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ARTICLE INFO ABSTRACT

Keywords: Understanding and predicting the behaviour of bonded joints under different loading conditions is certainly an
Double lap shear joint aspect of primary importance. Although numerous experimental studies have been carried out over the last few
Metals

decades, the shear behaviour of bonded joints under cyclic loading has not been investigated in detail. To fill this
gap, an extensive experimental and numerical program of double lap shear bonded joints has been carried out.
The double lap shear joints were tested under static and cyclic loading to evaluate and compare the influence of
external forces on the adhesive performance. The results are discussed in terms of the force-displacement rela-
tionship, shear stress, stiffness, residual displacement, and initial damage. Finally, a method is presented for
predicting the actual behaviour of double lap shear bonded joints under different loading conditions using an
imperfect interface model with damage evolution. The numerical results are in good agreement with the
experimental results for all loading conditions. This work has provided and validated an interesting design tool

Imperfect interface model
Damage evolution

for adhesive structures.

1. Introduction

In recent decades, the use of adhesives for structural joints in me-
chanical and civil engineering has increased, e.g. for co-bonding or
secondary bonding [1]. The most important properties of adhesive
bonds are undoubtedly the absence of holes, which prevents high stress
concentration on the bonded surface, the ease and ability to bond
different materials such as steel, aluminium and fibre reinforced com-
posites, the speed of installation or replacement of damaged structural
elements, the ease of maintenance and the improvement of corrosion
protection [2]. These properties, which are essential in the marine in-
dustry, mean that this type of joint is considered particularly suitable for
the construction of secondary components in aggressive environments,
such as wind turbines in offshore structures [3,4]. In addition, many
steel structures-built decades ago around the world, such as high-rise
buildings, steel monopoles or steel bridges, need to be rehabilitated
and repaired [5].

It is well known that the failure mechanisms of bonded joints can be
influenced by a number of factors, such as loading conditions, me-
chanical properties of the adhesive and adherend, adhesive thickness
and, undoubtedly, the quality of the bond.

Over the years, severe loading conditions can occur on structural
joints consisting of adhesive bonds, causing irreversible deformations
that lead to a reduction in the service life of the structure. The presence
of major causes of degradation, such as vibration, is an aspect that needs
to be investigated. Therefore, a deep and complete understanding of the
behaviour of adhesive bonds is essential and fundamental to fully exploit
their capabilities in various technical fields such as civil and mechanical
engineering.

Since the beginning of the twentieth century, several scientists have
carried out experimental and numerical research on bonded joints. In
1938, Volkersen [6] developed a simple model to study the shear stress
at the interface of single-lap bonds, assuming a pure tension hypothesis
and neglecting bending due to the presence of eccentricity. A few years
later, Goland and Reissner [7], in their analytical work, introduced the
bending behaviour of the adherend, before neglecting it, and proposed a
model based on the stress analysis of the beam. Subsequently,
Hart-Smith L.J [8]. simplified the complicated stress-strain behaviour
using a bilinear or elastoplastic curve, which was an important break-
through and made the model an effective tool for aircraft joint design.

In recent years, Banea and da Silva [9,10] have provided a
comprehensive review of the experimental and numerical behaviour of
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bonded joints in composite materials and have also described the main
causes affecting the performance of bonded joints: surface treatment,
joint configuration, geometrical and material parameters, and failure
mode.

Many experimental studies have also been carried out: da Silva et al.
[11] investigated the effect of adhesive type and thickness on the lap
shear strength of the single-lap joint and concluded that the lap shear
strength increases as the bond line becomes thinner and the adhesive
becomes tougher. Seong et al. [12] experimentally investigated the ef-
fects of various parameters such as bonding pressure, overlap length,
adhesive thickness and material type on the failure load and mode of
carbon composite-aluminium bonded single-lap joints. Reis et al. [13]
compared the tensile shear strength of different adhesives using single
lap joints. They found that the shear strength of the joints was influenced
by the stiffness of the bond and the shear strength of the adhesive. Vallée
et al. [14] investigated the influence of stress reduction methods on the
strength of bonded double lap shear joints made from brittle adhesives.
Their experimental tests showed that the increase in strength from these
stress-reduction methods was negligible. Li et al. [15] experimentally
investigated the tensile performance and the influence of various lap
parameters on the bond strength and failure mode of bonded CFRP
joints. The experimental tests showed that the lap shear strength for the
brittle adhesive studied was not directly proportional to the overlap
length, adhesive thickness, width of the bonded area and the scarf angle.

Other researchers have focused their studies on the fatigue behaviour
of bonded joints. Kim et al. [16] experimentally investigated the static
and fatigue behaviour of lap joints for composite structures and evalu-
ated the bond strength and residual strength. Then, Jen et al. [17,18]
analysed the effects of overlap length and adhesive thickness on the
fatigue strength of lap joints using experimental tests. It was found that
the fatigue strength decreased as the overlap length increased. In addi-
tion, the fatigue performance of adhesive single-lap joints made of thick
composite materials [19] or carbon nanostructured joints [20] has also
been investigated. The experimental and numerical studies by Ayatollah
[21,22] on the fatigue behaviour of adhesive bonded flat and non-flat
lap joints showed that non-flat lap joints tolerate higher static loads
and exhibit higher fatigue life due to dominant fatigue crack propaga-
tion. Subsequently, Pereria [23] carried out experimental fatigue tests
on single lap joints made by bonding steel plates with Araldite 420. The
results emphasised that the fatigue life is slightly dependent on the strain
rate.

Other experimental studies have shown that adhesive thickness [24]
and the addition of nanoparticles to the adhesive [25] significantly
affect the fatigue performance [26] of bonded joints. The effect of ad-
hesive thickness on fatigue crack growth has also been investigated
experimentally and numerically by Pascoe [27]. He concluded that the
energy required per unit of crack growth does not depend on the ad-
hesive thickness, but only on the energy available for crack growth. Low
cycle fatigue tests [28] have been carried out on the adhesive bonded
hollow cylindrical butt joints in stress controlled mode and the effects of
stress amplitude and loading frequency on the fatigue life of the speci-
mens have been analysed.

In the field of numerical models capable of accounting for the pres-
ence of some imperfections in the adhesive layers, the use of model
updating in the adhesive region has also been investigated [29-31].
Jahani and Nobari [29] determined the mechanical properties of the
adhesive (Young’s modulus and shear modulus) using the modal-based
direct model updating method and experimental modal data. The results
showed that the thickness and length of the adhesive joint affect these
properties. The effect of defects on the equivalent identified Young’s
modulus and shear modulus of structural bonded joints was investigated
by Meshki et al. [30]. A year later, Pazand and Nobari [31] investigated
the effect of damage in both linear and nonlinear regions of the adhesive
behaviour using the inverse eigen sensitivity identification procedure.
The results indicated that debonding damage has a decreasing effect on
adhesive damping in both linear and nonlinear regions, and that the
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Fig. 1. CT scan image of a SikaDur adhesive joint. The scanning step used an X-
ray source with a voxel size of 30 pm, a voltage of 150 kV and a current of 18
pA. The image resolution is 1920 x 1536 pixels. The instrument used is an
EasyTom XL Ultra 150/160 (pCT) from RX Solution.

reduction becomes more pronounced as the percentage of damage in-
creases. Although the study of bonded joints from both numerical and
experimental points of view is widespread, there is a lack of method-
ology capable of combining these two aspects and providing a useful
tool for analysing the behaviour of bonded joints subjected to
non-monotonic loading conditions and capable of simulating different
types of damage evolution.

In this context, in a first paper [4], the authors successfully demon-
strated the possibility of describing the evolution of the mechanical
properties of bonded joints under monotonic and non-monotonic
loading in Mode I, using an imperfect interface model with evolving
damage. This model was identified using elementary tensile tests and
validated on a complex bonded GRP beam structure.

In the present work, the difference between Mode I and Mode II
damage evolution was assumed and the need to increase the knowledge
of Mode II was presented as a point of perspective.

The authors propose to identify their own imperfect interface model
with Mode II damage evolution for monotonic and non-monotonic
loading. To achieve this goal, an extensive experimental charactier on
bonded double lap shear joints has been carried out. The effects of
different loading conditions on the performance of bonded joints have
been studied. Different loading regimes have been applied: monotonic
and cyclic to obtain different types of damage evolution. The experi-
mental results show that the presence of cyclic loading affects the pro-
gressive evolution of damage in adhesive joints. In order to reproduce
the experimental results, the predictive imperfect interface model has
been considered. This model has been derived by an asymptotic
approach applied to a composite structure consisting of two elastic solids
bonded by a third thin one, characterised by a non-linear behaviour. The
adhesive layer is considered to be microcracked by adopting Kachanov-
type assumptions [32-35]. This imperfect interface model can take into
account several adhesive parameters such as thickness, porosity, pres-
ence of initial damage and its evolution. The experimental tests allowed
to identify the main mechanical parameters of the theoretical formula-
tions, including the adhesive stiffness and the initial damage. Finally,
the model was implemented in a finite element software and its per-
formance was demonstrated by reproducing the experimental results
with good agreement.
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Table 1
Mechanical properties of epoxy adhesive (SikaDur-30 [36]).
Test Standards Value
Young’s Modulus in ASTM D 695 9.6 GPa
compression, E¢
Young’s Modulus in tension, 1SO 527 11.2 GPa
Er
Compressive Strength, o¢ EN 196 70-80 MPa (at 15 °C) and 85-95
MPa (at 35 °C)
Tensile Strength, oy DIN EN ISO 24-27 MPa (at 15 °C) and 26-31
527-3 MPa (at 35 °C)
Shear Strength, 7 FIP 5.15 14-17 MPa (at 15 °C) and 16-19

MPa (at 35 °C)

Table 2
Mechanical properties of steel.
Value
Tensile Yield Strength, og 235 MPa
Young’s Modulus, Eg 210 GPa
Poisson’s ratio, vg 0.3

2. Experimental program

2.1. Adhesive and substrate

The epoxy resin-based adhesive used in this study was Sikadur-30

manufactured by Sika [36]. This

adhesive is a thixotropic
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two-component structural adhesive consisting of an epoxy resin and
special fillers, as shown in Fig. 1, and is designed for bonding at tem-
peratures between 8 °C and 35 °C.

Curing takes place within 7 days at room temperature. After this
time, the bulk adhesive achieves the following mechanical properties as
specified by the manufacturer [36] and listed in Table 1.

Bonded joints were made using S235 steel plates with different
geometric dimensions, the mechanical properties of which are given in
Table 2.

2.2. Experimental set-up

An extensive experimental program on double lap shear adhesive
joints has been carried out at the Laboratory of Mechanics and Acoustics
(LMA) in Marseille, France. A total of 38 double lap shear bonded joints
were designed and tested under static and cyclic loading.

The geometric configuration of the lap specimens was selected based
on ASTM D3528-96 [37]. The dimensions of the specimens conform to
Type B of the standards as shown in Fig. 2.

The specimens consist of four steel plates, two of 112 x 26 x 4 mm
and two of 50 x 26 x 2 mm respectively, bonded together by adhesive
layers with an overlap of 20 mm. Two sets of specimens were prepared
with different adhesive thicknesses: 2 and 4 mm.

It is important to underline that the choice of these thicknesses is
based on the feasibility on site by specialised workers, especially for the
connection of secondary structures in offshore wind turbines. In fact,
thin and uniform adhesive thicknesses are easy to obtain in specialised
laboratories, otherwise it becomes difficult to produce them on site.

=2 and 4 mm] ////////////////.////////////// St 2imm pheimn
[
[
26 mm
o L o o L —o
e—— 5S0mm-—+e@
e 112 mm ) [ 112 mm e

194 + 2L mm

Fig. 2. Shape and dimensions of the Type B sample (ASTM D 3528-96).

Fig. 3. Ad hoc device made of aluminium for making double lap shear bonded joints.


astm:D3528
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Fig. 4. Double lap shear adhesive specimens.

An aluminium fixture, shown in Fig. 3, was designed and built to
control and apply the glue thickness and to guarantee coplanarity be-
tween the steel sheets.

The following procedure was used to prepare the samples. First, the
small steel plate of 50 mm in length is positioned in the centre of the
aluminium fixture. Then the adhesive is applied to it and the two 112
mm long steel plates are added and placed in the appropriate positions.
Once the adhesive has cured, the first half of the sample can be removed.
Another plate is then placed in the corresponding area of the fixture and
the bonding process is repeated with the previous half-part inverted.

International Journal of Adhesion and Adhesives 124 (2023) 103394

The samples shown in Fig. 4 were polymerised at room temperature
for 7 day before testing. To ensure perfect adhesion, the steel surfaces
were thoroughly cleaned with acetone.

As shown in Fig. 5(a-d), the experimental tests were carried out
using an MTS 322 test frame servo-hydraulic testing machine with a load
capacity of 100 kN. The specimens, fixed at their ends, were tested up to
failure at a rate of 0.5 mm/min using a suitable multi-step displacement
control.

A 2D DIC system (Aramis) was installed to evaluate the displacement
and strain fields of the adhesive interfaces. During the experimental
tests, the corresponding displacement and strain measurements of the
adhesive thicknesses are continuously acquired by processing in-situ
images taken by a 2D DIC system from one side. A camera monitored
the adhesive layers of the specimen during the loading process.

The strain fields are measured using an optical extensometer tech-
nique. Images of the speckle pattern are taken at regular intervals during
the test using a PCO. edgesCMOS camera with a 5.5 megapixel sensor.
The frame rate was set to 3 frames per second (fps) for the uniaxial
tensile test.

The acquired speckle pattern images were then analysed using the
GOM ARAMIS 6.5 Direct Image Correlation (DIC) software by selecting
two points on the coupon surface and using the differential displacement
between them to estimate the deformation of the sample. When pro-
cessing these images, the subset size was set to 15 x 15 pixels.

2.3. Static and non-monotonic tests

Specifically, the double lap shear joint test program included three
loading regimes: monotonic and two types of cyclic loading. A total of 27

d)

Fig. 5. Double lap shear tests for different adhesive thicknesses: a-b) 4 mm and c-d) 2 mm.
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Fig. 6. Force versus time curve for double lap shear joints under the first path
of cyclic loading condition.
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Fig. 7. Force versus time curve for double lap shear joints under the second
path of cyclic loading condition.

specimens were subjected to monotonically increasing quasi-static
loading to failure for two adhesive thicknesses of 2 and 4 mm, per-
formed under displacement control. Once the failure load values for
each specimen type had been determined from the monotonic tests, a
total of 11 cyclic tests were performed. Two different load paths were
adopted in the experimental program. The first load path is charac-
terised by a 1 kN increase in the maximum value of the force reached in
each cycle until failure, as shown in Fig. 6. In the second loading path,
summarised in Fig. 7, three series of three cycles of loading and
unloading were carried out, starting from 15% of the average failure
load to 30%, from 30% to 50% and from 50% to 70%. After 70%, the
load changes monotonically until failure.

The two path loads chosen were chosen to evaluate the influence of
the loading conditions on the bond behaviour. In fact, during the life of
the structure, the bonded joints could be subjected to different loading
conditions. For example, a seismic event may occur that is characterised
by actions of different magnitudes (a small number of cycles of different
intensities [38]). The chosen path loads allow to assess the variation of
damage at different levels of loading.

3. Experimental results

This section presents and discusses the experimental results of the
double lap shear joints under different loading conditions. Numerous

International Journal of Adhesion and Adhesives 124 (2023) 103394

Table 3
Static response of double lap joints with an adhesive thickness of 4 mm.
ID# Fy Tav By K Ta G
[kN] [MPa] [mm] [kN/mm] [MPa] [GPa]
M4#1 9.98 9.59 0.140 72.08 - -
M4#2 13.53 13.01 0.192 71.52 - -
M4#3 11.48 11.04 0.162 68.09 - -
M4a#4 10.09 9.71 0.134 75.87 22.02 6.36
M4#5 12.48 12.00 0.177 70.86 19.08 7.32
M4#6 9.29 8.94 0.129 72.54 22.03 3.81
M4a#7 9.89 9.51 0.144 69.76 - -
M4#8 8.61 8.28 0.118 74.42 10.66 5.30
M4#9 11.81 11.35 0.158 73.41 16.40 3.90
M4#10 8.64 8.31 0.119 74.66 10.54 2.67
M4#11 8.99 8.64 0.115 76.99 10.01 3.96
M4#12 9.09 8.74 0.122 76.13 10.94 5.15
M4#13 10.24 9.84 0.149 69.30 12.28 4.73
Average 10.32 9.92 0.143 72.74 14.88 4.80
dev.st 1.49 1.43 0.023 2.69 4.77 1.34
Table 4
Static response of double lap joints with an adhesive thickness of 2 mm.
ID# Fy Tay Sy K Trmax G
[kN] [MPa] [mm] [kN/mm] [MPa] [GPa]
M2#1 9.90 9.52 0.119 84.30 19.00 6.35
M2#2 11.22 10.79 0.138 81.85 17.68 6.16
M2#3 9.29 8.93 0.116 81.72 - -
M2#4 13.41 12.90 0.170 79.70 25.86 4.44
M2#5 10.50 10.09 0.135 79.28 17.11 5.48
M2#6 14.44 13.89 0.197 73.59 - -
M2#7 14.22 13.67 0.193 73.81 23.67 3.66
M2#8 10.89 10.47 0.144 77.44 - -
M2#9 11.58 11.14 0.155 76.07 - -
M2#10 9.22 8.74 0.122 78.18 19.41 6.13
M2#11 10.81 10.40 0.138 78.59 18.06 5.40
M2#12 15.24 14.66 0.208 74.42 19.87 4.93
M2#13 10.85 10.43 0.151 72.95 - -
M2#14 11.26 10.83 0.153 73.96 17.17 5.43
Average 11.63 11.18 0.153 77.56 19.76 5.35
dev.st 1.86 1.80 0.028 3.45 2.87 0.85

tests under monotonic conditions were carried out to evaluate the me-
chanical properties of the bonded joints for the two thicknesses.

The experimental results for the static tensile tests are summarised in
Tables 3 and 4. In the following tables, each test is identified by the label
“Xy#m", where X indicates the type of action applied (M = monotonic,
CF = first cyclic load path, CS = second cyclic load path), y is the ad-
hesive thickness in mm and m is the progressive test number.

The other symbols have the following meaning: F, indicates the ul-
timate experimental force achieved, 7,, the average shear stress along
each adhesive layer, calculated by dividing the ultimate force by two
times the bond area, §, the displacement corresponding to the ultimate
load, K the stiffness of the joint evaluated from the slope the of the
experimental curve, 7, the ultimate shear stress achieved along the ad-
hesive layer and G the adhesive shear modulus.

More specifically, the stiffness K was evaluated by linear interpola-
tion of the experimental force-displacement curve. The ultimate adhe-
sive shear stress 7, and the shear modulus G were quantified from the

displacement field recorded by the measurement system.

In fact, the use of displacement field data allows a more precise
evaluation of the aforementioned quantities, as they are less affected by
the choice of the mesh size of the adhesive layer in the extrapolation
data process. From the displacement field, is possible to evaluate the
shear deformation, 7, by dividing the difference in the displacement of
two points, Au, for the respective distance, h, as shown in Eq. (1). It is
well known that the shear stress 7 is obtained by multiplying the shear
deformation by the adhesive shear modulus G which is an unknown at
the beginning. According to the formula in Eq. (2), the average value of
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Fig. 9. Detailed view of the failed adhesive region of the test M4#12.
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Fig. 10. Force-displacement curve for double lap shear bonded joints: a) M4; b) M2.

the shear stress T, along the adhesive layer can be calculated by setting
the value of G, where n is the total number of elements into which the
adhesive layer is divided (with i = 1,2 ...,n).

The exact value of G is obtained when the mean value of shear stress
7m, evaluated from the displacement field (Egs. (1) and (2)), is equal to
the mean shear stress, 7y, evaluated by dividing the total external force,
F, by the total adhesive surface S (Eq. (3)).

_w—up  Au

r=—yp 7 (@]

Tm:%;‘[i:g;}’[ 2

F
Gotn=my 3)

Fig. 8 shows an example of the shear strain field obtained by direct
image correlation for the double lap shear bond labelled M4#12 at a
high force level of 8.01 kN. As can be seen in Fig. 8, each adhesive layer
is characterised by positive values of shear strain y represented in red or
negative values in blue, thus highlighting the absence of bending during
the application of the external load.

Indeed, some small presence of positive shear strains in the blue
region and vice versa can be seen in Fig. 8, due to the presence of small
imperfections in the adhesive surface that make the surface not perfectly
smooth.

The detailed view of the failed region of test M4#12 is shown in
Fig. 9.

Finally, force vs displacement curves for tests M4 and M2 are shown
in Fig. 10.

The results of the monotonic tests showed a substantially equal slope
of the load-displacement curves to failure. For specimen M4#4, the
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Table 5
Mechanical response of specimen CF4 in terms of residual displacement, stiffness and percentage of ultimate displacement for each cycle (adhesive thickness equal to 4
mm).
Test cycle 1 2 3 4 5 6 7 8 9 10
details
CF4#1 F (kN) 1.02 2.01 3.00 3.99 5.06 6.01 6.99 8.06 9.01 9.35
w (um) 1.25 1.54 1.77 3.31 3.62 4.33 3.27 8.05 8.44 -
Ka (KN/mm) 84.40 76.72 77.08 77.68 77.99 77.68 77.89 78.19 77.78 77.44
Kp (kN/mm) 85.94 78.98 78.29 79.14 78.47 78.61 78.62 78.30 77.83 -
%w 0.99 1.23 1.41 2.63 2.87 3.44 2.60 6.39 6.70 -
CF4#2 F (kN) 0.97 1.99 3.02 4.01 5.05 5.99 7.02 8.00 7.29
w (pm) 2.46 3.26 1.48 3.22 3.15 1.28 3.49 4.16 - -
Ka (KN/mm) 79.67 85.52 81.05 81.67 81.30 80.95 80.31 79.86 79.32 -
Kp (KN/mm) 66.44 84.65 83.29 82.29 81.25 80.75 80.78 80.06 79.59 -
%w 2.55 3.16 1.43 3.12 3.06 1.25 3.38 4.03 - -
CF4#3 F (kN) 1.10 1.90 3.06 4.11 5.05 5.95 7.02 8.02 8.90 9.88
w (um) 0.18 1.96 0.53 0.55 0.32 2.38 3.89 211 7.67 -
Ka (KN/mm) 74.06 81.84 84.2 82.99 82.82 82.59 80.98 80.85 80.60 79.78
Kp (kN/mm) 79.56 82.37 83.62 83.34 83.12 82.65 81.38 80.78 80.38 -
%w 0.14 1.54 0.42 0.43 0.25 1.87 3.06 1.65 6.03 -
Table 6
Mechanical response of specimen CF2 in terms of residual displacement, stiffness and percentage of ultimate displacement for each cycle (adhesive thickness equal to 2
mm).
Test cycle 1 2 3 4 5 6 7 8 9 10 11 12 13
details
CF2#1 F (kN) 1.13 1.99 2.97 3.92 4.94 5.90 7.07 7.96 8.99 9.97 10.94 9.82 -
w (pm) 2.61 1.39 3.24 3.80 4.40 4.48 6.78 8.26 8.35 9.49 10.06 - -
Ka (KN/mm) 70.86 75.41 78.87 77.65 76.89 77.46 76.97 77.01 76.97 76.84 76.47 76.31 -
Kp (KN/mm) 79.88 78.11 76.09 77.19 77.76 77.74 77.62 77.65 77.10 77.01 76.78 - -
%w 1.86 0.99 231 2.71 3.14 3.19 4.84 5.89 5.95 6.76 7.17 - -
CF2#2 F (kN) 1.03 2.04 2.93 3.94 5.02 6.01 7.03 7.98 9.03 10.01 11.00 12.02 10.61
w (pm) 0.00 1.21 1.25 2.43 1.55 1.62 2.92 3.79 2.21 4.83 8.69 7.21 -
Ka (KN/mm) 84.55 87.59 90.34 87.64 87.78 87.12 86.93 87.03 85.47 85.75 85.41 85.5 84.90
Kp (kKN/mm) 85.16 89.06 86.36 90.02 87.84 88.20 87.44 86.93 86.37 85.99 85.77 85.14 -
%w 0.00 0.93 0.96 1.86 1.18 1.24 2.24 2.90 1.69 3.70 6.64 5.52 -
Table 7
Mechanical response of specimen CS4 in terms of residual displacement, stiffness and percentage of ultimate displacement for each cycle (adhesive thickness equal to 4
mm).
Test cycle 15-30% 30-50% 50-70%
details 1 2 3 1 2 3 1 2 3
CS4#1 F; (kN) 2.96 3.03 3.01 4.81 5.02 5.00 7.16 7.20 7.04
Fo (kN) 1.54 1.48 1.54 2.97 3.01 3.03 4.93 4.99 5.08
w (pm) 1.49 0.69 0.64 0.47 2.76 1.97 3.61 3.65 1.59
K, (kN/mm) 78.67 87.14 79.00 80.08 82.05 82.27 78.23 79.23 78.95
Kp (KN/mm) 83.84 82.59 82.04 81.59 82.81 81.51 80.75 80.46 77.96
Y%w 1.24 0.58 0.53 0.39 2.29 1.63 2.99 3.28 1.32
CS4#2 F; (kN) 2.90 2.95 3.07 4.92 4.99 5.04 7.00 7.01 7.04
Fo (kN) 1.65 1.50 1.43 2.85 3.00 2.92 5.00 5.06 4.92
w (pm) 3.08 2.76 3.25 3.08 5.27 4.72 6.11 6.97 5.65
K, (KN/mm) 80.36 78.11 81.30 81.16 86.16 82.16 79.76 78.48 80.64
Kp (kN/mm) 83.48 82.84 83.58 81.29 83.97 82.59 82.15 82.52 80.11
%w 217 1.94 2.29 2.38 3.71 3.32 4.31 4.91 3.98

maximum debonding load value of 13.53 kN was recorded, slightly
higher than that recorded for the other specimens characterised by a
thickness of 4 mm and an average ultimate load value of 10.32 kN. The
average ultimate displacement for specimen M4 is 0.143 mm. The M2
specimens, characterised by an adhesive thickness of 2 mm, have a
higher average ultimate load of 11.63 kN and a global stiffness of 77.41
kN/mm. The debonding displacement reaches a mean value of about
0.153 mm. For the adhesive shear modulus, a mean value of 5076 MPa
was obtained for all samples. In addition, the average maximum shear
stress of the adhesive layer obtained is equal to 14.88 MPa for specimens

with an adhesive thickness of 4 mm, while it is equal to 19.76 MPa for
specimens with an adhesive thickness of 2 mm, confirming once again
the greater resistance capacity of the specimens with a smaller adhesive
thickness.

On the other hand, the main experimental results relating to cyclic
tests are given in Tables 5-8. In these tables, the values of the experi-
mental tests are summarised in terms of axial force, denoted by F, where
the subscripts 0 and 1 represent the initial and final points of the load/
unload curve; w represents the irreversible elongation of the adhesive
and %w is the percentage of the residual displacement evaluated with
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Table 8
Mechanical response of specimen CS2 in terms of residual displacement, stiffness and percentage of ultimate displacement for each cycle (adhesive thickness equal to 2
mm).
Test cycle 15-30% 30-50% 50-70%
details 1 2 3 1 2 3 1 2 3
CS2#1 F; (kN) 3.03 3.06 2.94 5.05 5.00 4.99 7.02 6.95 6.99
Fo (kN) 1.49 1.49 1.54 2.99 2.98 2.98 5.00 4.88 4.97
w (pm) 2.27 1.85 3.03 3.99 1.65 3.47 5.18 6.02 7.46
K, (kN/mm) 82.73 83.67 79.18 83.38 82.89 83.77 83.32 82.89 89.76
Kp (KN/mm) 86.39 84.32 87.86 86.29 81.38 85.17 85.48 86.29 87.94
%w 1.01 0.82 1.35 1.78 0.73 1.54 2.30 2.68 3.31
CS2#2 F; (kN) 3.03 2.84 3.10 5.04 5.02 5.10 6.87 6.99 6.91
Fo (kN) 1.54 1.40 1.43 2.99 2.98 5.03 5.06 4.96 5.08
w (um) 0.00 0.62 0.41 2.57 2.41 2.12 2.89 1.96 4.46
K, (kN/mm) 83.78 76.91 86.32 83.15 87.64 86.50 81.27 81.19 80.53
K}, (KN/mm) 79.40 84.97 83.48 85.91 84.86 84.04 83.34 81.68 83.80
%w 0.00 0.60 0.39 2.48 2.33 2.05 2.79 1.89 4.30
CS2#3 F; (kN) 3.14 3.00 2.97 4.93 5.08 4.90 7.00 7.06 7.00
Fo (kN) 1.54 1.39 1.55 3.02 2.95 2.99 4.96 5.01 4.96
w (pm) 0.14 0.00 0.83 0.00 2.80 2.17 2.86 5.09 4.06
K, (kN/mm) 81.65 81.45 80.68 82.27 84.96 86.54 82.73 82.87 88.27
K;, (KN/mm) 84.38 82.09 85.95 81.76 86.46 85.08 83.91 86.21 84.66
%w 0.12 0.00 0.73 0.00 2.45 1.89 2.50 4.44 3.55
CS2#4 F; (kN) 3.08 3.00 3.04 4.97 5.03 5.05 7.09 6.98 5.04
Fo (kN) 1.54 1.56 1.43 3.06 2.88 2.94 5.02 4.99 5.04
w (pm) 1.09 0.92 2.09 3.83 5.52 4.46 5.85 4.06 7.99
K, (kN/mm) 82.11 82.35 80.37 83.41 84.92 84.01 82.96 81.19 84.59
Kp (kN/mm) 85.02 84.57 86.94 87.18 89.46 87.54 86.29 83.57 87.42
%w 0.63 0.53 1.22 2.23 3.21 2.70 3.38 2.36 4.64

Force, F (kN)
19/

0.04 0.06

0.08 0.1 0.12 0.14

Displacement, 8 (mm)

Fig. 11. Force-displacement curve for double lap shear adhesive joints CF4.

respect to the displacement corresponding to the debonding load.

The value of the stiffness K has been evaluated for both the ascending
branch K, and the descending branch K, thanks to the linear interpo-
lation of load/unload curves.

The experimental load-displacement curve results for the cyclic tests
(first path load) CF4 and CF2 are shown in Figs. 11-12, respectively.

The experimental observations show a slight decrease in stiffness
after the first cycles due to an increase in damage to the adhesive
components.

For the cyclic tests CF4 and CF2, the residual displacement increases

with each cycle, resulting in a significant value with respect to the final
displacement already from the 4-5° cycle. The maximum residual
displacement, w, reached for specimens CF4 is equal to 0.0106 mm
while for the CF2 it is equal to 0.0869 mm. In both cases, the tests ended
with similar failure loads of monotonic cases.

The experimental load-displacement relationships related to tests
CS4 and CS2 under the second path load of cyclic actions are shown in
Figs. 13-14, respectively.

The experimental evidence for tests CS2 and CS4 shows that the
residual displacement w is negligible for the cycles between 15% and
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0 0.02 0.04 0.06

0.08 0.1 0.12 0.14 0.16

Displacement, 8 (mm)

Fig. 12. Force-displacement curve for double lap shear adhesive joints CF2.
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Fig. 13. Force-displacement curve for double lap shear adhesive joints CS4.

30% of the average ultimate load equal to 10 kN. It is important to note
that the residual displacements are calculated as the difference between
the displacements before and after the loading and unloading paths and
represent the damage to the adhesive interface.

The residual displacement becomes large when cycles with higher
load levels (range 50-70% of the reference load) have been applied,
ranging between 0.00296 mm and 0.00697 mm, and the corresponding
percentage of final displacement reaches a value between 3 and 5%.

After the final loading and unloading cycles, the tests were termi-
nated with a monotonic load path. During this step, the bond behaviour
was very similar to that observed during the monotonic tests,

undoubtedly due to the low series and number of load cycles applied.

Finally, the results show that the mechanical properties of the double
lap shear bond are influenced by the adhesive thickness in terms of
strength and stiffness. Failure occurs after the initiation of a crack and its
instantaneous propagation, which involves the separation of the bonded
metallic elements.

Figs. 15-16 show the images taken by the camera at failure for the
cyclic specimens for both thicknesses; 4 and 2 mm.

Figs. 17-18 show the images taken by the camera at failure for the
second path cyclic loading specimens for both thicknesses, 4 and 2 mm.
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Fig. 14. Force-displacement curve for double lap shear adhesive joints CS2.

Fig. 15. Detailed view of the failed adhesive area, test CF4#3: a) absence of cracks before failure; b-c) presence of cracks at failure.

4. Numerical modelling using an imperfect interface model

An imperfect interface model proposed by the authors is presented in
this section. The model has been formulated by combining the homog-
enisation technique and the asymptotic approach within the framework
of small perturbations [39-43]. Unilateral contact conditions and
damage evolution of the adhesive interface characterise the proposed
predictive model. According to the approach introduced in Refs. [44,
45], the thin adhesive interphase located between the two adherents is
considered as a microcracked material that is subject to a degradation
process that evolves during the loading process. The degradation process
is guaranteed by the presence of a real microstructure of the adhesive
that takes into account several families of microcracks with randomly
distributed lengths and orientations. According to the homogenisation
technique of the Kachanov type [32-35], based on the Eshelby problem,

10

an idealised microcracked adhesive layer can be obtained. This leads to
considering the adhesive interphase of thickness, named ¢, between the
two adherents as a homogenised material.

Within this non-interactive approximation framework [33], an
equivalent length of the microcrack family, called [, represents the
family of microcracks with parallel orientation to the bond plate and is
retained as representative of the macroscale behaviour of the adhesive.
For this reason, the effective mechanical properties are a function of the
microcrack density, p, which is strictly related to the crack length, , and
the volume, V, as reported in Eq. (4) [42].

l3
=y ()]

The crack density, p, can evolve over time and thus represents a real
damage parameter. For this reason, an evolution law can be formulated



M. Lamberti et al.

International Journal of Adhesion and Adhesives 124 (2023) 103394

(a)

()

Fig. 17. Detailed view of the failed adhesive area, test CS4#1: a) absence of cracks before failure; b-c) presence of cracks at failure.

for the parameter L.

In fact, the time evolution of [ can be associated with a pseudo-
potential dissipation ¢ given by the sum of the rate-dependent and
rate-independent terms (a positive homogeneous function), as shown in
Eq. (5), where 7, is a positive viscosity parameter function of the adhesive
layer thickness and Iy denotes the indicator function of a set B, i.e. Iy =0
if x € B and Iz = oo otherwise.

ol =31 + Tl ®)
Furthermore, the term I, forces the crack length to assume non-
negative values, so the crack length can only increase, making the
degradation process of the adhesive irreversible. In order to impose
unilateral contact (non-penetration condition) in the asymptotic
expansion, the adhesive is considered as a soft material, following the
Kachanov-type material, only in tension. The layer between the inter-
phase and the adherents is considered perfect to ensure continuity in the

11

interface separation and the stress vector. The interphase volume of the
adhesive is replaced by an interface S of normal unit n using a suitable
asymptotic expansion. After some manipulations, the following equa-
tions for the surface S can be obtained:

on=K(l)[u], +nonS (6)

7lu].n=0,7 <0,[ul.n>00nS (V2

i = (a - %K‘l(l) [u]+.[u]+) onS ®)
+

In Egs. (6)-(8), the symbol [u] denotes the jump in the displacement
field across the interface S and o the Cauchy stress tensor. Furthermore,
the symbol () ; denotes the partial derivate in , (), which is the positive
part of a function, i.e. [u], = [u] if [u].n > 0, [u], = [u] — [u].nif [u].n <O0.
The parameter 7 is the limit of 5e for e—0 as well as @ the limit of we.
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Fig. 18. Detailed view of the failed adhesive area, test CS2#2: a) absence of cracks before failure; b-c) presence of cracks at failure.
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Fig. 19. Interface constitutive law for normal and

stress components.

tangential

Further information on the procedure used can be found in Ref. [39] as
well as for the damage theories in Refs. [3,4,44].

As can be understood, Egs. (6)-(8) describe an interface constitutive
law as shown in Fig. 19. The law undoubtedly describes a spring-like
interface model with non-linear damage evolution. As mentioned
above, Eq. (8) represents the evolution of the parameter [ by a simple
derivation of a quadratic pseudo-dissipation potential, where the coef-
ficient o is a negative parameter such as Dupré energy. Furthermore, the
damage process only starts when the elastic work is greater than a given
value o which is a function of the thickness of the adhesive. The inter-
face stiffness tensor K can store the initial characteristics of the inter-
phase such as geometry and mechanical properties. The homogenisation
technique and the asymptotic approach lead to the following expression
of the tangential and normal stiffness (Mode I and II) for an adhesive
interface:

3ENS

KN(Z):16I3(1 —)

(9a)

12

3ErS(2 )

Kr() 3281 —0?)

(9b)

where Er is Young’s modulus of the adhesive and v its Poisson ratio.
The power of this model is that it describes the behaviour of the
adhesive through an interface model where the stiffness of the adhesive
can change as a function of the variable damage.
To facilitate the understanding of the imperfect interface model, a
conceptual diagram is provided in Fig. 20.

4.1. Validation of the theoretical model

The imperfect interface described in section 3 has been implemented
in the commercial finite element software COMSOL Multiphysics [47].
To verify its accuracy and robustness, several simulations were per-
formed and compared with the experimental results of double lap shear
bonded joints subjected to different loading conditions.

The steel plates were modelled as an isotropic linear elastic material
whose properties are given in Table 2. The adhesive layers, on the other
hand, are replaced by a thin interface equation whose mechanical
properties are given in Tables 3 and 4

Due to the presence of a plane of symmetry y-z, only a central part of
the specimen was modelled with appropriate boundary conditions, thus
optimising the analysis time. The specimen was fixed at the end of the
steel plate, reproducing the experimental test conditions, and the load
was applied on the opposite side.

After a mesh sensitivity study on the global behaviour of the spec-
imen under tensile loading, a number of 12,273 3D tetrahedral elements
were selected as shown in Fig. 21. In addition, the mesh details are given
in Table 9 within the convergence test results (the chosen control
parameter was the force, F, evaluated at the failure displacement for the
case M4#1).

The description of the Mode II damage parameters and, in particular,
the evaluation of the crack length taking into account the presence of
diffuse cracks is summarised in Table 9. In particular, the damage length
lo has been evaluated using Eq. (9b). More specifically, by solving Eq.
(9a) as a function of L, it is possible to obtain Eq. (10). In this case, the
slope of the experimental curve Kr is considered to determine the initial
crack length Iy,
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Two substrates are bonded together using an
adhesive layer.

S

\

S

|

The adhesive layer (interphase) is considered
to be a microcracked material.

The material is modelled as a
Kachanov material and a stress based
homogenisation approach is used.

In this approach, the interphase (a volume)
is replaced by an interface (a law), which is
its mathematical representation using
asymptotic theory.

The crack family (length and direction) is
considered as a single crack with a total length
called

Micromechanical
homogenization
Stress-based approach

diffuse cracks

- /

experimental tests.

The initial damage parameters are evaluated by

Fig. 20. Conceptual diagrams of the imperfect interface model [46].

3ErS(2 — v)
(32K,(1 —)

lo (10)

)_%

It is important to note that the diffuse cracks present in the original
adhesive layer can be considered as a single large crack of length L. The
value of [y reported in Table 10 underlines how the presence of initial
cracks is a function of the volume of adhesive material. The model pa-
rameters 77 and ® have been calibrated from experimental data from
static tensile tests on adhesive bonded assemblies and are reported in
Table 10. It is important to underline that the identification process of
the two model parameters has been obtained by comparing the global

13

behaviour of the simulated tests with the experimental ones. In fact, the
parameter 7 influences the shape of the interface law while the param-
eter o is representative of the area under the curve ot -ur. It is worth
noting that the model parameters control the post-peak behaviour after
the elastic limit and the energy threshold above which damage is initi-
ated, respectively.

Once the damage parameters have been defined, the spring equa-
tions (see Egs. (6) and (7)) can be applied in the FEM model between two
metal elements representing the adhesive layers.

Numerical results were obtained by applying the load in force control
according to the load paths described in section 2.2. The comparison
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Fig. 21. Mesh detail of double lap shear adhesive joint.

Table 9
Mesh detail.

Number of elements Experimental result Fu [KN] FEM result Fu [KN]

535 9.976 9.987
2098 9.980
2793 9.978
4933 9.977
12273 9.976
Table 10
Damage parameters in the function of adhesive thickness.
Thickness t, (mm) Initial damage length 1y (mm) 7 @
2 14.87 5.0e* 5.6e*
4 15.18 1.8¢% 6e*

between experimental and numerical data is shown in the following
figures: Fig. 22 shows the calculated and the corresponding experi-
mentally measured force-displacement relationship curves for the
CF4#3 double lap adhesive bond with an adhesive thickness of 4 mm
under cyclic first-path loading; Fig. 23 shows the calculated and the
corresponding experimentally measured force-displacement relation-
ship curves for the CS4#2 double lap adhesive bond with an adhesive
thickness of 4 mm under cyclic second-path loading; Fig. 24 shows the

calculated and corresponding experimentally measured force-
displacement relationship curves for the double lap adhesive joint
CF2#2 with an adhesive thickness of 2 mm under cyclic first-path load,
and Fig. 25 shows the calculated and corresponding experimentally
measured force-displacement relationship curves for the double lap
adhesive joint CS2#3 with an adhesive thickness of 2 mm under cyclic
second-path load.

Comparison of the force-displacement curves computed by the cur-
rent model with the corresponding experimental values for specimens
CF4#3 and CF2#2 show good agreement, as well as for specimens
CS4#2 and CS2#3. Indeed, an acceptable difference in terms of
displacement can be found at failure for the comparisons shown in
Figs. 23 and 25, which refer to experimental tests CS4#2 and CS2#3,
respectively.

It is clear from the above comparisons that the imperfect model can
accurately predict the above adhesive responses at all loading levels up
to failure, demonstrating the robustness and accuracy of the method for
all loading conditions applied to the specimens.

4.2. Numerical analysis

Using the imperfect interface model presented in Section 4, a nu-
merical analysis has been developed to predict the failure load associ-
ated with double lap shear joints at varying adhesive moduli of
elasticity. The geometric dimensions of the double lap shear joints are
given in Fig. 2, while the mechanical properties of the steel plates are

12 3
10 A
8 -
z
=
<=}
S 6 -
=
S
=
4
2
—--CF4#3: Experimental data
-=-CF4#3: Numerical data
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Displacement, 8 (mm)
Fig. 22. Comparison of the calculated and experimental force-displacement curve for specimen CF4#3.
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Fig. 23. Comparison of the calculated and experimental force-displacement curve for specimen CS4#2.

14

-o—-CF2#2: Experimental data

-=CF2#2: Numerical data

0.02 0.04 0.06

0.08

0.10 0.12 0.14 0.16

Displacement, 8 (mm)

Fig. 24. Comparison of the calculated and experimental force-displacement curve for specimen CF2#2.

given in Table 2. The predictive analysis was carried out for two adhe-
sive thicknesses: 2 and 4 mm. The numerical simulations were carried
out under displacement control using the finite element model validated
in the previous section 4.1 where all the details of the simulation method
are reported.

Several types of adhesives were used in the numerical investigations,
and their mechanical properties are given in Table 12. The numerical
results obtained, expressed in terms of failure load versus adhesive
Young’s modulus, are summarised in Fig. 26.

The results presented in Fig. 26 are intended to provide a qualitative
assessment of the failure load using adhesives characterised by different
values of Young’s modulus that may be available on the market.

15

As can be seen from Fig. 26, the response in terms of failure load of
double lap shear joints is highly non-linear when the mechanical prop-
erties of the adhesive are varied.

5. Adhesive mechanical properties in mode I and II loading

In a previous work presented by some of the authors [4], the me-
chanical properties in terms of stiffness and crack length were evaluated
for bonded joints subjected to Mode I loading, and are recalled here to
provide, together with the current investigation, a complete character-
ization of the adhesive properties in Mode I and II, useful for FEM
modelling and analysis.
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Fig. 25. Comparison of the calculated and experimental force-displacement curve for specimen CS2#3.

Mechanical properties of adhesives.

In this section, the adhesive stiffness in Mode II has been calculated
from the mean value of the shear stress versus displacement curve,
allowing comparison with the experimental results in Mode I.

Adhesive Young’s Modulus Tensile Strength Shear Strength The Mode I and II adhesive properties are summarised in Table 13,
[MPa] [MPa] [MPa] where the stiffness K and initial damage length Iy have been evaluated
Kemiepox 148 3300 62 16 for several thicknesses t,. It is important to emphasise that the stiffness
[48] in Mode I and Mode II has been obtained from the elastic experimental
Sicomin Isobond 4500 62 14 curves in terms of stress-displacement, which can be represented by Egs.
[49] . .
Adesilex Pgl [50] 6000 30 18 (11) and (12) below:
Sikadur30 [36] 11200 26-31 16-19 © F ¢ »
=555 an
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Fig. 26. Failure load when Young’s modulus of the adhesive is varied.
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Table 13
Comparison of the adhesive experimental properties in Mode I and II.

Mode ta K Initial damage length
[mm] [N/mm?®] lo (mm)

1 1 341 11.44
5 298 12.33
10 243 12.96

I 2 67 14.87
4 75 15.18

F =
Ki=o—=~ 12)
ETPRN

where S, and S| represent the perpendicular and parallel adhesive
surface to the applied force F.

6. Conclusion

At the Laboratory of Mechanics and Acoustics (LMA) in Marseille, an
experimental program has been carried out on double lap shear bonded
joints. Various load paths were applied to the adhesive specimens to
evaluate their performance in the presence of severe loading conditions.
In particular, the adhesive joints were subjected to different cycles
characterised by low and high force levels, which could occur during the
lifetime of any structure. Finally, an imperfect interface model was
introduced to provide a design method capable of studying and pre-
dicting the behaviour of adhesive bonds under different load regimes.

The experimental results and numerical data supported the following
conclusions.

- Two adhesive thicknesses were chosen, 2 and 4 mm, which can be
easily reproduced in the field. The experimental results show how
adhesive thickness affects the strength and stiffness of double lap
shear joints. In particular, the best performance is obtained for the
lower adhesive thickness.

The influence of load-unload cycles up to 30% of the ultimate load
was negligible in terms of bond stiffness and strength but became
most important as the percentage of ultimate load increased.

- The percentage of residual displacement increases significantly as
the load/unload cycles approach the ultimate load, providing a clear
quantification of the damage suffered by the adhesive material.
The damage parameter Iy, which represents the presence of internal
cracks increases with the thickness of the adhesive layers.

A parametric analysis was carried out to define the non-linear
response of the bonded joint in terms of failure load at varying ad-
hesive properties.

Mechanical properties of bonded joints under Mode I and Mode II
loading conditions have been provided.

The proposed imperfect interface model undoubtedly represents a
predictive method for studying the behaviour of bonded joints sub-
jected to load cycling. The very good agreement between the
experimental and numerical results underlines the power and
robustness of the method, which introduces it as a design tool in the
analysis of adhesive joints subjected to severe external loading.
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