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A B S T R A C T   

The use of the brittle adhesives commonly adopted in construction industry do not provide the best performance 
for steel structures. CFRP/Steel joint bonded with extremely tough adhesive achieve much higher strength and 
ductility. However, tough adhesives are not developed for the construction industry and their cost may question 
the feasibility of this repair solution. This paper presents a new high performance and cost-effective hybrid bi- 
adhesive CFRP/Steel joint by using an extremely tough adhesive in critical location and the brittle adhesive 
in the remaining areas of the adhesive layer. The role of the tough adhesive in the proposed joint is funda-
mentally different from previous bi-adhesive joint proposed in the literature as it contributes mainly in shear. 
Experimental testing and finite element analysis are conducted. The Digital image correlation (DIC) is used to 
measure the strain field on the CFRP. The results revealed that the proposed CFRP/Steel hybrid joint achieve 
higher strength than the joints with brittle adhesive. The use of the tough adhesive in the bi-adhesive joint re-
duces the concentration of shear stresses significantly. As little quantities of the tough adhesive are required to 
manufacture the proposed bi-adhesive joint, it deemed to be as cost-effective.   

1. Introduction 

A large number of metallic structures are facing aging problems such 
as fatigue and corrosion that require a particular attention [1–5]. The 
replacement of all old structures is economically unfeasible. Therefore, 
the development of effective repair solutions is of paramount 
importance. 

The application of bonded CFRP is a repair technique with a great 
potential to strengthen metallic structures and is gaining lot of interest 
from the industry. However, it is still at its early stages of application 
compared to mechanical engineering sub-industries. In the last two 
decades, several research studies focused on understanding the behav-
iour of CFRP/Steel adhesive joints [6–14] as the performance of the 
adhesive layer is the most critical part to obtain a successful application. 
Several influencing parameters were investigated such as: the surface 

preparation of the adherends [7,11,12], the stiffness of the CFRP [11], 
mechanical properties of the adhesive [7,16,17], thickness of the ad-
hesive layer [7,18], and the bond length [19–21]. However, most of the 
previous research studies used brittle adhesives since cohesive failure 
mode can be easily achieved which facilitate the development of design 
procedures [7,8,22]. The brittle adhesives used in the construction in-
dustry bond well with metallic substrates however they were initially 
developed for concrete structures [25] and do not provide the best 
performance for metallic structures. The choice of the adhesive type has 
a significant influence on the performance of the steel/CFRP adhesive 
joints [23]. Recently developed tough adhesives with high strength and 
ductility are more appropriate for bonding metallic substrates [24]. Very 
recently, SIKA® [25] developed a moderately tough adhesive (i.e. 
SIKADUR-370) for the repair of steel bridges affirming that the highly 
brittle 2C-epoxy adhesives (such as SIKADUR-30 ubiquity used in 
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research related to CFRP/Steel joints) are more suitable for concrete and 
other cementitious systems but for more ductile substrates such as steel 
toughened ductile adhesives should be used. 

Nowadays, extremely tough adhesives can be found in the market. 
This type of adhesive provide very high performance suitable for 
metallic bridge repairs [23], however, they can be significantly more 
expensive than brittle adhesives used in the construction industry. In 
civil engineering structures, large amount of adhesive is required due to 
the size of the structural elements. The use of tough adhesives might be 
economically unfeasible. Therefore, the development of more econom-
ical solutions while maintaining the same level of performance of tough 
adhesives joints needs to be developed. 

Several strengthening techniques of adhesive joints have been 
adopted in the literature, among them are: tapering the overlap and/or 
using large fillets of adhesive [26–30], stepped notches [31], rein-
forcement of the adhesive layer with metallic or organic fibres [32,33], 
and mixed adhesive joints [34]. Mixed adhesive joint or also called 
hybrid bi-adhesive joints have been firstly recognized by Hart-smith 
[35] for low and high temperature applications to extend the tempera-
ture range of the adhesive joint. Other researchers investigated bi- 
adhesive joints to improve the joint strength [34,36–40]. This tech-
nique consists of using a stiff and strong adhesive in the middle of the 
overlap and a very flexible and ductile adhesive at the ends of the 
overlap to relieve the high peeling stress at the ends and promotes a 
more uniform strain distribution. Past experimental results [34,37–40] 
revealed that some bi-adhesive joints can achieve higher strength than 
brittle adhesive alone. However, most the existing studies were devel-
oped for the aeronautical or automotive industry where the joint ge-
ometry, the overlap length, the adhesive type, and adherends are not 
representative to civil engineering metallic structures. 

In this paper, a new high-performance hybrid bi-adhesive joint is 
proposed using mainly a brittle adhesive commonly used in the con-
struction industry (due to its lower cost) and little amount of extremely 
tough adhesive applied at critical locations. The configuration as well as 
the behaviour differ significantly from previously proposed bi-adhesive 
joints. As in this case: a different type of adhesive is applied (i.e. tough 
adhesive that combine high strength and ductility instead of very ductile 
adhesive and low strength [39]), and a different location where to place 
the tough adhesive is adopted. The tough adhesive is placed in a way to 
resist shear stresses significantly instead of only peeling. Experimental 

Table 1 
Average adhesives basic mechanical properties (this data was also published in 
[23]).  

Adhesive E 
(MPa) 

Max stress 
(MPa) 

Max Deformation 
(%) 

Toughness 
(Jmm− 3) 

Sikadur 30 12,915  35.03  0.28  0.058 
S&P HP220 7600  33.16  0.54  0.108 
AW4858/ 

HW4858 
1350  34.9  13.6  3.9  

Fig. 1. Coupon test stress–strain curves (this data was also published in [23]).  

Table 2 
Basic mechanical and geometrical properties of the CFRP provided by the 
manufacturer [45].  

Type E 
(GPa) 

Ultimate 
stress (MPa) 

Elongation at 
break (%) 

Thickness 
(mm) 

Width 
(mm) 

C-Laminate 
S&P HM 
200/ 
2000 

205 2800  1.3%  1.4 50  

Fig. 2. Schematic view of a double strap joint (Adhesive thickness = 1mm and CFRP Thickness 1.4mm).  
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testing of double strap joint (DSJ) is conducted to compare joints with 
brittle adhesives, an extremely tough adhesive alone, and bi-adhesive. 
The DIC is used to measure the strain fields at the back face of the 
CFRP due to the possibility of measuring the variation of deformation 

levels along the width and length which makes it particularly useful to 
detect defects and locations of stress concentrations which cannot be 
obtained using strain gauges as adopted in previous studies. A finite 
element model validated with experimental data is developed in ABA-
QUS. Based on the experimental and numerical results a comprehensive 

Fig. 3. Aluminium mould for the fabrication of DSJ specimens.  

Fig. 4. Experimental set up.  

Fig. 5. DSJ specimens load displacement curves (Except DSJ-BI, the data was 
also published in [23]). 

Fig. 6. Comparison of the joint strengths between DSJ specimens considering 
the design yield strength and measured average yield strength as reference. 

A. Mohabeddine et al.                                                                                                                                                                                                                         
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discussion on the behaviour, failure modes, and stress distribution is 
provided. 

2. Experimental program 

2.1. Materials 

Three different adhesives have been used to bond the CFRP and the 
steel plates, which consist of:  

• Sikadur 30 (SK-30): two components epoxy-based linear brittle 
adhesive used in the construction industry and the most common 
adhesive used research studies related to steel/CFRP joints. For more 
information see the manufacturer datasheet [41]. 

• S&P HP220 (S&P): two components epoxy-based linear rigid ad-
hesive commonly used in the construction industry. For more in-
formation see the manufacturer datasheet [42].  

• Araldite AW4858/HW4858 (AW): two component epoxy-based 
ductile adhesive developed for different mechanical engineering 
industries suitable for bonding a wide variety of metals, and 

Fig. 7. Typical failure mode for DSJ specimens: (a) DSJ-SK30, (b) DSJ-AW, (c) DSJ-S&P, and (d) DSJ-BI.  

A. Mohabeddine et al.                                                                                                                                                                                                                         
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especially designed for bonding composites. It has high peeling 
resistance and shear resistance. For more information see the 
manufacturer datasheet [43]. 

Coupon tensile tests were conducted according to ASTM D638-14 
[44] with specimens’ geometry category 5 which is recommended for 
comparison between different adhesives. The specimens were made in 
acrylic molds and cured at room temperature for at least 7 days. The 
tests were conducted in the MTS 831–02 Elastomer test system with a 
speed of 1 mm/min. The strain measurements were acquired using an 
extensometer. The basic average material properties of the adhesives are 
presented in Table 1. Fig. 1 illustrates the stress–strain curves of the 
three different adhesives. The adhesive SK30 reached high strength 

(above 35MPa) and high stiffness but very low strain capacity (up to 
0.3%). The adhesive S&P has a lower stiffness than SK30 and reaches 
roughly similar strength but with doubled deformation capacity. The 
adhesive AW has lower Young’s modulus than the two brittle adhesives 
but higher deformation capacity and achieves similar strength around 
35MPa. The toughness measured as the area under the stress–strain 
curve is extremely higher for the tough adhesive than the two other 
brittle ones. 

Unidirectional pultruded CFRP laminates C-Laminate HM (200/ 
2000) produced by S&P reinforcement® were used in this study. Ac-
cording to the datasheet provided by the manufacturer [45], the lami-
nates are made with fibre volume content > 68%. The basic mechanical 
and geometrical properties provided by the manufacturer are presented 

Fig. 8. Strain field distribution on the CFRP back face for the double strap joints with the different adhesives measured using DIC. From the middle of the joint (the 
bottom edge) to the free end of the overlap (top edge). 

A. Mohabeddine et al.                                                                                                                                                                                                                         
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in Table 2. 
The steel bars were made of European hot rolled carbon steel S275 

featuring a width of 50mm, thickness of 10mm, and a length of 500mm. 
The yields stress, Young’s modulus, and ultimate stress are 350MPa, 
200GPa, and 439MPa, respectively, as shown in related experimental 
study [6]. 

2.2. CFRP/steel double strap joints (DSJ) 

The double strap joint consists of two separate steel bars joined 
together with a bonded CFRP patch in both sides, as shown in Fig. 2. 
Joints with single adhesive and bi-adhesive were manufactured and 
experimentally tested under tensile loading in this study. Each set of 
specimens consisted of at least 5 repeated tests. A schematic drawing of 
the specimens with single adhesive double strap joints is shown in Fig. 2 

(a). Bi-adhesive joints were manufactured using a combination of tough 
(ductile) and brittle adhesives as shown in Fig. 2 (b). The internal 
transversal faces of the steel bars near the gap of the joint were smeared 
gently with unmolding agent to avoid butt joint effect. The two different 
adhesives were applied separately with an intended length distinguished 
by a letter “d” which represents the length of the tough adhesive taken 
equal to 10mm. The bi-adhesive specimen is made of the brittle adhesive 
S&P and the tough adhesive AW. The choice of the brittle adhesive S&P 
instead of SK30 was taken based on the experimental results of single 
adhesive DSJ joints where specimens with S&P showed a higher per-
formance than the once with SK30 [23], as it will be shown in the 
subsequent sections. The fabrication of the DSJ specimens was made to 
ensure an adhesive thickness of approximately 1mm for all the 
specimens. 

For single adhesive joints, the specimens are distinguished based on 
the adhesive used, where the nomenclature is presented in the form 
“DSJ-Adhesive type”. For example, a double strap joint with adhesive 
SK30 or with bi-adhesive are named as: “DSJ-SK30” and “DSJ-BI”, 
respectively. 

2.3. Specimens’ manufacture 

The preparation of the specimens involved mainly two steps: (a) 
surface preparation of the steel and CFRP and (b) application of the 
adhesive between CFRP and steel in the mould. The surface preparation 
is a key step for the successful bonding of structural adhesives [46]. A 
proper surface treatment provides a rough surface favoring mechanical 
interlocking between the adherends and the adhesive to further increase 
the adhesion strength. The steel plates were sand blasted using alumina 
dioxide sand F60 with grain size between 212 and 300 micro, as rec-
ommended in [15], to avoid premature adhesion failure in the steel- 
adhesive interface. Then, the specimens were cleaned with com-
pressed air and acetone to remove any particles left from the sand-
blasting operation. The CFRP surface was gently polished in the fibre 
direction with sandpaper grit 180. Then, the CFRP plates were cleaned 
with compressed air and acetone. 

The specimens were made in aluminium moulds, as shown in Fig. 3. 
The moulds are made of two thick flat aluminium plates of 25 mm 
thickness, 1300 mm long and 250 mm width. Each mould can accom-
modate 4 specimens in the longitudinal direction separated by pins. The 
main role of the pins is to ensure that the CFRP and the steel bars are well 
aligned. Aluminium spacers of 2.4mmwere used to maintain a constant 
adhesive thickness of 1mm. After closing the mould the upper plate will 
apply a uniform pressure on the specimens. Then, the specimens were 
left to cure for at least 7 days at room temperature. 

To control the overlap of the two adhesives in bi-adhesive joints a 
metallic rod of 1mm diameter was used during the application of the 
adhesives. The adhesives were smeared meticulously on the CFRP sur-
face to maintain a 1mm thickness using the rods as reference. The rods 
were removed just before placing the CFRP on the surface of the steel 
plates. Keeping the rods would create crack-like defects that would 
negatively influence the strength of the joint [47]. Other researchers 
[39] used silicone rubber that could effectively sperate the adhesives 
however this methodology is recommended only for long overlap ad-
hesive joint in which the area occupied by the rubber does not influence 
the joint strength [47]. The methodology applied in this study is similar 
to Pires et al. [48] which consists of calibrating the adhesive thickness as 
much as possible before bonding the CFRP and no physical barrier is 
applied between the adhesive. 

2.4. Experimental set-up 

Fig. 4 shows the experimental set-up adopted in this study. The DSJ 
specimens tested in ESH machine with a capacity of 1000kN in tension. 
The specimens were subjected to quasi-static tensile loading until 
complete failure. The loading speed was 1mm/min. The strain fields on 

Fig. 9. Measurement data points.  

Fig. 10. Deformation in the Y-Y direction for DSJ-AW of the row near the joint 
versus the applied force. 
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the back face of the CFRP plates were captured using 2D digital image 
correlation (DIC). A random speckle pattern with black background and 
white spots was applied on the back face of the CFRP or at the lateral 
face of the joint. Note, a maximum of 100 mm lens imaging was avail-
able so the lenses were controlled to achieve a sharp focus only on half of 
the joint, as shown in Fig. 4. Only one specimen was used to measure the 
strains on the lateral face of the joint however this methodology was 
stopped due to the high scatter of the results, see section 3.4 for more 
details. 

3. Experimental results and discussion 

3.1. Load displacement curves 

Fig. 5 presents the load displacement curves of DSJ specimens 
bonded with CFRP using the different adhesives and configurations. For 
specimens DSJ-SK30, the strength reached a value between 65 − 85kN 
followed by a moderate flat plateau in most cases. The flat plateau has 
been reported in other studies in the literature [7] when cohesive failure 
is observed for joints with Sikadur 30. The maximum strength is asso-
ciated with the crack initiation in the middle of the joint and the flat 
plateau is attributed to the crack propagation which depends on the 
length of the bonded area. Note the voids are inevitable in adhesive 
joints and their volume and location have a significant influence on the 
crack initiation and propagation in the adhesive joint, which justifies the 
variability of the experimental results. DSJ-S&P specimens reached a 
strength that fluctuates between 100 − 110kN, followed by an abrupt 
failure due to delamination failure mode. DSJ-AW specimens reached a 
strength between 150 − 168kN, which is very close to the measured 
average yield strength of the steel bar (See previous related study con-
ducted by the authors ref. [23]). The DSJ-AW specimens failed under 
CFRP delamination, which is known as a brittle failure. The excessive 
yielding observed in the specimen that exhibited a long flat plateau is 
attributed to plastic deformation of the steel bars since the yield strength 
was reached as it was shown in a previous related study [23]. Whereas 
the behaviour of the others that showed limited ductility will be verified 
numerically in the subsequent section. DSJ-BI specimens reached a 
strength in a range of 145 − 175kN. The high variability of the results 
might be due to some internal voids and the non-uniform distribution of 
the tough adhesive through the width. 

Fig. 6 compares the joint strength of the specimens made with the 
different adhesives with respect to the yield strength of the base mate-
rial. DSJ specimens with brittle adhesives (i.e. DSJ-SK30 and DSJ-S&P) 
reached an average strength of 76kN and 104.9kN with standard de-
viations of σ = 6.02kN and 4.22kN, respectively. The DSJ-AW specimens 
reached higher average strength of 160kN and a standard deviation of 
σ = 6.09kN. DSJ-BI achieved an average strength of 154kN with σ =

12kN. Clearly, the bi-adhesive configuration proposed in this study 
improved the joint strength significantly compared to the brittle adhe-
sive alone. Compared to DSJ-S&P, an average of 46% improvement 
could be achieved when using bi-adhesive joints. The design yield stress 
of S275 steel is 275MPa which is the minimum value required to the 
steel producers to qualify the steel as S275, in practice all the structural 
design checks need to be done using this value. However, the actual 
experimentally measured yield stress was 350MPa. For the steel bars of 
50x10mm used in this study, the design strength (i.e. Crosssectionarea×
Designyieldstress) and measured strength (i.e. see ref. [23]) become 
137kN and 175kN, respectively. As shown in Fig. 6, the design yield 

Fig. 11. Normalized strain (i.e. measured strain/mean strain) of 9 horizontal data points in the middle of a DSJ-AW joint: (a) Normalized strain versus applied force, 
(b) Standard deviation of the normalized strain versus the applied force. 

Fig. 12. Mean smoothed strain measurements on the CFRP back face at 
different locations from the middle of the joint. (Note: for DSJ-S&P the strain is 
measured up to 60 mm distance). 
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strength of the steel bars was exceeded for specimens with tough ad-
hesive and bi-adhesive configuration. From a design point of view, the 
adhesive joint in these DSJ specimens is stronger than the design 
strength of the parent material, thus, the specimens reached a joint 

strength efficiency of 100%. As it was shown in ref. [23], the joint 
strength efficiency can be used for the design of composite patches 
stronger than the parent material without the need to carry out 
cumbersome design checks on the fracture of the adhesive layer or the 

Fig. 13. Equivalent strain distribution in the adhesive layer of specimen with AW4858/HW4858 adhesive using DIC.  

Fig. 14. Equivalent strain at different points from middle of the joint versus applied force.  

Fig. 15. A schematic view of the numerical model.  

Table 3 
Steel material elastoplastic model input parameter (also published in [6]).  

Material Elasticity Plasticity 

Elastic modulus 
(GPa) 

Poisson 
ratio 

Yield stress 
(MPa) 

Plastic 
strain 

Steel 200  0.3 350 
370 
440,500 

0 
0.022 
0.05170.1  

Table 4 
Adhesive elastoplastic model input parameters (also published in [6]).  

Material Elasticity Plasticity 

Elastic modulus 
(GPa) 

Poisson 
ratio 

Yield stress 
(MPa) 

Plastic 
strain 

AW  1.32  0.35* 35.536 00.15 
S&P  7.6  0.35* N.A. N.A.  

* Assumed parameter. 

A. Mohabeddine et al.                                                                                                                                                                                                                         
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CFRP, which is very complex. So further development of design rules 
based joint efficiency are higher recommended. 

3.2. Failure modes 

The failure modes and the inspection of the fracture surface provide 
important information on the behaviour of the adhesive joint. According 
to Majidi et al. [49], the possible mode of failures in the steel/CFRP joint 
are the followings: Adhesive failure at the adherends-adhesive interface 
caused usually by inadequate surface treatment [46], cohesive failure in 
the adhesive layer, CFRP rupture that occurs for high modulus CFRP due 
to its limited deformation capacity [50], CFRP delamination, and steel 
yielding. Fig. 7 (a) illustrates two typical DSJ-SK30 specimens, where 
the failure mode is a combination of cohesive failure within the adhesive 
and CFRP delamination occurring at the free ends of the overlap, where 
peel stresses are higher. Similar observations have been reported in 
Ref. [7] for specimens with SK30 adhesive. Fig. 7 (b) illustrates the 
typical failure mode for DSJ-S&P specimens which consists mainly of 
CFRP delamination with small areas affected by cohesive failure. Fig. 7 
(c) illustrates the typical failure mode for DSJ-AW specimens, where the 
failure mode is CFRP delamination. For DSJ-BI, the main failure mode is 
CFRP delamination with limited cohesive failure in the region of the 
S&P adhesive, as shown in Fig. 7 (d). 

The failure in the composite patch is a crack that initiates and 
propagates in the component that satisfies the Griffith energy criterion 
G > Gc, where G is the energy demand on the material and Gc is a ma-
terial property called critical strain energy release rate. The delamina-
tion failure mode occurs due to a crack in the CFRP matrix. The failure 
mode observed in this study were either cohesive or CFRP delamination. 
When the adhesive is tougher than the CFRP matrix, the failure mode 
occurs in the CFRP and vice versa. This can be clearly observed in these 
experimental results, where cohesive failure governed the failure mode 
for DSJ-SK30 specimens that were made with a low toughness adhesive 
(i.e. SK30). Whereas for DSJ-AW specimens made with the tough ad-
hesive AW, CFRP delamination was the failure mode. For DSJ-S&P 
specimens made with S&P adhesive, which is moderately tougher than 
SK30, a combination of CFRP delamination and limited cohesive failure 
governed the failure mode. 

3.3. Strain distribution 

Fig. 8 shows the strain fields at different levels of loading on the back 
face of the CFRP captured using DIC on specimens with the brittle ad-
hesive (DSJ-S&P), the tough (DSJ-AW), and bi-adhesive (DSJ-BI). Note 
the strain fields are captured only on half of the CFRP face from the 
middle of the joint (bottom part) to the free edge, as shown in Fig. 4. The 
DSJ-S&P specimen shows a concentration of deformation in the middle 
of the joint which tends to propagate at larger loading levels, but the 
strains are not uniformly distributed which may indicate the presence of 
a weaker zone due to manufacturing imperfections such as voids. The 
DSJ-AW specimen exhibits deformation at almost all the areas especially 
at the highest loading level before failure. Fig. 8 (c) and (d) show two 
DSJ-BI specimens, where one reached very high strength (173kN) and 
the other the lowest strength (147kN). In general, DSJ-BI specimens 
show strain levels and fields distributed on larger areas than DSJ-S&P. 
The DSJ-BI shown in Fig. 8 (c) experiences very large deformation levels 
comparable to DSJ-AW, which justifies the higher strength reached (see 
Fig. 5). The DSJ-BI shown in Fig. 8 (d) shows a non-uniform strain fields 
distribution and much lower deformation levels before failure which 
occurred at relatively lower strength. This was due to a large void 
located near the middle of the joint region, as shown in Fig. 7 (d). 

The contour plots presented in Fig. 8 provide a good insight on the 
behavior of the adhesive joint. However, due to the large scatter, it does 
not provide a clear quantification of strains along the CFRP which can be 
used for the development of strength models such as the bond-slip model 
[51]. In previous studies, the strain measurement along the CFRP length 
was obtained using strain gauges bonded on the CFRP back face 
[51–53]. In this paper, a methodology based on the DIC measurements is 
adopted to evaluate the strains. The noise is an inherent aspect of the 
DIC technique which can be clearly seen in Fig. 8. To tackle this issue, 

Table 5 
Engineering elastic constants for the material model used to model the CFRP.  

Case E1(GPa) E2(GPa) G12(GPa) ν12 

Anisotropic 1 205  3.7  5.29  0.286 
Anisotropic 2 205  12.79  5.29  0.286 
Isotropic 205    0.3  

Fig. 16. Stress concentration due to discontinuity at the CFRP/adhesive interface.  

Fig. 17. Mesh sensitivity study.  
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the strain measurements were made from data points spaced by 5 mm 
apart in the horizontal and vertical directions, as show in Fig. 9, where 
each row represents the behavior at a given distance from the middle of 
the joint. Fig. 10 shows an example of the strain data at the joint level. 
The row data show significant noise within each data point. In order to 
reduce the fluctuations within each line, the data was smoothed giving 
the discrete linear convolution of two, one-dimensional sequences. 
Then, the average was calculated based on the smoothed data. Note the 
inline fluctuation are assumed to be the noise from the DIC measure-
ments but the differences between the smoothed lines in the same row is 
assumed to be due the different behavior between each point, as obvi-
ously shown in Fig. 8 (a) for specimen DSJ-S&P at 89kN of applied load. 
The possibility of capturing the variation of deformation levels along the 
width makes the use of DIC particularly advantageous in this application 
since this cannot be feasibly obtained using strain gauges as adopted in 
previous studies. 

In Fig. 11 (a), the normalized strain (i.e. measured strain/mean 
strain) shows high variability at loading lower than 60kN then the data 
tend to converge toward 1. Fig. 11 (b) shows the standard deviation of 
the normalized strain, where it shows that there is a high variation at 
lower loading levels and then reduce to 0.13. This indicates that the use 
of DIC technique at low strain levels would be more challenging to 
provide accurate results due to the significant noise. This is the case of 
specimens DSJ-SK30 which is not shown in here for brevity. 

Fig. 12 presents the mean strain versus the applied loading curves 
along the CFRP back face length (spaced by 5 mm) for the DSJ-S&P, DSJ- 
AW, and one DSJ-BI that was shown in Fig. 8 (d). Clearly, the DSJ-AW 
exhibits large deformation above 0.6% at the middle of the joint 
before failure. The DSJ-BI shows a relatively large deformation with 
maximum value of 0.48%. The curves of the DSJ-BI show a step at 30 kN 
of applied force. This was due to a local premature damage that 
happened next to the middle of the joint due to a large void as shown in 
Fig. 7 (d). DSJ-S&P exhibits relatively lower deformation levels with a 
maximum value of 0.4% at the middle of the joint but very low defor-
mation at the free edge of the joint, where strain could be captured only 
up to 60 mm distance from the joint with a value of 0.2%. 

3.4. Failure pattern assessment using DIC 

Fig. 13 presents the evolution of the equivalent strain on the lateral 
face of the CFRP/Steel adhesive joint obtained using DIC. The strain 
fields in the thickness of the CFRP could not be captured by the software 
due to significant noise. It should be noted that it is very challenging to 
analyze and obtain precise results in the adhesive layer [34]. Inhere the 
strain fields are provided for qualitative analysis only. Referring to 
Fig. 13, the strain fields increase in intensity and cover a larger area as 
the loading increases. The failure of the specimen initiated in the most 
stressed area at the middle of the joint. The behavior of the joint shows 
unsymmetric behavior, where the lower adhesive layer is subjected to 
higher deformation levels. This can be also observed in a similar test 
conducted by Haghani [28]. It might be due manufacturing imperfec-
tions or defects such as voids in the adhesive layer as highlighted in the 
figure. Voids are an inherent nature of bonded joints, it is impossible to 
manufacture a bonded joint free from voids [26]. As whether these 
defects are critical depends on their extent, position, and the nature of 
the applied stress. Wang et al [54] tested epoxy bonded lap joints with 
inserted large defects and showed that the joint strength little changed. 

Fig. 14 shows the evolution of the (Von Mises) equivalent strain 
versus the applied loading along the adhesive layer length. The mea-
surements are taken from equally spaced aligned points (5 mm) on the 
adhesive layer. The level of deformation is higher for data points closer 
to the middle of the full joint (Near the gap), except at the end of the 
overlap, where in the last two points at (69mm and 64mm), the equiv-
alent strain slightly increases due to peeling deformation. 

From Fig. 8 and Fig. 13, the failure initiates and propagates from the 
middle of the joint (Near the gap) until reaching the complete failure. 

Fig. 18. The influence of the material model of the CFRP on the DSJ joints.  
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This gives indication that the peeling stress at the end of the CFRP does 
not have a contribution to the crack initiation. In the middle of the joint, 
the adhesive layer is mainly subjected to shear. This behavior is different 
from the ubiquitous single lap joints, or the double strap joints [55] with 
very short overlap used in the aerospace structure crack repairs, where 
the effect of peeling stress can be significant. Indeed, this was the main 
reason for the development of the bi-adhesive configuration proposed in 
this study. The strengthening strategy of the DSJ joint is fundamentally 
different from previous studies. Inhere, the tough adhesive is placed in 
the middle of the bi-adhesive joint to contribute mainly in shear and 
allow a relatively more uniform distribution of shear stresses along the 
joint compared to adhesive layer with brittle adhesive alone. The results 
presented in this paper show that the use of new configuration of bi- 
adhesive joint where a tough adhesive is used in the region shear 
stress concentration can provide a significant improvement in strength. 

4. Numerical analysis 

4.1. Development of the F.E model 

A 2D Finite element model was developed in the commercial soft-
ware ABAQUS to simulate the behaviour of DSJ specimens tested 
experimentally. Only half of the joint was modelled due to symmetry. 
The model is shown in Fig. 15, which consists of a steel bar, adhesive 
layers, CFRP plates, and testing machine grips. Since yielding was 
observed in the load displacement curves of some specimens with the 
tough adhesive, the machine grips were also modelled in order to cap-
ture any stress concentration zone created by the compression of the 
grips. The numerical model has the same geometry and dimensions of 
the experimental specimens shown in Fig. 2. 

Tie constraints were assumed between the grips and the steel bar to 
ensure no slip as in the experiment. A compression force of 1MN was 
uniformly applied on the grips as in the experiment. The steel material of 
the grips was assumed linear with 200GPa. The free edge of the grips 
was constrained as a rigid body to a reference point “RP1” which was in 
turn restrained in all degrees of freedom to ensure fixed boundary 
conditions. The loading displacement was applied on the CFRP edge 
section as only half of the joint is modelled. The CFRP edge section was 
constrained as a rigid body to a reference point RP2 where the loading 
was imposed. The steel/adhesive and the CFRP adhesive interfaces were 
modelled with tie constraints where the adhesive surfaces were taken as 
slaves. The model developed in this study is mainly for supporting the 
discussion on the behavior of the joints tested experimentally. The 
simulation of damage is beyond the scope of this study as it requires 
additional fracture mechanics tests to calibrate the numerical damage 
models. 

4.2. Materials 

The elastic–plastic material behavior of the steel and the adhesives 
was modelled using isotropic model calibrated using experimental true 
stress–strain curves. The input data of the elastic–plastic model are 
presented in Table 3 and Table 4. 

The CFRP used in this study is unidirectional. Hence, it is more 

appropriate to model the behavior of the CFRP using an orthotropic 
material model. However, due to the unavailability of experimental 
data, several research [20,56–59] that focused on double strap joints 
subjected to tensile loading assumed the CFRP as isotropic. Haghani 
[60] investigated the effect of considering orthotropic or isotropic for 
similar specimens and showed that the isotropic model gives acceptable 
results on the overall behavior. In this study, the CFRP is modelled using 
the two approaches for comparison. To model the anisotropy, the elastic 
orthotropic material model available in ABQUS library was adopted. 
The input parameters were obtained using the micro-mechanics model 
presented in ref. [61,62], which consists of: 

E1 = Ef 1Vf +EmVm (1)  

E2 =
Ef 2Em

(
Vf + η2Vm

)

EmVf + Ef 2η2Vm
(2)  

η2 =
0.2

1 − νm

(

1.1 −

̅̅̅̅̅̅
Em

Ef

√

+
3.5Em

Ef

)

(1 + 0.22Vf ) (3)  

G12 =
Gf Gm

(
Vf + η12Vm

)

GmVf + Gf η12Vm
(4)  

η12 = 0.28+

̅̅̅̅̅̅
Em

Ef

√

(5)  

ν12 = νf Vf + νmVm (6) 

The subscripts “m,f ,1,2” denote matrix, fibre, longitudinal direction, 
and transverse direction, respectively. Where, E1, E2, are the elastic 
modulus in the longitudinal and transversal direction of the composite 
laminate, respectively. The parameters G12 and ν12 are the shear 
modulus and the Poisson’s ratio of the laminate, respectively. The fibre 
volume content ratio Vf of the laminate is presented in Table 2, whereas 
the matrix volume content ratio is taken as Vm = 1 − Vf . The CFRP used 
in this study is made with pultrusion process using high modulus CFRP 
fibres and Vinyl Ester matrix [63]. The manufacturer provides only the 
basic mechanical properties of the laminates such as the elastic modulus 
in the fibre direction “E1”, the ultimate strength, and elongation at 
break, as presented in Table 2. The mechanical properties of the fibres 
and the matrix are not provided. Therefore, the parameters are taken 
from the literature. The elastic modulus and the Poisson’s ratio of the 
matrix are taken from [64], where Em = 3000MPa and νm = 0.3, 
respectively. The axial Poisson’s ratio of carbon fibres is taken as νf =

0.28 [65,66] and the shear modulus Gf = 15GPa [66,67]. The transverse 
elastic modulus of CFRP “Ef2” is usually between 4 − 14GPa [68]. In this 
study, the two extreme value of Ef2 = 4GPa and Ef2 = 14GPa are 
considered to check if the variability of these values has any influence on 
the behavior of the joint. The longitudinal elastic modulus of the fibres 
Ef1 is calculated using equation (1) as E1 is provided by the manufac-
turer. The input used in the orthotropic model as well as the isotropic 
model are presented in Table 2. In order to verify the sensitivity of the 
assumptions adopted for modelling the CFRP, three sets of input pa-
rameters are utilized, as shown in Table 5. Where: 

Fig. 19. Stress Path in the CFRP at the CFRP/adhesive interface.  
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- Anisotropic 1: the orthotropic material model is adopted assuming 
the transverse elastic modulus of the fibres is equal to 4GPa.  

- Anisotropic 2: the orthotropic material model is adopted assuming 
the transverse elastic modulus of the fibres is equal to 14GPa.  

- Isotropic: where the CFRP is assumed as isotropic. 

4.3. Meshing 

All the model was developed using plane stress linear quadrilateral 
elements CPS4R available in the software library. In order to obtain 
reasonably accurate results it is important to conducted a mesh sensi-
tivity study [69]. This is more particularly important to calibrate dam-
age models when they are considered in the simulation [70]. Although, 
modelling the damage is beyond the scope of this study, a mesh sensi-
tivity analysis is conducted to ensure reasonably accurate stress and 
strains are obtained from the model especially at stress concentration 
zones, as shown in Fig. 16. 

The most critical region is at the material discontinuity between the 
CFRP and the adhesive, as it is shown in Fig. 16. Therefore, the mesh 
sensitivity is conducted by varying the number of finite elements only at 
the CFRP and the adhesive. Note: The mesh size in the CFRP and the 
adhesive was always kept the same. Only one type of joint (i.e. DSJ-S&P) 
was considered for the mesh sensitivity study, where the joint was 
subjected to 105kN. The mesh size in the steel was kept constant equal to 
0.5 mm. The Von Mises (VM) stress was obtained at the stress concen-
tration point which is at the CFRP end near the CFRP/adhesive interface 
as shown in Fig. 16. Fig. 17 shows the evolution of maximum VM stress 
at the stress concentration point versus the number of mesh elements. As 
can be seen, after 30 300 elements, the maximum VM stress tend to 
converge toward the same value. Therefore, for the model with 30 300 
elements corresponding to a mesh size od 0.2mm was adopted in the 
subsequent studies. 

4.4. Influence of the CFRP material model and anisotropic input 
parameters 

In this section, a comparison between the assumption of the isotropic 
model and the more realistic orthotropic model is presented. As stated 
previously two sets of anisotropic properties of the CFRP were assumed 
in the orthotropic model. The comparison is done only for DSJ-S&P 
specimens for brevity. Fig. 18 (a) shows the force displacement curves 
for DJS-S&P joints and Fig. 18 (b) and (c) illustrate the peeling and 
longitudinal stress along the stress path shown in Fig. 19, which is in the 
CFRP at the CFRP/Adhesive interface. From Fig. 18 (a), the force-
–displacement curve does not show any influence of the material model 
used for CFRP, both the isotropic and orthotropic model show similar 
results. However, Fig. 18 (b) and (c) show that the stress distribution at 
the CFRP/adhesive interface is different especially at position of 
maximum stress concentration. The joint with the isotropic model de-
velops very high peeling stress (186MPa) which is mainly caused by the 
high transverse elastic modulus. The behavior of the CFRP laminate in 
the transverse direction is mainly governed by the matrix, which usually 
has a much lower tensile strength. For example the laminates used in this 
study are made with Vinyl Ester resin that can have a maximum tensile 
strength of 95MPa [64]. Therefore, the value reached using the isotropic 
is unrealistic. Whereas the use of the orthotropic model gives more 
realistic estimation of the peeling stress with values of 49.4MPa and 
81.8MPa for anisotropic 1 and anisotropic 2, respectively. Fig. 18 (c) 
shows the distribution of the longitudinal stress in the CFRP/adhesive 
interface, where the joints with the orthotropic model exhibit higher 
maximum longitudinal stress than the joint with the isotropic model. 
Overall, it can be concluded that for the simulation the unidirectional 
CFRP behavior in the specific case of double strap joints subjected to 
tensile loading, the use of the isotropic or orthotropic models shows 
mainly important differences at the stress concentration zones where 
usually the damage initiation occurs. Therefore, it is crucial to include 
the anisotropy when damage models are included to simulate failure. 
However, when there is a lack of experimental data, the isotropic 
assumption can still give reasonable prediction of the behavior away 
from the stress concentration zone. In the subsequent studies, the 
orthotropic model is used in the numerical models considering the pa-
rameters anisotropic 1. 

Fig. 20. Comparison between experimental and numerical results.  
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4.4.1. Comparison between numerical and experimental results 
Fig. 20 shows that the comparison of the numerical and the experi-

mental results for DSJ-AW, DSJ-S&P, and DSJ-BI. As can be seen, the 
numerical results match fairly well the experimental data. As stated 
previously, the failure of the joint or any damage in the joint compo-
nents is beyond the scope of this study. The DSJ-AW numerical model 
reached a maximum strength of 152kN where the adhesive experienced 
yielding in shear. At the steel bar, the maximum stress is almost 340MPa 
which represents 97% of the experimental yield stress. At this stage the 
steel did not experience any plastic deformations, as it was shown in a 
previous related study [23], where it was shown that the DSJ-AW 
specimen among others that experienced significant yielding (i.e. with 
a long flat plateau), the steel have yielded. 

4.4.2. BI-adhesive joint 
Fig. 21 shows the normal and the longitudinal stress along the path 

shown in Fig. 19 for DSJ-S&P, DSJ-AW, and DSJ-BI. As can be seen, DSJ- 
S&P numerical model exhibits higher peeling stress than the joint DSJ- 
AW. The longitudinal stress in DSJ-S&P shows higher level of stress 
concentration near the joint region whereas DSJ-AW experiences a more 
distributed stress and much lower intensity. For DSJ-BI, both the lon-
gitudinal stress and the peeling stress are reduced significantly 
compared to the joint with brittle adhesive DSJ-S&P. The longitudinal 
stress distribution exhibits a peak at the middle of the joint coincident 
with the peak of the DSJ-AW and at the interface between the brittle and 
the ductile adhesive. The peeling stresses are also reduced significantly 
at the middle of the joint. 

Fig. 22 shows the influence of the length of the ductile adhesive “d” 
on the stress distribution at the CFRP/adhesive interface for DSJ-BI 
joints. The length “d” was varied between 4 − 14mm. As can be seen, 
the maximum peeling stress as well as the longitudinal stress tend to 
decrease with the increase of “d”. The highest stresses are observed at 
the lowest value of “d” which is equal to 4mm. Fig. 23 shows that the 
variation of the normalized maximum peeling and longitudinal stresses 
with respect to the length “d” in DSJ-BI joints. The normalized maximum 
stress is calculated as the ratio between the maximum stress for a joint 
with a given “d” divided by the maximum stress in a joint featuring a d =

4mm. Where for a DSJ-BI with d = 4mm, the normalized maximum 
stress is equal to 1. From Fig. 23, the normalized longitudinal stress 
curve shows a parabolic shape where a maximum decrease of stress is 
achieved at d = 14mm, with a ratio of 0.107. Considerable decrease of 
longitudinal stress can be observed between d = 4mm and d = 10mm, 
whereas the difference in ratio between d = 10mm and d = 14mm is only 
0.01 6. The peeling stress decreases linearly with the increase of “d”, 
with the maximum decrease reached at d = 14mm with a difference of 
0.192. Overall, it can be concluded that within the range of “d” lengths 
considered in this study, the influence of the length “d” remains below 

Fig. 21. Comparison between the stress distribution obtained numerically along the path shown in Fig. 18 for DSJ-S&P, DSJ-AW, and DSJ-BI.  

Fig. 22. Comparison between the stress distribution obtained numerically a long the path shown in Fig. 19 for DSJ-BI with different ductile adhesive length.  

Fig. 23. Reduction of maximum stress versus the length “d” in DSJ-joints.  
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20% of the maximum stress. Although this might affect the result, the 
influence of the length remains within the scatter band usually observed 
in adhesive joint with a single adhesive. 

5. Conclusion 

This paper presents a new high performance CFRP/Steel joint using 
hybrid bi-adhesive technique for the repair of metallic infrastructures. 
Experimental testing of double strap joints was conducted to compare 
the performance of CFRP/Steel joints bonded with brittle adhesives 
commonly used in related research, an extremely tough adhesive and 
the proposed bi-adhesive joint. The results revealed that the tough ad-
hesive provide much higher performance and is more suitable for 
bonding on metallic components. However, the cost of the tough ad-
hesive can be significantly higher than brittle ones and may question its 
feasibility in the construction industry as large amounts of adhesive are 
required. Therefore, the bi-adhesive CFRP/Steel joint that uses small 
amounts of the tough adhesive combined with the brittle adhesive is 
proposed as a cost-effective alternative. Experimental and finite element 
investigations revealed that:  

- The proposed bi-adhesive CFRP/steel joint reaches very high 
strength comparable to the strength of the CFRP/steel joints with 
tough adhesive alone.  

- Specimens with brittle adhesives showed a combination of cohesive 
and delamination failure mode. The Specimens with tough adhesive 
showed only delamination of the CFRP as the fracture toughness of 
the adhesive is very high, the weakest part became the CFRP. Bi- 
adhesive DSJ specimens failed mainly in delamination failure 
mode with limited cohesive failure in the region of the brittle 
adhesive.  

- Strain field distributions obtained using DIC showed that the damage 
initiates from the middle of the joint and the role of the tough ad-
hesive in bi-adhesive joint is mainly in reducing shear stresses which 
is different from existing configurations of bi-adhesive joints. This 
was also demonstrated from the finite element analysis. 

- The use of the tough adhesive promotes a more uniform strain dis-
tribution on the back face of the CFRP back face.  

- The bi-adhesive configuration proposed in this study seems to be a 
cost effective compared to the tough adhesive alone. However, this 
paper shows only the concept, more studies are needed to proof its 
applicability for real applications including specifically the dura-
bility for variable environmental conditions.  

- The numerical results revealed that the influence of the proportion of 
the ductile adhesive and rigid adhesive in bi-adhesive joints on the 
maximum stress remains below 20%. 
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tion, Supervision. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

This research was funded by the FiberBridge project - Fatigue 
strengthening and assessment of railway metallic bridges using fiber- 
reinforced polymers (project grant POCI-01-0145-FEDER-030103 
composed by FEDER funds provided by COMPETE2020 (POCI) and by 
national funds (PIDDAC) provided by the Portuguese Science Founda-
tion (FCT/MCTES)). Support was also provided by CONSTRUCT - 
Instituto de I&D em Estruturas e Construções that is funded by base 
funding - UIDB/04708/2020 and programmatic funding - UIDP/04708/ 
2020 provided by national funds through the FCT/MCTES (PIDDAC). 
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[29] Doru MO, Özel A, Akpinar S, Aydin MD. Effect of the spew fillet on adhesively 
bonded single-lap joint subjected to tensile loading: experimental and 3-D non- 
linear stress analysis. J Adhes 2014;90(3):195–209. https://doi.org/10.1080/ 
00218464.2013.777900. 
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