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INTRODUCTION

It has been proven that the bonding of fiber re-
inforced polymer (FRP) composites is a success-
ful method for enhancing the stiffness and strength 
of structures [1–3]. Due to their benefits, such as 
their light weight, high specific strength and stiff-
ness, great durability performances, exceptional 
fatigue and corrosion resistance, and ease of as-
sembly, FRP materials have gained growing inter-
est in the strengthening steel structures. FRPs are 
therefore very promising for structural repair and 
strengthening and, in many situations, far superior 
to traditional steel plates [1–9].

Although substantial study has been done on 
FRP strengthened concrete [10–14], CFRP-to-
steel bonded interactions have received less at-
tention [1, 15]. The concrete acts as the weakest 

link in the FRP to concrete bond. However, there 
are numerous ways that the FRP-to-steel connec-
tion could be weak [16]. Failure modes examples 
for CFRP-Steel adhesive connection can be de-
scribed as: adhesion failure at the CFRP/adhesive 
interface (1), adhesion failure at the steel/adhe-
sive interface (2), cohesive failure in the adhesive 
(3), CFRP delamination (4) and CFRP rupture (5). 

As mentioned, a material might fail in a way 
called delamination in which it separates into 
layers. In example, shear stresses and loads ap-
plied perpendicular to the high strength layers in 
FRP composites can result in the fracture of the 
polymer matrix or the debonding of the fiber rein-
forcement from the polymer [17].

Bonding strength is a product of both chemi-
cal and mechanical bonding between the two ad-
herents [18]. Failure modes (1) and (2) together 
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are referred to as adhesion interface failure, hence 
they are considered as chemical failures. Since 
either the adhesive or the CFRP breaks in failure 
modes (3), (4) and (5), they are referred to as ma-
terial failures. The material qualities in this situa-
tion determine the bonding strength. If the failure 
mode is adhesive interface failure, the adhesion 
strength, which mostly depends on the surface 
treatment of the FRP or steel, controls the effec-
tiveness of the FRP-strengthened steel structures. 

The design theory must focus more on the 
characteristics of the adhesive and CFRP lami-
nates if the failure mode is material failure. Dif-
ferent failure mechanisms are correlated with cer-
tain design factors.

So far, to the best knowledge of the authors, no 
research has been conducted on galvanized steel 
bonded with carbon fiber textile. Most of the studies 
involve tests on CFRP tapes and raw steel. In addi-
tion, the results presented in this article are part of a 
larger research activity to determine the effective-
ness of strengthening Thin-Walled Cold-Formed 
Steel (TWCFS) sigma beams with bonded CFRP 
textiles. For this reason, the aim is also to determine 
the adhesive steel-CFRP connection parameters for 
an advanced numerical model. Henceforth, an ex-
perimental research has been conducted on the com-
monly known adhesive Double Lap Joints (DLJ) 
[19–22] between carbon fibre textile and galvanized 
steel subjected to shear forces. The shear strength of 
the adhesive was determined based on original test-
ing method due to the lack of standard guidelines for 
the connection and materials under consideration. 
Therefore, the authors decided that they would pro-
pose a test element that would relate to standard ma-
terial tests on steel with the difference that the steel 
specimen is split in half lengthwise.

The research activity was started by conduct-
ing experimental laboratory tests on adhesive con-
nection subjected to shear forces. Subsequently, 
examination of damaged samples was conducted, 

followed by development of the numerical model 
and analytical analysis. Ultimately, the compara-
tive analysis between laboratory, numerical and 
analytical tests was performed. Figure 1 shows 
the flowchart of the analysis process.

EXPERIMENTAL TESTS

The bonding length of the textile is derived 
from the maximum length of the available bonding 
area minus 5 mm due to possible imperfections in 
the fabrication of the specimen. The width of 20 
mm is the same as in [23]. The specimens were 
made from steel plates overlapped on both sides 
with SikaWrap 230 C [24] matting using SikaDur 
330 [25] adhesive. SikaWrap 230 C is a woven 
unidirectional carbon fibre fabric and SikaDur 330 
is a 2-component, thixotropic epoxy based impreg-
nating resin and adhesive. The tests were carried 
out on 5 specimens. Overlap length of 55 mm and 
adhesive thickness of 0.5 mm was considered. 
The samples were made as shown in Figure 2. Be-
fore creating bonding connection, the steel plates’ 
thicknesses were measured. The steel plate surface 
was cleaned with sandpaper and degreased with 
acetone. After surface preparation the adhesive 
layer was applied uniformly on the steel plate sur-
face, followed by one layup of CFRP textile. The 
CFRP textile was pressed to the steel surface creat-
ing a bonded connection and embedding the CFRP 
fibers in epoxy matrix. Moreover, the excess of ad-
hesive has been removed from the surface of the 
textile. After the hardening process of the adhesive 
was finished, which took 7 days, the measurement 
of thickness of the connection has been performed. 
The difference between second and first measure-
ment, reduced by CFRP textile thickness of 0.129 
mm, was the adhesive thickness.

For experimental testing INSTRON SATEC 
300 DX testing machine was used. Load accu-
racy measurement was 0.6 kN and displacement 

Fig. 1. The flowchart of analysis process
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accuracy was 0.13 mm. The testing machine was 
set to zero after the test loading system was as-
sembled, but before the specimen was actually 
gripped at both ends. Once the force zero point 
was set, the force measurement system was not al-
tered in any way during the test. The positioning 
of the specimen in the jaws of the testing machine 
was such that no bending loads were induced. The 
shear tests were carried out under displacement 
control conditions. The samples were stretched at 
the speed of 0.05 mm/s until the specimens failed. 

The prepared specimens are shown in Figure 3. 
The adhesive shear test stand is shown in Figure 4.

After completion of the laboratory tests, obser-
vations of natures of fracture for CFRP-Steel ad-
hesive connection were conducted. Visual inspec-
tion was carried out, as well as, the images of the 
samples were taken using a scanning microscope.

NUMERICAL ANALYSIS

Coupled cohesive zone models use mixed-
mode cohesive laws to take into account the in-
teraction between mode I loading and mode II 
to loading [26]. In contrast, uncoupled cohesive 
zone models that assume the cohesive laws in the 
normal direction and the tangential (shear) direc-
tion are independent of one another [27, 28]. The 
fracture energy in mode II loading is frequently 
substantially bigger than that in mode I loading, 
according to comprehensive experimental evi-
dence. However, several mixed-modal cohesive 
laws presume that the fracture energy is the same 
for both loading modes [29, 30]. The fracture en-
ergy for shear loading mode is inspected in the 
current work.

The cohesive law used in the current work 
takes into account shear stresses and deforma-
tions, namely those along the interface. Bond 
stresses are referred to jointly as tractions, whilst 
interfacial deformations are referred to collec-
tively as separations. The normal traction and the 
two shear tractions, which are represented by tn, 
ts, and tt, respectively, make up the three com-
ponents of the traction vector. The relevant sepa-
rations are similarly indicated by δn, δs, and δt, 

Fig. 2. Schematic of the sample

Fig. 3. First series samples – shear strength

Fig. 4. Test stand - SK1 series specimen 
in the grips of a testing machine
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respectively. After describing initial thickness as 
Ta, it is simple to write:

εn =
𝛿𝛿𝛿𝛿𝑛𝑛𝑛𝑛
𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎

;  ε𝑠𝑠𝑠𝑠 =
𝛿𝛿𝛿𝛿𝑠𝑠𝑠𝑠
𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎

;  εt =
𝛿𝛿𝛿𝛿𝑡𝑡𝑡𝑡
𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎
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where: εn, εs, and εt – strains in the normal and 
the two shear directions respectively.

The interfacial behaviour before damage ini-
tiation can thus be represented by:
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(2)

where: Knn, Kss, and Ktt – the elastic stiffnesses 
in the normal and the two shear direc-
tions respectively.    
Knn is equal to the initial slope of the trac-
tion-separation model for mode I [31] and 
can be described as:
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where: Ea – tensile elastic modulus of an adhesive;  
Ta – thickness of the adhesive.

Both Kss and Ktt are the same, and are equal 
to the initial slope of traction-separation model 
for mode II loading [32] and can be described as:
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where: Ga – shear modulus of an adhesive;   
Ta – thickness of the adhesive.

For damage initiation criterion, the quadratic 
nominal stress criterion was adopted. It can be de-
scribed as:
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For predicting interfacial fracture energy 
(IFE), the equation presented by [33] was adopt-
ed. It can be described as:
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(6)

where: Ga – shear modulus of an adhesive;   
Ta – thickness of the adhesive;   
σmax – tensile strength / peak bond nor-
mal stress.

Furthermore, CFRP fabric material proper-
ties were originally taken from [34]. However, 
many of the original parameters had to be cali-
brated during verification and validation of the 
numerical model. Table 1 and 2 presents im-
plemented CFRP and steel properties in FEM 
respectively.

The coupled Cohesive Zone Model (CZM) 
was implemented in the commercial FE program 
ABAQUS [35]. Due to the very low thickness of 
the adhesive, its impact has been neglected. The 
cohesive surface was adopted and its constitu-
tive behaviour was defined by the independent 
mode cohesive law. The cohesive behaviour was 
defined by creating traction-separation behaviour 
with coupled and specified stiffness coefficients. 
The damage initiation behaviour was defined 
using quadratic traction criterion. The damage 

Table 1. CFRP properties implemented in FEM
Parameter Quantity Unit

Density 1.83e-9 t/mm3

Elastic modulus of fabric E1 220000 MPa

Elastic modulus of fabric E2 15750 MPa

Longitudinal and transverse Poisson’s ratio 0.3 [-]

Shear modulus G12 8730 MPa

Shear modulus G13 11650 MPa

Shear modulus G23 5615 MPa

Table 2. Steel properties implemented in FEM
Parameter Quantity Unit

Density 7.85e-9 t/mm3

Elastic modulus E 200000 MPa

Longitudinal and transverse Poisson’s ratio 0.3 [-]
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evolution behaviour was defined as energy type 
with exponential softening behaviour. The initial 
stiffness matrix can be described as:

εn =
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The damage properties of cohesive surface 
are presented in Table 3.

The calculations were conducted using static 
general procedure accounting geometrical non-
linearity and automatic stabilization using dis-
sipated energy fraction of 0.0002. The direct 
sparse solver was implemented and for solving 
nonlinear equilibrium equations Newton’s meth-
od was used.

The boundary conditions applied are pre-
sented in Figure 5. On bottom surface the dis-
placements and rotations were all blocked. Simi-
larly, on top surface displacements and rotations 
were blocked except the vertical displacement 
which was set to 1.4 mm upwards in order to 
enforce tension.

For CFRP textile the linear quadrilateral ele-
ments of type S4R and for steel plates the linear 
hexahedral elements of type C3D8R were used. 
The size of FE mesh was set to 0.5 mm and 
consisted of 57600 elements and 69372 nodes. 
The part of mesh distribution is presented  
in Figure 6.

ANALYTICAL APPROACH

The problem presented can be formulated us-
ing the de Bruyne model and the Volkersen model,  
among others.

De Bruyne’s model

One analytical approach for an adhesive DLJ 
is presented in the works [36–39]. This approach 
assumes that:
 • the adhesive and the adherents behave as lin-

early elastic bodies;
 • the bonded elements are subjected to uniform 

tension in all sections;
 • the eccentricity of the load, which causes 

bending of the bonded elements, has no effect 
on the distribution of shear stresses in the ad-
hesive joint;

 • the elastic deformation of the bonded compo-
nents is taken into account.

Table 3. Cohesive surface properties implemented in FEM model
Parameter Quantity Unit

Maximum nominal stress in all directions 30 MPa

Fracture energy 6.5 N/mm

Fig. 5. Applied boundary conditions

Fig. 6. Applied mesh distribution
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This model can be represented by equations 
8–14.
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where: E1, E2, G1, G2, t1, t2 – Young’s modulus, 
Kirchoffs’s modulus and thicknesses of 
adherents;      
Ga, Ta – Young’s modulus and thicknes of 
the adhesive;     
L0 = 2c – overlap length;   
τavg – average shear stress in the adhesive 
layer;       
T – tensile force;   
w – width of adhesive joint.

Modified Volkersen’s model for DLJ

Another approach that can be applied to the pre-
sented problem may be Volkersen’s elastic model 
[39]. This model is commonly used for Single Lap 
Joints (SLJ), despite the fact that it does not account 
for the bending moment caused by load eccentricity 
in SLJ. The authors of [40] presented a modified 

version of Volkersen’s model, which was extended 
for DLJ. This model can be formulated as:
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where: τ – shear stress in the adhesive;   
P – applied load;   
b – joint width;   
L0 – overlap length;   
t1, t2 –adherend’s thicknesses.

Additionally, X = x/L0 with -0.5 ≤ X ≤ 0.5. 
The characteristic shear-lag distance, w, [41] is 
given by:
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where: G – adhesive shear modulus;   
E – adherend elastic modulus;   
ta – adhesive thickness. 

RESULTS

Experimental tests results

The test results for the first and second se-
ries of specimens are summarised in Table 1. The 
mean value of: the maximum load and the corre-
sponding imposed displacement was reported for 
the respective series of specimens. The standard 
deviation was determined for each parameter. Di-
agrams of the force-displacement relationship for 
the test specimens are shown in Figure 7.

The initial slow increase in force due to the 
initial imperfections of the samples can be ob-
served on the graph. Once a displacement of ap-
proximately 1.1 mm is reached, there is a sudden 

Table 4. Adhesive shear strength test results for the first series
No. Sample label Maximum load (kN) Displacement at maximum load (mm)

1 SK1.1 6.806 2.765

2 SK1.2 9.475 2.629

3 SK1.3 8.953 2.740

4 SK1.4 7.600 2.228

5 SK1.5 7.929 2.218

Average 8.153 2.516

Standard deviation 1.06755 0.27230
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increase in force which is a straight line until the 
specimen breaks. The destruction of the joint oc-
curs gradually, with successive fragments of CFRP 
textile breaking off of the steel surface. The maxi-
mum, minimum and average rupture force values 
are 9.475 kN, 6.806 kN and 8.153 kN respectively.

Observation of connection structure damage

Observations of natures of fracture for CFRP-
Steel adhesive connection were conducted. Visual 
inspection was carried out, as well as, the images 
of the samples were taken using a scanning mi-
croscope. Figure 8 shows damaged samples.

Upon visual inspection of the damaged sam-
ples, different types of damage were observed. 
On sample SK1.3 damage was observed at the 
steel/adhesive interface, but only on the part of 
the surface. Some of the fibers were still bonded 
to the surface. However, samples SK1.1, SK1.2 
and SK1.5 represent debonding on whole sur-
face at steel/adhesive interface. Ultimately, 
sample SK1.4 was the only one where CFRP 
delamination was noted among partial debond-
ing at steel/adhesive interface. After the inspec-
tion was finished, sample SK1.1 undergo fur-
ther investigation using scanning microscope. 
The results are presented on Figures 9 and 10.

Fig. 7. Force – displacement diagram for the test series

Fig. 8. Damaged first series samples – shear strength Fig. 9. Damaged SK1.1 sample – steel paddle



117

Advances in Science and Technology Research Journal 2023, 17(4), 110–120

On the other hand Figure 8 presents the sur-
face of the steel sample after debonding. It can 
now be observed that thin layers of adhesive 
remain in some areas. However, the initial ob-
servations can be confirmed. Mainly the failure 
occurred at the steel/adhesive interface, accom-
panied by cohesive failure in the adhesive layer.

Considering presented on Figure 11 zoomed 
surface of debonded CFRP fabric, its state indi-
cates that failure occurred at the steel/adhesive in-
terface. Most of the surface is still covered in the 
adhesive, with only small spots without it. It can 
be once again confirmed, that the failure occurred 
at the steel/adhesive interface, accompanied by 

Fig. 10. Damaged SK1.1 sample – FRP fabric

Fig. 11. Undamaged and damaged CFRP fabric
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cohesive failure in the adhesive layer. It can be 
stated that the nature of failure for presented 
sample is of mixed character. In addition to these 
observations, after analysis of images from the 
scanning microscope, damage of the CFRP fab-
ric fibres was noted. Figure 10 presents magnified 
undamaged and damaged CFRP fabric.

After analysis of nature of fracture for consid-
ered CFRP-Steel adhesive connection, it can be 
noted that the most common failure in all samples 
happened at the steel/adhesive interface. Further-
more, in several small places the cohesive failure 
in the adhesive was observed, as well as, CFRP 
delamination. 

Verification and validation of numerical model

Figure 12 presents the results of numerical 
analysis in comparison to average values obtained 
from laboratory tests for SK1 samples. It can be 

noted that the numerical model reflects well the 
actual samples behaviour obtained during labora-
tory tests in the range from the start of loading 
to the plateau in the force-displacement diagram.

Unfortunately, after reaching the limit point, the 
numerical calculations break down due to the lack 
of convergence of the numerical solution. In addi-
tion, in the range of displacements from 0 to 1 mm, 
a discrepancy between the laboratory and numerical 
test results can also be noticed. This is due to the 
fact that the CFRP fabric start to contributed in bear-
ing capacity when it is in the tensile stress range. In 
laboratory tests, in the initial phase of work, due to 
insufficient stretching of the fabric, zero load capac-
ity of the connection can be noticed. Summing up, 
the proposed numerical model of the adhesive joint 
well describes laboratory tests in the range of ten-
sile stresses until reaching the limit point. However, 
in the scope after passing the limit point, it requires 
further corrections and improvements.

Fig. 12. Force-displacement diagrams

Fig. 13. Shear stresses along the joint’s length
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Stress analysis

Using the analytical models presented, 
as well as the numerical model, it is possible 
to describe the shear stress values along the 
length of the joint (Fig. 13). All graphs were 
presented for maximum tensile force value of 7 
kN. It can be noted that different mesh density 
has no impact on the results from the numeri-
cal model, therefore the conclusion that the nu-
merical model is reliable. Moreover, it aligns 
well with the modified Volkersen’s analytical 
model. Although, it can be observed that de 
Bruyne’s model differ significantly, henceforth 
cannot be used for prediction of presented 
joint’s strength. 

CONCLUSIONS

The article presents an experimental analy-
sis of CFRP fabric to galvanized steel adhe-
sive connection. The original lab study was 
carried out on 5 test specimens. Samples were 
double-lap CFRP-steel adhesive joints sub-
jected to shear forces. Moreover the advanced 
numerical model has been developed, verified 
and validated using laboratory tests results, as 
well as analytical models. Complex nature of 
the connection failure was specified. Failure 
occurred at the steel/adhesive interface, ac-
companied by cohesive failure in the adhesive 
layer, CFRP delamination and rupture of CFRP 
textile fibres.

Additional conclusions based on FEM and 
analytical analyses were drawn. Equation (6) 
is not fully suitable for predicting interfacial 
fracture energy for tested samples. Stiffness of 
the adhesive has no significant impact on pre-
sented force-displacement relation. The initial 
inclination of the force-displacement curve is 
mainly determined by the strength characteris-
tic of the CFRP fabric. For linear-exponential 
Cohesive Zone Model (CZM) the initial slope 
of force-displacement curve tends to be closer 
to straight line in comparison to bilinear CZM. 
Volkersen’s model is suitable to be used for 
prediction of traction for presented joint. De 
Bruyne’s model may provide undervalued re-
sults for presented joint. The presented numer-
ical model of adhesive DLJ has the potential to 
be used for development of strengthened with 
CFRP textiles TWCFS beams.
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