-slip relations and mathematical expressions, suggesting that their
predictions of failure load, mode and other interface properties, might be inconsistent. In
this study, a comprehensive finite element (FE) model, comprising all parts of the FRP-
steel joint in a double-lap configuration, has been developed to evaluate several commonly
used (- 8) models. The FE model is able to capture all probable failure modes including
interfacial failure (debonding), FRP rupture and steel yielding. In addition, a new
trapezoidal 1- 8 law has been coded into the FE software by the authors and compared with
other existing models. The FE model was then used to simulate a large number of double-
lap tests from literature containing different material and geometric properties and varying
by the (t- §) relation from examined theoretical models. Comparisons with experimental
data showed a large scatter of failure loads and joint behavior, due to difference in (t- J)
models. The models that best align with test results and those that deviate, were identified
and discussed.
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1 Introduction

Fibre reinforced polymer (FRP) composite has been widely employed in civil engineering
strengthening applications due to their excellent material properties such as resistance to harsh
environment and high tensile strength. Previous studies illustrated that the use of FRP in
strengthening/repair of steel members subjected to static [1-5], cyclic [6], [7] and impact loads
[8], [9] offers a promising alternative to conventional rehabilitation techniques. Thus, several
manuals and guidelines (e.g., [10]) have been proposed for strengthening steel structures with
FRP materials. Despite the large body of research on this discipline, few studies have been
conducted on the bond-slip response between FRP and steel substrate.

Analysis of FRP strengthened members are usually undertaken by analytical or finite
element (FE) methods [11-18]. FE method provides a powerful tool to expand investigations
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into the effectiveness of FRP strengthening technique without the need to perform repetitive,
expensive and time-consuming tests. However, use of this method in studying the bond of FRP-
steel joint is conditional to using a bond-slip (t- 8) model capable of representing the joint’s
interfacial behavior and predicting the failure load. The t- § model is typically implemented in
FE analysis as a material input for cohesive elements that define the interface between dissimilar
parts [13,14].

Several -5 models have been suggested in previous research studies [19-21] to represent
the bond response between FRP and steel substrate. Xia and Teng [20] model was one of the
first trails in developing bond-slip model for FRP-steel joints. Another model was proposed by
Fawzia et al.[19] and was developed based on a few specimens of double strap joints. Both of
above models can be used for linear adhesive materials. Fernando [21] proposed two models,
including a triangular (bilinear) and trapezoidal models, which can be used for linear (brittle)
and nonlinear (ductile) adhesive materials, respectively.

In this research, a robust FE model has been developed for 21 FRP-bonded double-strap
steel specimens tested by other researchers, constituting a wide range of geometrical and
material characteristics, including a bond length (Lf) from 30 to 250 mm; an FRP elastic
modulus (Ef) from 159 to 479 GPa corresponding to normal, high and ultra-high modulus
laminates; two types of adhesive, brittle and ductile (nonlinear); and three types of failure
modes, namely: debonding at FRP-steel interface, FRP rupture, and delamination. The FE
model was used to test the predictions of several - § relations that commonly used for FRP-
bonded steel, by implementing each of those relations within the numerical framework and
comparing the model’s results with those from tests. In addition, the study developed and
implemented a trapezoidally shaped (t- 8) model into ABAQUS software. In contrast to the
linear (t- 8) model currently available in ABAQUS and typically implemented for brittle
adhesives, the trapezoidal model can be used to accurately model the behavior of steel members
bonded to FRP composites by ductile or nonlinear adhesives.

2 Bond-slip models

As previously mentioned, several bond-slip models proposed in the literature, to predict the
bond behaviour of FRP-steel joints, have been examined in this study. While other models might
be available in literature, the three above models were selected due to their popularity among
research on FRP bonded steel members. The mathematical details and key parameters of each
model considered in this research are listed in Table 1. The first model in the table was
developed by Xia and Teng [20] which based on experimental data of 13 single shear tests. The
variables considered in the model are the adhesive type and adhesive thickness (ta). The model
is bilinear in shape as can be seen in Fig. 1, with key parameters of maximum shear strength
(1), slip at maximum shear (41), slip at complete debonding (), and fracture energy (Gy). The
key parameters are related to the mechanical properties of the adhesive, including its tensile
strength (f, ), thickness (ta), and fracture energy (G,). The model only considers the cohesive
failure within the adhesive layer while neglecting interface debonding.
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Figure 1. Bond-slip shapes of [19], [20] and [21].

The second model in Table 1, by Fawzia et al. [19] was derived from analysis 26 double shear
joints tests. A number of parameters were investigated including the modulus of carbon FRP
(CFRP) sheet considering two types, normal and high modulus; type of adhesive, considering
three commercially available adhesive (Araldite420, MBrace saturant and Sikadur30); number
of CFRP layers, either 3 or 5; and bond length (If) ranging from 80 to 250 mm. This model is
bilinear also (Fig. 1) and dependent on the adhesive properties alone. Fernando [21] tested 18
single-shear bond specimens and developed two t-6 models, a bilinear and trapezoidal models,
as shown in Fig. 1. The parameters examined were the adhesive type, testing four types, namely:
Sikadur 30, Sikadur330, Araldite420 and Araldite 2015; adhesive thickness, trying three values
for ta =1.5, 2 and 3mm; and CFRP modulus (Ef), using two values for Ef = 235 and 340 GPa.

3 Finite element modelling

ABAQUS software [22] was employed to model the FRP-steel double lap joints. Solid elements
C3D8R were used to represent the steel plates. FRP laminates were modelled using linear three-
dimensional four-node shell elements with reduced integration and membrane strain (S4R). The
bond region between FRP and steel was modelled using eight-node three-dimensional cohesive
elements (COH3D8). Elements with mesh size of 1 mm were used in the bond region for all
parts (steel, FRP and adhesive material) as shown in Fig 2. The mesh was then gradually
increased to a maximum size of 5 mm, for regions outside the bond area. Since the explicit
solver was used in the current research which overcomes the convergence problem that normally
occurs in the case of contact or material complicities, less care was paid to use smaller element
size as a treatment of convergence aspects. The total number of elements for simulated joints
ranged from 13544 to 6147 elements based on the bond length.



Table 1. Details of bond-slip models from literature.

Bond-sli
model "l & 52 & Gy
Xia and ZGf 31 ftu 0.56
0.8 Tr. t,/Ga - — _(_) 0.27
Teng [20] fra frra 7 7r \ Gy fa
t
2 for t, =01-05mm
4
Fawzia et ta te— 0.5
al. [19] fa To - | 01254+ ———— fortq -
=05-1mm
Bilinear ; .
model AN 26y 0502
Fernando | %-%fta | 03 (G_a) fra | - 7 628t,""R
[21]
Trapezoidal s
model 0.8 | 2(Gf —17(6, — 71)) 052
Fernando | "fta 0.081 mm mm - +6, 628 t,"5R
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G¢: Interfacial fracture energy, R: the area under stress (MPa) strain curve of the adhesive
material, tf: allowable shear strength of adhesive, t,: adhesive thickness, fi,: allowable
tensile strength of adhesive. G,: adhesive shear modulus. §,: damage initiation of adhesive
in bilinear model, 6,:damage initiation of adhesive in trapezoidal model.

Due to geometrical and material symmetry of specimens in x, y and z axes, only one eighth
portion of the full-scale specimens was modelled. For the FRP-steel joint consists of two
interfaces (FRP-to-adhesive interface and adhesive-to-steel interface), a surface-to-surface
contact elements were used in either interface, along with pure master to slave contact algorithm.
Due its small stiffness compared to steel and FP, the adhesive layer was assumed to be the slave
surface. In addition, the adhesive layer was modelled as a discrete layer, with mechanical
properties and layer thickness taken from the corresponding experimental tests. The steel plates
were modelled as a linear elastic material defined by the elastic modulus (Es) and Poisson’s
ratio (v), assuming values of Es =200 GPa and v =0.3. The linear elastic model was selected in
lieu of a plasticity-based model because no yielding was reported for the steel plates in the
experimental studies. FRP was modelled using a lamina model which is suitable to model
unidirectional FRP composites. In order to model the rupture failure of FRP, Hashin failure
criteria [23] was used as a damage initiation criteria when the laminate’s stress exceeds its
tensile strength. After damage initiation, the laminate stiffness is assumed to degrade to a very
small value, simulating a brittle failure.

A traction-separation model is used to define the adhesive layer in ABAQUS, based on
recommendations of previous research on FRP strengthened steel or concrete members [8], [13-
16], [18][24]. The traction-separation model contains three stages, an ascending linear stage,
damage initiation in stage two, and damage progression in the last stage. In the first stage,
Young’s or shear moduli of the adhesive layer were divided by its thickness to obtain the
stiffness of the linear elastic response in the normal and two shear directions, respectively [22].
Then, a quadratic nominal stress criterion was used to define the onset of debonding (damage)
for the second stage. The quadratic criterion considers the mixed mode debonding process due
to normal (peeling) and shear and is widely used in studies on FRP-steel bond problems such as



[13], [14]. In the last stage, the interface debonding process is modelled in ABAQUS by
cohesive zone model (CZM), considering three options, a bilinear form applicable to (- &)
models by Xia and Teng [20] and Fawzia et al. [19]; a trilinear form applicable to the bilinear
(=- 8) model by Fernando [21]; and a tubular form applicable to the trapezoidal (- §) model by
Fernando [21].

Numerical values for the key inputs of the traction-separation law, namely:
¢, 6;, and &, were obtained from the theoretical (- 5) models examined in this study using
available material and geometric properties of the experimental specimen. The FE model of
each double-strap specimen was run four times, according to the (t- §) models examined in Table
1.
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Figure 2. Typical FE model for double-strap FRP-steel joints.

4 Summary of experiments

To evaluate predictions of the (z- §) models considered in this study, FE models were generated
and compared with 21 double-strap joint tests obtained from four sets of experiments from [13],
[14], [19] , and [25]. The experimental tests contained specimens with various bond lengths,
bond widths, material and geometric properties for the FRP laminate and adhesive layer, as can
be noticed in Table 2. The specimens were selected to assess the models’ ability in capturing
the behavior of different FRPs, specimen dimensions, and failure modes. Table 3 list the
mechanical properties of FRP composite and adhesive layer for each experiment, as reported in
the experimental research.

Table 2. Details of experimental specimens and key results summary.

. Failure load (Pult.), KN Failure mode (FM)
Specimen L¢
Id mm | Pult- | Pult- | Pult- | Pult- | FM- FM- | FM- | FM-
exp. | FE1. | FE2. | FE3. | exp. FE1. | FE2. | FE3.
$3-30 30 | 410 | 124 20.8 33.9 D D D D

Reference




S3-60 60 | 69.1 | 134 | 226 | 683 D D D D
S3-90 90 | 936 | 135 | 227 |1021| D D D D
NS-30 30 | 419 | 127 | 225 | 342 D D D D
NS-60 60 | 69.8 | 153 | 26.0 | 68.4 D D D D
Al- NS-90 90 | 942 | 155 | 261 | 1019 | D D D D
Mosawe | UHS-30 | 30 | 31.8 | 192 | 297 | 342 F D D D
etal. [14] | UHS-60 | 60 | 64.1 | 226 | 384 | 57.3 F D D D
UHS-90 | 90 | 732 | 246 | 411 | 732 F D D D
S2-30 30 | 155 | 61 | 106 | 171 F D D D
S2-60 60 | 276 | 66 | 111 | 340 F D D D
S2-90 90 | 311 | 67 | 111 | 510 F D D D
A50 50 | 137.2 | 59.0 | 98.7 | 1418 F D D D
W‘[’;St]a" A100 100 | 250.6 | 61.2 | 108.4 | 232.3 F D D F
A250 250 | 267.3 | 61.6 | 109.9 | 232.3 F D D F
Al- CF-1-A-10 | 10 | 198 | 122 | 175 | 259 D D D D
Zubaidy | CF-1-A-20 | 20 | 37.8 | 125 | 19.1 | 288 D D D F
etal [13] | CF-1-A-30 | 30 | 452 | 127 | 191 | 288 F D D F
Fawzia et NAS0 80 | 86.1 | 31.8 | 516 |1342| D D D F
al. [19] NA150 | 150 | 77.8 | 31.8 | 811 | 1364 D D D F
NA250 | 250 | 932 | 318 | 811 |141.7]| D D D F

where: L= FRP bond length; Pult-exp.= ultimate load from test; Pult-FE1., Pult-FE2., and Pult-FE3. =
ultimate load from FE model and using (t- 8) models from Xia and Teng [20], Fawzia et al. [19], and
Fernando [21], respectively; FM-exp.= failure mode from test; FM-FEL., FM-FE2., and FM-FE3. = failure
mode from FE model and using (t- 8) models from Xia and Teng [20], Fawzia et al. [19], and Fernando
[21], respectively; D = FRP debonding; F= FRP rupture or delamination.

Table 3. Mechanical properties of FRP and adhesive materials.

FRP laminate Adhesive
Specimen :
Ref. 1D Modulus | Strength Wvbdth Thickness | Modulus | Thickness
Ef ,GPa | of, MPa £ tr,mm | E, GPa | t, mm
mm
S3 159 2854 20 1.4 3.2 0.5
Al-Mosawe et al. NS 203 2861 20 1.4 3.2 0.5
[14] UHS 450 1602 20 1.2 3.2 0.5
S2 159 2854 10 1.4 3.2 0.5
A50 479 1500 50 1.45 1.9 0.36
Wau et al. [25] A100 479 1500 50 1.45 1.9 0.31
A250 479 1500 50 1.45 1.9 0.38
A"Z“tﬁ'%y etal. | cpa 205 1644 50 0.18 2.23 05
Fawzia et al. [19] NA 640 2650 50 0.53 4.0 0.47
5 FE Results

Results of FE models, generated by utilizing either of the three (1-8) models examined in this
study, were compared with experimental data from 21 FRP—steel double-strap joint tests. The



comparisons were made for ultimate load (Put.) and failure mode (FM) as listed in Table 2.
Furthermore, the results were compared in graphical forms, representing plots of Py against
bond length (L), bond width (Wr) and modulus of elasticity of FRP (Er). The following sections
discuss the obtained results.

Ultimate load vs. bond length

Table 2 lists the ultimate load from experiments (Putexp) and those from FE models (Puire)
obtained by utilizing either of the three (z-5) models discussed earlier. Fig. 3 plots the relation
between the experimental and numerical (Pur) versus the bond length (Lf). It can be seen from
the figure, that the models by Xia and Teng [20] and Fawzia et al. [19] were unable to accurately
predict Pult. for most specimens and bond lengths and their predictions were divergent from the
experimental values by 13 to 83 %. On the other hand, the model by Fernando [21] yielded
much better results in comparisons with most test points, except for few cases of divergence.
Most importantly, this model was able to capture the variation of Py with Lf for most samples
and predict the effective bond length (Lesr), a length at which the ultimate load becomes constant
when Lf reaches a certain value. Fig. 3 (d, e) shows for experimental specimens UHS tested by
Al-Mosawe et al., [14]and specimens tested by Wu et al., [25], Less is 60 and 100 mm,
respectively. The FE model implementing (t-6) model by Fernando [21] predicted identical
values for Leg.

5.1 Failure modes

The predictive capability of the three (1-6) models can be assessed by examining their
predictions for the failure mode and comparing with that from the tests, as can be seen in Table
2. It can be noticed that most of models were not able to capture the failure mode correctly for
all specimens. The models by Xia and Teng [20] and Fawzia et al. [19] predicted only a
debonding failure, regardless of the bond length. In the experimental tests, the failure mode is
typically by debonding when Lf is smaller than Les, and FRP rupture or delamination for larger
values of Lf. This trend was only captured when the (1-6) model by Fernando [21] is used,
although for some specimens, the model still failed by debonding.

5.2 Bond width

The capability of (z-8) models in capturing the effects of FRP bond width (Ws) was assessed by
comparing the FE models with two experimental specimens from refrence [14], specimens S2
and S3 in Table 2, corresponding to W of 10 and 15 mm, respectively. Fig. 4 plots the relation
between Py and Ws., comparing test results with those from the FE models for the three
examined (z-5) models. Similar to the comparison for the bond length, the model by Fernando
[21] was able to simulate the effects of W+, with a maximum divergence from test results by 17
%. While the other two models were not able to capture Ws, and their predictions of Py, ranged
from 50 to 85%.

5.3 FRP modulus

Al-Mosawe et al. [14] also studied experimentally the effects of FRP elastic modulus (Ef), by
testing three values, 159, 203, and 450 GPa, corresponding to three classes of moduli; normal,
high, and ultra-high, respectively. In order to evaluate the capability of (t-8) models in capturing
the effects of Ef, the results of FE analysis from either of these theoretical models were



compared with those from Al-Mosawe et al. [14] tests for the different values of FRP modulus.
Fig. 5 plots the relation between Pult. and Ef., comparing test results with those from the FE
models for the three examined (t-8) models.

Similar to previous comparisons for other parameters, the model by Fernando [21] was able to
simulate the effects of Ef. , with a maximum divergence from test results by 17 % as was in the
FRP width study and the other two models were also not able to capture Ef, and their predictions
of Pult. ranged from 50 to 85%. A noticeable trend from either the experimental tests or FE
models corresponding to the (t-3) model by Fernando [21], is seen in Fig. 4, where Pult. seems
to decrease with the increase of Ef. , perhaps as a result of high stress concentrations developed
in stiff laminates as noticed by other researches [6], [13].
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Figure 3. Ultimate load vs. bond length from tests and FE models using different (t-6) models.
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6 Conclusions

In this study, the predictive capability of three bond-slip (t-8) models that widely used in
literature for FRP-steel bond joints has been examined using finite element (FE) analysis. A
robust FE model comprising all the joint parts and probable failure modes, was developed and
compared with results from 21 double-strap FRP-steel tests from literature, constituting a wide
range of material and geometric properties. Interfacial properties such as maximum shear stress
and accompanying slip required for the FE model were obtained from the theoretical bond-slip
models, allowing for results comparison between (t-3) models and experiments, in terms of
ultimate load (Pur) and failure mode. Based on the results obtained, the following conclusions
can be drawn:

1.

Compared to (z-0) models by Xia and Teng [20] and Fawzia et al. [19], the model by
Fernando [21] had much better calibrations with most test specimens in regards to Py.
and to capture the effects of effective bond length and the corresponding failure mode
in some specimens.

The model by Fernando [21] was also able to capture the ultimate load when either the
bond width or FRP elastic modulus were varying from 10 to 20 mm, and 159 to 450
GPa, respectively. The other two models were not able to simulate the effects of these
two parameters.

A trapezoidal traction-separation relation was implements in ABAQUS software
which provided an accurate representation for the bond-slip model from Fernando [21].
Regardless of the success seen from some of the (z-6) models, much effort is still
needed to develop a model capable of simulating a wide range of material and
geometric variables for the FRP-steel joint.
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