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A B S T R A C T

With the increasing applications of high and ultra-high strength steel (HSS/UHSS) in engineering structures, there
is a need to address rehabilitation and strengthening of such steel grades using carbon fibre reinforced polymer
(CFRP). The bond between HSS/UHSS and CFRP is vital to ensure the efficiency of the strengthening. The existing
bond study was focused on mild steel as substrate, with very limited work on HSS up to the grade of S690. Since
HSS/UHSSs are designed to undergo much higher loading in service, much higher shear stress is expected in the
adhesive layer, leading to a higher chance of premature debonding. In this paper, the bond between HSS/UHSS
plates and ultra-high modulus (UHM) CFRP laminates under static tensile loading is studied experimentally, nu-
merically and theoretically. Both single-sided and double-sided schemes were adopted. The numerical simulation
using LS-DYNA software package was implemented and a reasonable agreement with the experimental results
is found. A theoretical bond model was developed to relate the bond strength to the imposed strain in the steel
member outside the bonded region.

1. Introduction

Carbon fiber reinforced polymers (CFRPs) which are being widely
used to strengthen concrete structures for decades [1], have also re-
cently found their way to be used as a strengthening method for metallic
structures [2,3]. Significant results have been achieved in retrofitting
bridge structures [4–7]. Other examples that CFRPs were used to re-
habilitate metallic structures are flexural strengthening of beams made
of mild steel [8–10], cracked steel plates under mix-mode fatigue load-
ing [11], welded plates under biaxial loading [12] and welded hollow
sections [13–15]. Among their desirable characteristics, light weight,
availability in wide range of strength and Young’s modulus, high cor-
rosion and fatigue resistance are few to mention [16]. The current re-
search on strengthening of steel structures using CFRPs is focused on
mild steel with a very limited work on high strength steel (HSS) up to
the grade S690 [17,18], and a single study on strengthening ultra-high
strength steel (UHSS) circular hollow sections using CFRP sheets [19].

The applications of HSS and UHSS are becoming significantly at-
tractive in variety of engineering sectors such as bridge construction
[20], building structures [21], offshore [22] etc. With the increas-
ing interest to use HSS/UHSS, rehabilitation and strengthening of struc

tures made of such steel grades especially at the welded area becomes
vital. Due to the very fine microstructure of these steel grades, welding
an extra plate or other heat based treatments can cause further prob-
lems including fatigue cracking and strength reduction due to the soft-
ening at the weld heat affected zone (HAZ), i.e. in direct quenched
UHSS [23,24]. The other method that can potentially be considered to
strengthen structures made of higher grades of steel is the application of
bonded CFRPs.

To enable the proper use of CFRP composites for strengthening steel
structures, an understanding of bonding mechanism is therefore essen-
tial [25]. This necessity is much highlighted if CFRP is going to be
used for strengthening HSS/UHSS since these steel grades undergo much
higher loading, which ultimately results in higher shear stress in the
bond interface. Accordingly, the chance of premature debonding and
risk of failure is much higher, compared to mild and lower grades of
steel [17]. Moreover, the available research in the literature on bond
between CFRP and steel is mostly focused on normal modulus lami-
nates (whereas the modulus of elasticity is mostly lower than 210 GPa)
[26], low and high modulus sheets (with elastic modulus up to 640
GPa) [27,28]. There is limited research in which ultra-high modu-
lus (UHM) CFRP laminates (with elastic modulus over 400 GPa) are
used to strengthen steel structures [29,30]. The application of such
CFRP laminates has the advantage of increasing both strength and stiff
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ness of steel members, which can potentially lead to much efficient
strengthening plan [30].

This paper aims to fill the gap of knowledge in bond behavior be-
tween HSS/UHSS and UHM CFRPs. It is specifically of the notion of the
authors to find out whether it is feasible to apply UHM CFRPs as a so-
lution to strengthen structural components made of HSS/UHSS. For this
aim, a series of experimental tests on the adhesively bonded UHM CFRP
laminates to HSS/UHSS substrates is performed. To study the bond be-
tween steel and CFRP, four different testing set ups can be considered
[16]. In this study, loading is directly applied to the steel element with-
out any gap in both single-side and double-side bonding (SSB and DSB,
respectively) schemes. In order to have a better understanding of the
bonding mechanism, finite element (FE) modelling using LS-DYNA soft-
ware package is implemented. Moreover, the available theoretical model
by Hart Smith’s [31] is implemented and it is shown that the bond
strength is dependent to the imposed strain in the steel member out-
side the bonded region. Accordingly, for higher grades of steel, higher
debonding load is expected.

2. Experimental program

2.1. Materials

Three different steel plates (i.e. S700, S960 and S1100) were cho-
sen to study the bond between HSS/UHSS and UHM CFRP plate under
quasi-static loading. Table 1 shows the nominal chemical composition
of the as-received HSS/UHSS base materials (BMs).

Scanning electron microscopy (SEM) of the microstructure of BMs in
this study is shown in Fig. 1. As can be seen, all the three steel grades
have a mixture of bainite (B) and martensite (M). More about details of
the microstructure of BMs can be found in [23]. Due to their microstruc-
ture, these grades of steel are more sensitive to welding heat input com-
pared to lower grades of steel.

The CFRP plates were cut from pre-cured unidirectional UHM lam-
inates with nominal thickness and width of 2.27 and 50 mm, respec-
tively. According to the manufacturer, the CFRP laminates have Young’s
modulus, tensile strength and fibre content of 450 GPa, 1500 MPa and
70%, respectively. According to Ghafoori and Motavalli [30], in a
study on similar CFRP from the same manufacturer, the aforementioned
Young’s modulus is only achieved at strain values over 0.002 mm/mm.
In their study, the Young’s modulus of this CFRP was calculated as 399
GPa [30].

A two part adhesive, Araldite 420 A/B is used to bond the steel
substrates and CFRP laminates together. According to Fawzia [32],

shear strength and tensile modulus of the adhesive are 28.6 and
1901 MPa, respectively.

2.2. Fabrication

The steel plates were first laser cut in rolling direction to the desired
dimension as shown in Fig. 2. This geometry was used for tensile test-
ing of both the steel substrates, and the bonded composite system. In the
case of SSB and DSB specimens, 330 mm of the gauge length was cov-
ered with UHM CFRP.

Since the chemical bond between steel substrate and CFRP is the
most important factor affecting efficiency of the adhesively bonded con-
figurations [33], a careful attention was paid to the surface preparation
during the composite system fabrication. Thus, most of the recommen-
dations in the literature to obtain sufficient bonding strength during the
preparation procedure were taken into account [11].

First, the surface of steel at the bonding region was sand blasted. This
helps to increase the surface roughness, thus a better interlocking be-
tween the CFRP laminate and the steel plate. Second, the sand blasted
region was cleaned using Acetone solvent. Third, the two parts of the ad-
hesive were mixed according to the manufacturer’s guideline to receive
a homogeneous mixture. Fourth, a uniform adhesive layer was applied
on the surface of the steel substrate immediately after surface cleaning.
Fifth, the peel-ply on the surface of CFRP was removed and the surface
was cleaned using Acetone solvent. Sixth, the CFRP plate was placed on
the bonded region and a uniform pressure was applied on the entire sur-
face. The composite system was clamped to ensure that excessive adhe-
sive and air voids are squeezed out. The thickness of the adhesive was
controlled at 0.4 mm based on the recommendations in the literature
[26].

The bonded composite system was kept in clamped for two weeks
in room temperature humidity, letting the adhesive layer to cure. In the
case of DSB scheme, the preparation of the second layer followed the
step-by-step procedure mentioned above. The second layer was kept in
clamped for another two weeks letting the freshly bonded layer to cure.
The adhesive layer thickness was measured after bonding each com-
posite laminate to monitor if homogeneous thickness has achieved. The
thickness of the adhesive layer is determined according to Eq. (1).

(1)

The terms ta, tt, ts, and tc stand for the thickness of adhesive layer,
the composite system after bonding each layer, steel and CFRP, respec-
tively. For thickness calculation of the second adhesive layer, the to

Table 1
The nominal chemical composition of the BMs (wt.%).

Steel C Si Mn P S V Cu Cr Ni Mo CEV

S700 0.12 0.25 2.10 0.020 0.10 0.20 – – – – 0.38
S960 0.088 0.04 1.13 0.010 0.000 0.009 0.011 1.00 0.05 0.117 0.59
S1100 0.133 0.192 1.49 0.006 0.001 0.152 0.437 1.34 0.998 0.388 0.85

Fig. 1. SEM images of the microstructure of BMs, (a) S700, (b) S960 and (C) S1100 [23].
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Fig. 2. Schematic of the laser cut steel specimen, TD and RD stand for transverse and
rolling directions of the original steel plate, respectively. (Dimension in mm, not to scale).

tal thickness of the first layer (ts + t1 + tc) was deducted from the to-
tal thickness of the composite system after bonding both of the layers.
Table 2 shows the measured thicknesses for all specimens. The speci-
mens were labelled as BM, SSB and DSB, which they stand for base ma-
terial only, single-side bonded, and double-side bonded configurations,
respectively. The letter “S” and the number in front of it represent the
steel’s grade.

2.3. Testing

In order to determine the mechanical properties of steel substrates,
standard quasi-static tensile tests were carried out in a 1200 kN ten

Table 2
Measured thicknesses of all specimens.

Specimen ts (mm) tc (mm) tt (mm) *t1 (mm) *t2 (mm)

S700 BM 8.02 – – – –
S960 BM 8.22 – – – –
S1100 BM 8.02 – – – –
S700 SSB 8.03 2.27 10.72 0.42 –
S960 SSB 8.24 2.27 10.93 0.42 –
S1100 SSB 8.01 2.27 10.68 0.40 –
S700 DSB 8.02 2.27 13.41 0.44 0.41
S960 DSB 8.24 2.27 13.66 0.45 0.43
S1100 DSB 8.04 2.27 13.47 0.43 0.46

* t1 and t2 are the adhesive thickness of first and second layer, respectively.

sile testing machine with displacement control at the constant strain rate
of 4 × 10-5 s−1. An optical measurement device (ARAMIS) which works
based on the digital image correlation (DIC) technique was utilized to
measure strain values on the surface of CFRP and steel plates. At first,
the surface of the specimen at the CFRP side was painted using a white
matt color. Then, stochastic black speckles were sprayed on the white
background. The two cameras of the optical measurement system were
set in an inclined 45° angle towards the specimen so that they can mea-
sure strain values at the through thickness of steel substrate, the adhe-
sive layer and the CFRP laminates. The two twelve mega pixel cameras
of the DIC system were tilted to 25° with the distance of 240 mm. The
working distance between cameras of the DIC system and the specimen
was set to 620 mm. Fig. 3 shows the schematic of the test set up.

3. Finite element modelling

The numerical simulation using LS-DYNA finite element (FE) analy-
sis with explicit time integration was adopted in this paper. The FE
model consists of three parts: steel substrate, adhesive layer and CFRP.
An eight-node hexahedron solid element with constant stress formula-
tion was utilized to mesh the entities. The mesh sizes on steel, adhesive
and CFRP were chosen so that the elements are merged in longitudi-
nal direction forming a tie constraint on the surfaces between adhesive
and steel/CFRP. The element size for the steel, adhesive and composite
layer are 2 × 2 × 2, 2 × 0.76 × 0.4 and 2 × 2 × 0.76 (length, width,
thickness, all in mm). Accordingly the steel and composite layer consist
of 4 and 3 elements through their thickness. For the bond layer, only
one element through thickness (0.4 mm layer) was utilized so that pure
shear load is transferred. Damage criterion was used according to the
parameters of material type 81 specifications in LS-DYNA software, with
an elasto-visco-plastic behavior [34].

In order to define material properties for the steel substrate and the
adhesive layer, the parameters were defined based on data from full
field measurements (ARAMIS). Strain at rupture was calculated based
on von Mises formula:

(2)

The terms ε1, ε2 and ε3 represent principal strains of the element.
When strain in loading direction reaches the predefined value, direc-
tional damage starts and continues until a tensile rupture strain is
reached in either one of the two orthogonal directions. The constitu

Fig. 3. Tensile test set up and position of the optical measurement system. (DIC cameras are positioned at A and B, AB = 240 mm, CD = 620 mm, ACB = 25°, not to scale).
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tive properties for the damaged material are obtained from the undam-
aged material properties.

The damage variable (D) is defined as:

(3)

where is the state of plastic strain, EPPF is effective plastic strain at
which material softening begins, and EPPFR is the effective plastic strain
at which the material ruptures. For the steel substrates, the aforemen-
tioned values are true strains calculated by the ARAMIS software from
monotonic tensile tests. When the plastic strain reaches EPPFR, the el-
ement is removed from the analysis. Moreover, in order to reduce the
analysis time of the FE simulation, mass scaling technique was utilized.
Details of the implementation of this material model using LS-DYNA
software is presented in Ref. [35].

The same procedure was applied for bonded specimens to calculate
the plastic strains in the adhesive layer. The EPFF is driven from the
strain reading of ARAMIS software. An elastic fully plastic behavior is
considered for the adhesive layer. EPPF is considered as the maximum
plastic deformation from the ARAMIS software. EPPFR is fitted value
that is calculated by running the analysis of SSB specimens. When the
load reaches to debonding point, the plastic strain at the element is con-
sidered as EPPFR. No damage parameter was defined for the composite
material.

4. Test results

The results of the experimental program are categorized in two
sub-sections including:

• BMs
• CFRP bonded specimens

(a) SSB
(b) DSB.

In the BM section, the tensile test results of the virgin steel plates to-
gether with FE simulations are reported. The bond test results show the
tensile behavior of the bonded composite system in SSB and DSB con-
figurations and the comparison with BM tests. Failure modes of the ex-
perimental tests are compared with the available data in the literature.
Moreover, the available theoretical bond model by Hart Smith

Fig. 4. The engineering stress-strain curves of the BMs (dimension in mm, not to scale).

[31] for adhesively bonded composite system is validated to design
against premature debonding. The test results in this paper are com-
pared with CFRP strengthened mild steel plates.

4.1. BMs

The engineering stress-strain curves of the three steel grades are
shown in Fig. 4, which were driven from consideration of 174 mm of
the specimen’s mid-section via the DIC system. As can be seen from Fig.
4, the S700 and S1100 which are quenched and tempered types of steel
show a much ductile behavior compared to S960 which is manufactured
via direct-quenching (DQ) method.

The mechanical properties of the three BMs are shown in Table 3.
As can be seen from Table 3, the S1100 shows the highest ductility as
εu/ε0.2% reached 11.635, followed by S700 and S960 with measured val-
ues of 10.745 and 3.447, respectively.

At the first step for verification of FE results with the experimen-
tal tests, the tensile behavior of the BMs is simulated as explained in
Section 3. Fig. 5 shows the verified load-displacement curves of S700,
S960 and S1100. As can be seen from Fig. 5, he FE results show an ac-
ceptable agreement with the experimental tests.

4.2. SSB tests

Fig. 6 shows tensile test results of the SSB specimens. Debonding is
noticeable as the load level in the experimental drops suddenly. As can
be seen, all the specimens experienced debonding after stress reached
the ultimate strength of the steel substrate outside the bonded region.
Moreover, from Fig. 6 it is visible that debonding of all specimens oc-
curs at almost similar displacement except for S1100. However, it is no-
ticed from the experimental that the actual failure of the bond specimen
occurred at lower displacement as shown using array in Fig. 6. Similar
observation is visible in the FE results, which is mainly due to the higher
loading rate and mass scaling in the simulation. As can be seen in Fig.
6, the S1100 SSB specimen shows a degree of end-debonding as marked
via an array in Fig. 6, however, the CFRP plates was still attached to
the steel substrate. As displacement increases, the adhesive layer contin-
uously fails until the final debonding. This has resulted in a lower load
drop compared to S700 and S960 SSB specimens. It is notable that no
extra capacity was added to the bonded composite system compared to
the BMs. The reason is that only the gauge area in the reduced cross-sec-
tion was covered by CFRP.

The experimental program and bond results of SSB specimens are
summarized in Table 4. Fmax is referred to the maximum load that the
composite system can carry before the adhesive layer is debonded. εmax
CFRP refers to the maximum strain at the CFRP when load reaches to
the ultimate bond strength. Fnom CFRP is the maximum load that the
CFRP carries which is calculated according to Eq. (4):

(4)

Moreover, FS is the nominal load at the steel substrate when strain at
the CFRP reaches to its maximum, which is calculated according to Eq.
(5).

(5)

Table 3
The mechanical properties of BMs.

Steel’ grade E (GPa) f0.2% (MPa) fu (MPa) fu/f0.2% ε0.2% (%) εu(%) εu/ε0.2% A5 (%)

S700 196 735 798 1.086 0.580 6.232 10.745 11.91
S960 197 987 1035 1.049 0.707 2.437 3.447 5.98
S1100 201 1106 1136 1.027 0.501 5.829 11.635 12.16
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Fig. 5. Comparison of load-displacement curves of the BMs from experimental testing and
FE modelling, (a) S700, (b) S960 and (c) S1100.

Fig. 6. Tensile test results of the SSB specimens.

The term “fs nom” is referred to the nominal stress in steel sub-
strate calculated from Eq. (5) with respect to the specimen’s dimen-
sion. The term “fs max” is the maximum stress in steel substrate at the
un-strengthened side. The terms “T” and “FE” stand for experimental
testing and finite element, respectively. Since the strength and thick-
ness of the adhesive layer is much lower than the steel substrate and

CFRP laminates, the load carrying capacity of the bond layer has not
been considered for these calculations.

According to Table 4, the maximum stress in the steel substrate at
the un-strengthened side (middle of the specimen) is still lower than
the yield strength of the steel plate even the applied loading is at
the ultimate strength of the BM. This shows the effectiveness of CFRP
strengthening to reduce stress in HSS/UHSS. However, excessive inter-
facial shear stress at the bond line due to steel’s yielding was reported
when dogbone specimens made of mid steel plates were strengthened
using UHM CFRP [36]. Even though they only used DSB specimens, yet
the yielding of steel at the neck area of specimen caused higher shear
stress in the adhesive layer, hence failure of the specimen [36].

From Table 4 it is also understood that the minimum debonding
load, which belongs to S700 SSB, is 318.3 kN. The equivalent bond
strength per unit width of this specimen is 6.36 kN/mm. This bond
strength is three times higher compared to mild steel plates with thick-
ness of 6 mm strengthened with normal modulus CFRP in DSB config-
uration (1.97 kN/mm) [37]. It is notable that the test configuration
in [37] is similar to this paper, except that it only applies CFRP lami-
nates in DSB configuration. The minimum bond strength of SSB speci-
men in this study is equivalent to the mild steel specimen strengthened
with similar UHM CFRP in DSB configuration [36]. This implies the ef-
ficiency of strengthening HSS/UHSS compared to lower grades of steel
as the composite system undergo its maximum capacity.

Furthermore, as can be seen from Table 4, the reduction of nomi-
nal stress in cross-section of the steel plate is ranging from 28 to 34%.
However, if the maximum stress in the steel plate is considered, which
occurs at the mid-thickness of the steel substrate, the reduction is in the
range of 18–24%. This stress reduction by the means of CFRP bonding is
enough to retain the mechanical properties of UHSS steels after welding.
According to Amraei et al. [35], the reduction of the ultimate strength
of welded UHSS S960 after welding is 13%. Hence, the bonded CFRP
can potentially strengthen welded UHSS under static loading using SSB
configuration. Further experimental tests are needed to identify the ef-
fectiveness of CFRP strengthening for welded HSS/UHSS.

According to the classification proposed by Zhao and Zhang [16], six
possible failure modes between CFRP and steel include: (a) steel and ad-
hesive interface failure; (b) cohesive failure (adhesive layer failure); (c)
CFRP and adhesive interface failure; (d) CFRP delamination; (e) CFRP
rupture; (f) steel yielding.

For the SSB specimens, the major failure mode was end debonding
due to adhesive layer failure, interface debonding between adhesive and
steel/CFRP (mode a, b and c). However, CFRP and adhesive interface
debonding (mode c) was dominant throughout the specimen (apart from
the end debonding), as shown in Figs. 7–9. According to Table 4, al-
though the steel plates experience yielding outside the bonded region,
no steel yielding has happened in the bonded region for the steel grade
and thickness range in this test program.

The failure mode in the current study is different compared with
the bonded UHM CFRP plates to mild steel when Araldite adhesive is
used. According to [29], CFRP rupture (mode e) is dominant when dou-
ble strap joints were tested if bond length exceeds the effective bond
length. However, CFRP delamination (mode d) occurs if bond length
is smaller than the effective bond length. CFRP rupture was also re-
ported when UHM CFRP was used to strengthen dogbone shape mild
steel plates in tensile mode [36]. For bonded CFRP laminates with elas-
tic modulus of 165 GPa to mild steel, cohesive failure (mode b) is re-
ported [38]. However, steel and adhesive interface debonding (mode
a) was dominant if the applied load is fatigue [39]. According to Hu
et al. [17], premature debonding at stress range equivalent to 50% of
the yield strength of S690 steel has happened when UHM CFRP sheets
with thickness of 0.16 mm are used to strengthen cracked steel plates
under fatigue loading. However, no premature debonding up to the ulti
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Table 4
The bond test results of SSB specimens.

Specimen Fmax T (kN) Fmax FE (kN)
εmax CFRP T
(%)

εmax CFRP FE
(%)

Fnom CFRP T
(kN)

Fnom CFRP FE
(kN) Fs T (kN) Fs FE (kN)

S700 SSB 318.3 321.1 0.32 0.31 113.3 109.8 205 211.3
S960 SSB 450.9 446.1 0.42 0.40 148.7 141.6 302.2 304.5
S1100
SSB

456.7 453.1 0.45 0.42 159.4 148.7 297.3 304.4

Specimen fS nom T
(MPa)

fS nom FE
(MPa)

fS max (MPa) f0.2% BM (MPa) fu BM (MPa) fS nom/fu BM (T) fS nom/fu BM
(FE)

fS max/fu BM (FE)

S700 SSB 521 539 627 735 798 0.65 0.68 0.79
S960 SSB 744 752 845 987 1035 0.72 0.73 0.82
S1100
SSB

755 775 868 1106 1136 0.66 0.68 0.76

Fig. 7. Failed specimens of S700-SSB.

mate strength of all steel grades for SSB specimens in this study has been
found.

In order to simulate the debonding using FE analysis, element dele-
tion due to excessive damage is implemented. Accordingly, all the simu-
lated SSB show adhesive layer failure with no interface debonding. Even
though the failure mode is different compared to the experimental re-
sults, yet the FE analysis provided a precise indication of the debond-
ing initiation and the strain distribution throughout the steel substrate,
adhesive layer and CFRP plate. After debonding, the steel plates failed
similar to BMs by forming a shear band in approximate angle of 30°.

4.3. DSB tests

Fig. 10 shows the load-displacement curves of the DSB specimens.
As can be seen, no debonding has happened for all steel grades. The FE
results are in agreement with the experimental tests revealing no prema-
ture debonding as shown in Fig. 10. However, excessive localized strain
at the both ends resulted in local debonding predominantly by modes
(a) and (b). Figs. 11–13 show the local debonding at CFRP ends.

Since no debonding has occurred for DSB specimens, Fmax only
refers to the ultimate load that the steel plate can carry. For the DSB
specimens, the reduction factor by CFRP plate is considered as two
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Fig. 8. Failed specimens of S960-SSB.

due to the equal contribution of the bonded composite laminates. Table
5 summarizes the experimental and numerical results of DSB specimens.

As can be seen from Table 5, all the specimens show a considerable
reduction in the stress at the steel substrate in the DSB configuration.
The reduction of the nominal stress in the cross-section of the steel plate
is ranging from 52 to 56%. However, if the maximum stress in the steel
plate is considered, which occur at the mid-thickness of the steel sub-
strate, the reduction is in the range of 43–45%. According the current
results, DSB strengthening of HSS/UHSS can potentially compensate the
strength reduction due to the HAZ as reported in the literature [19,23].

By comparing the results with similar test configurations on lower
grades of steel, higher debonding load can be achieved in HSS/UHSS
bonded systems. According to Colombi and Poggi [37], bond strength
per unit length of mild steel plates strengthened in DSB configuration
using normal modulus CFRP was 1.97 kN/mm. However, the current
study demonstrates that the bond strength of DSB specimens is higher
than 9.13 kN/mm as no debonding has happened even for S1100 DSB.
According to Al-Emrani et al. [36], bond strength of mild steel plates
in DSB configuration strengthened with UHM CFRP was 6.86 kN/mm.
It is notable that the whole gauge between the grips was covered with
CFRP in their study. Yet, they reported yielding of steel at the neck area
resulted in excessive shear stress at the adhesive interface and failure of
the specimen.

5. Theoretical bond models

Fig. 14 shows the schematic of DSB specimen. The linear-elas-
tic stress analysis for adhesively bonded strap joints is proposed by
Hart-Smith’s formulation [31]. Considering the approach proposed by
Albat and Romilly (1999) which extends the analytical Hart-Smith’s
for adhe

sively bonded plates in which composite is attached symmetrically to
the both sides of the substrate [40], shear stress at the bond interface,
and stress in the composite layer follow equations (6) and (7), respec-
tively:

(6)

(7)

where P is the applied tensile load for unit width, Ec, tc and Es, ts are,
respectively, the Young’s modulus, thickness of the CFRP strips and the
steel plate. The term × is the distance from the specimen’s axis until it
reaches the effective bond length “L”. λ is given by:

(8)

where Ga and ta are the shear modulus and thickness of the adhe-
sive layer, respectively. Considering a normal modulus CFRP with elas-
tic modulus of 200 GPa with the thickness of 1.4 mm being used to
strengthen a 5 mm steel plate using a 0.5 mm adhesive layer, the value
of lambda will be 0.0178 mm−1.

According to Eq. (6), and the assumption that , τ(max) occurs
at x = L, hence:

(9)
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Fig. 9. Failed specimens of S1100-SSB.

Fig. 10. Tensile test results of the DSB specimens.

(10)
where σs and εs are referred to the maximum stress, and strain in the
steel member outside the bonded region, respectively. According to
equations (9) and (10),

(11)

and,

(12)

It is notable that all terms in Eq. (12) are non-dimensional. From Eq.
(7), by assuming that eλL is much bigger that 1, the maximum stress in
the CFRP laminate occurs at X = 0, hence:

(13)

by taking the Eq. (10) into account,

(14)

and,

(15)

The Eqs. (12) and (15) show that the bond strength for a given
geometry and elastic modulus is dependent on the applied strain in the
steel member outside the strengthened region. It is notable that the fol-
lowing equations are valid in the elastic regime of the adhesive layer.
In the case of HSS/UHSS, since the elastic modulus is similar to mild
steel, debonding should occur when strain at the steel member outside
the strengthening region reaches a certain value.

According to Eq. (12), considering the mechanical properties of the
materials used in this study, in order to reach the ultimate shear strength
of the adhesive layer, strain values at the steel substrate outside the
strengthened region should reach 0.105%. According to Table 3, the
0.2% proof strain of all the HSS/UHSS studied in this paper are above
this value, hence no steel yielding occurs. This strain value at the steel
plate outside the bonded region is the minimum in which shear stress at
both ends of the bond reaches its maximum. The correspondent stress in
the steel substrate outside the strengthened area at this strain value is
210 MPa. Consequently, the load per unit width of this stress is 1.68 kN
(nominal plate thickness of 8 mm).

8
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Fig. 11. Failed specimens of S700-DSB.

Assuming a bilinear bond-slip model for the CFRP-bonded to steel
composite system, as proposed in the literature [16,25,27,38,41], the
bond-slip model is similar to Fig. 15. Wu et al. [29], proposes the plas-
tic shear strain (γp) of the adhesive to be 5 times of its elastic shear strain
(γe) in strap joints made of steel and UHM CFRP. This proposal is due to
the high strain energy capacity of Araldite 420 as reported in the liter-
ature [41]. In such a model, the required strain energy to fully debond
the adhesive layer is six times of the strain energy to reach the adhe-
sive’s shear strength at the elastic region. Considering the calculated P
in the elastic region of the adhesive, if steel yielding does not occur, the
total force required to debond the adhesive layer is 10.08 kN/mm. This
force value would result in 1260 MPa stress in the steel plate outside
the strengthened region which is above the ultimate strength of all steel
grades studied in this paper. Based on theoretical approach, steel rup-
ture outside the strengthened region should govern failure of the speci-
mens. As mentioned in Section 4.3, both experimental and FE models
showed no adhesive failure for DSB specimens in this study, and steel
rupture outside the strengthened region was the failure mode of DSB
specimens.

However, steel yielding at the bonded area must be checked prior
to considering steel rupture outside the strengthened region. The FE re-
sults show that no steel yielding at the bonded area has occurred, as
shown in Section 4.3. According to [36,37], for mild steel specimens
in the thickness range between 6 and 10 mm strengthened with both
normal modulus and UHM CFRP laminates, in which adhesive’ shear
strength is similar to Araldite 420 A/B, steel yielding in the bonded re

gion governing the failure. Due to the high strain energy capacity of
mild steel, shear stress in the adhesive layer reaches its ultimate capac-
ity throughout the entire bond area. Hence, steel yielding developed in
the entire steel substrate, resulted in interfacial debonding of the adhe-
sive and CFRP prior to rupture of the steel substrate [36,37]. Based on
this observation, there is a difference in the debonding mechanism of
HSS/UHSS compared to mild steel. Accordingly, higher bond strength is
reachable for HSS/UHSS specimens compared to mild steel, as demon-
strated in Sections 4.2 and 4.3.

Fig. 16 shows schematic of the SSB specimen. Considering similar
approach for SSB specimens, the following equations could be driven:

(16)

(17)

(18)

(19)

(20)

9
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Fig. 12. Failed specimens of S960-DSB.

It is notable that eccentricity of the loading is not considered in this
study since the focus is on thin steel plates with thickness of 8 mm.
According to Eq. (19), ultimate shear strength of the bond would oc-
cur when strain at the steel substrate outside the bonded region reaches
0.09%. This value is below yield strength of low carbon steels. The
equivalent stress in the steel substrate outside the strengthened region
and the P value of this strain are 180 MPa and 1.439 kN/mm, respec-
tively. By utilizing the strain energy approach similar to DSB speci-
mens, the total debonding force calculates as 8.634 kN/mm. Conse-
quently, the stress in the steel plate outside the strengthened should
reach 1079.25 MPa (for 8 mm steel plate). The calculated stress is above
ultimate strength of S700 and S960 steel plates. However, it is slightly
below the capacity of S1100 (1136 MPa). The variation in the mater-
ial properties and the assumptions used in the analytical model can af-
fect this calculation. Yet, the analytical approach provides a reasonable
agreement with the experimental and FE modelling.

6. Conclusions

This paper is dedicated to study the bond between HSS/UHSS and
UHM CFRP experimentally, numerically and theoretically. For this aim,
steel plates made of S700, S960 and S1100 were bonded to CFRP lami-
nates with nominal Young’s modulus of 450 GPa. Araldite adhesive was
used to manufacture the composite system in SSB/DSB schemes. Accord-
ing to the results, following conclusions are driven:

• For SSB specimens, debonding occur after loading reached to the ulti-
mate strength in the steel substrate outside the bonded region.

• The strain value at which debonding occurs for all SSB specimens is
similar. According to the Hart smith’s model, the critical strain in the
steel substrate outside the bonded region, in which debonding will
happen, governs. The critical strain is dependent on non-dimensional
parameters such as , , and .

• Failure mode of the SSB specimens was a combination of steel-ad-
hesive interface failure, cohesive failure and adhesive-CFRP interface
failure at the both ends of the bonded region. Apart from that area,
the major failure mode was adhesive-CFRP interface failure.

• The DSB specimens experienced excessive strain at the both ends of
the bonded area, however, the bond stayed intact and CFRP plates
were fully in action. For the studied steel grades and thickness in this
study, failure mode was steel rupture outside the strengthened region
as no debonding happened.

• The failure mechanism of the studied HSS/UHSS is different com-
pared to mild steel. By increasing the yield strength of the steel sub-
strate, the load at which debonding occurs increases, too. Hence, effi-
ciency of the composite system using HSS/UHSS is higher than lower
grades of steel.

• The debonding load is calculated using the strain energy capacity
of the adhesive layer. For Araldite 420, the total required energy is

10



UN
CO

RR
EC

TE
D

PR
OO

F

M. Amraei et al. Engineering Structures xxx (xxxx) xxx-xxx

Fig. 13. Failed specimens of S1100-DSB.

Table 5
The bond test results of DSB specimens.

Specimen Fmax T (kN) Fmax FE (kN)
εmax CFRP T
(%)

εCFRP max FE
(%)

Fnom CFRP T
(kN)

Fnom CFRP FE
(kN) Fs T (kN) Fs FE (kN)

S700 DSB 326.8 326.9 0.29 0.28 91.3 95.3 144.1 136.2
S960 DSB 464.1 462.4 0.38 0.36 119.7 122.6 224.7 217.2
S1100
DSB

465.5 469.5 0.40 0.39 126.0 132.8 213.5 203.9

Specimen fS nom T
(MPa)

fS nom FE
(MPa)

fS max FE
(MPa)

f0.2% BM (MPa) fu BM (MPa) fS nom/fu BM (T) fS nom/fu BM
(FE)

fS max/fu BM (FE)

S700 DSB 345 340 439 735 798 0.43 0.43 0.55
S960 DSB 512 510 589 987 1035 0.49 0.49 0.57
S1100
DSB

524 543 625 1106 1136 0.46 0.48 0.55

six times higher than the required energy to reach adhesive’s shear
strength.

• Both SSB and DSB specimens reduced the maximum stress in the steel
substrate at the bonded region by 18–24% and 43–45%, respectively.
The reduction in the magnitude of stress can potentially compensate
the stress reduction due to the HAZ of welded plates made of HSS/
UHSS.

According to the findings of this paper, authors would suggest fur-
ther research to be conducted on the strengthening of welded details
made of HSS/UHSS under static and fatigue loading. It is also suggested
to find out optimum thickness of steel plates to prevent fatigue failure
due to debonding. Effects of environmental conditions on the durability
of bond between HSS/UHSS and UHM CFRP is another topic that needs
to be addressed.

11



UN
CO

RR
EC

TE
D

PR
OO

F

M. Amraei et al. Engineering Structures xxx (xxxx) xxx-xxx

Fig. 14. Schematic of the DSB specimen.

Fig. 15. Schematic of a bilinear bond-slip model for the adhesive layer.

Fig. 16. Schematic of the SSB specimen.
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