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Adhesive bonding is experiencing a significant increase in its use in various industrial
fields, thanks to the numerous advantages it offers, such as a better distribution of stresses

Received: 12 September 2020
Accepted: 20 May 2021

in the resulting structure. This aspect is of importance for joints between composite
substrates, which are not very resistant to concentrated stresses. The aim of this work is
to present a simplified method for predicting the failure load of a single-lap adhesive
joint. This theoretical model is applied to the results of an experimental study to verify
the effectiveness of the adhesive bond between pultruded GFRP adherends. The results
of shear tests on specimens assembled with different adhesives and subjected to different
artificial ageing conditions are reported. The experimental results recorded by shear tests
were processed by the simplified shear-slip model based on fracture energy. The obtained
experimental results are compared with the theoretical values obtained using the analysis
of the cohesive zone model theory. Then, a simple computational model is proposed for
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the evaluation and design of the ultimate load in single-lap adhesive joints.

1. INTRODUCTION

The application of composites is becoming increasingly
popular in various industrial sectors thanks to their mechanical
behavior, characterized by a high strength-to-weight ratio,
good resistance to high temperatures and fatigue [1-3]. Due to
these advantages, composites are now used for many
applications such as civil engineering [4], aerospace [5] and
automotive [6]. However, unlike other traditional materials,
composites show a significant weakness in terms of their low
strength to concentrated loads. In this context, current research
developments are taking place in the field of structural
adhesives [7]. Adhesive joints offer several advantages, such
as more uniform stress distribution within the bonded region
[8], lower weight of the resulting structure and allow different
materials to be bonded together. Therefore, due to the brittle
behavior of composites at classical mechanical joints (e.g.
bolted joints), structural adhesives represent a viable
alternative. Despite their increasing popularity in various
fields, the design of adhesive joints still represents a major
issue in research [9]. The design phase requires valid
theoretical models to predict critical stresses and ultimate load
values, so that the effectiveness of the adhesive bond can be
evaluated in advance with an appropriate safety factor.

The occurrence of critical stresses and, consequently, the
value of the ultimate load depends on many factors, such as
the geometry of the joint and the adhesive properties, i.e. the
developing adhesion between the considered joint parts and
adhesive surfaces. Among the numerous joints studied in the
literature, the most common type is the single-lap joint, as it is
characterized by great efficiency and simplicity of assembling.
However, the study of the stress distribution could be very
complex.

The first analytical solutions to determine stresses in the

117

bonded region were provided by Volkersen [10], Goland and
Reissner [11] and Hart-Smith [12]. Tong [13] proposed a
simple closed-form solution for predicting the ultimate load of
asymmetric single-lap joints according to the global/local
analysis developed by Goland and Reissner [11]. Simplified
formulas for shear and joint strain energy rates in terms of
longitudinal membrane forces and bending moments in
adhesives were obtained. Charalambides et al. [14] used 2D
FEA models to determine the failure paths and strength of
single-lap joints. In their study, two material models were used
for both composite adherends and adhesives. Wang and
Gunnion [15] used experimental results from joining and
repair tests to determine the peaks of plastic stresses caused by
unbalanced distribution of shear stresses. The FE results
showed good agreement with the experimental results. Pinto
et al. [16] used trapezoidal cohesive laws to model the fracture
mechanics within the joint and investigated the effects of
repair through 3D FEA models.

Studies by Liu et al. [17] focused on different damage
criteria (i.e. Hashin criterion, Yeh delamination and energy
criteria) to simulate the failure occurring within composite
laminates. They also developed specific CZM models to
evaluate the strength of the adhesive. Alves et al. [18] studied
SAJs between composite and aluminium adherends as a
function of different geometrical parameters. The main
objective was to develop accurate CZM models to predict the
joint strength.

Several works propose a critical stress as a global failure
parameter. For single-lap joints characterised by short bonding
lengths, the research carried out by Crocombe [19],
recommends considering the yield point of the stress-strain
curve of the joint itself as the failure of the joint. Thus,
reaching the plastic values of the shear stresses could be taken
as the ultimate strength. Another reference for determining the
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failure of the joint is given by the critical energy. An example
is the work of Fernlund et al. [20], in which an engineering
approach to failure load prediction for adhesive joints is
presented and applied. The approach assumes that the in-situ
adhesive joint strength can be characterised by the critical
energy release rate as a function of the loading mode for a
given adhesive system. Using the J-integral for large strains
together with beam theory for large strains, a simple closed-
form expression for the energy release rate per area strain is
obtained.

The above summarised methods consider different
parameters for determining strength values for bonded joints.
An effective method for predicting the failure load of the joint
should be characterised by the simplicity of application, so that
the designer can select the geometrical and mechanical
properties of the joint without having to perform complex
nonlinear analyses.

The main objective of the present work is to provide a
simplified computational model to predict the failure load of a
single-lap adhesive joint between pultruded GFRP adherends.
In particular, an energy-theoretical model is proposed to
analyse the mechanical behaviour of single-lap joints and to
predict their failure load. The results of an extensive
experimental campaign [21] are reported, in which single-lap
adhesive joints assembled with different adhesives (i.e., epoxy,
polyurethane, methacrylate and acrylate) and subjected to
different artificial ageing processes (i.e., exposure to high
temperature and relative humidity, exposure to UV radiation).
The experimental data were used and analysed to determine
the shear-slip law for the tested specimens, the experimental
fracture energy and the predicted values of the joint strengths.
In summary, a theoretical analysis is proposed to evaluate the
value of the failure load.

This paper is divided into the following sections: first, the
theoretical background on the theory of fracture according to
the simplified bilinear law is presented. Then, the results of the
experimental campaign are reported and the theory is applied
and compared with the experimental data, to demonstrate the
accuracy of the theory in predicting the failure load of the
tested bonded joints.

2. JOINT FAILURE MECHANISM

The identification and therefore the prediction, of the failure
load of the adhesive joint depends on the determination of the
fracture energy Gs of the joint under consideration. This value
depends on the mechanical and physical properties of the
adhesives considered. In fact, the fracture energy Iis
determined by evaluating the shear stress-slip law of the
interface between the adherends. In the following section, an
analytical solution for the prediction of the failure load is
presented considering a simplified bilinear model. This
analytical solution provides a theoretical analysis for the
investigation and evaluation of the experimental campaign on
adhesive joints between GFRP pultruded profiles.

2.1 Theoretical analysis of a single-lap joint

Figure 1 shows the scheme of a shear test of a single-lap
joint between adherends in GFRP pultruded profiles. The
width, thickness and Young's modulus of the GFRP adherends
are indicated by b;, t; ed E;, (i = 1, 2) and for the adhesive by
b,, t, ed E,. The bond length between the pultruded profiles
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isL.
The following assumptions are made:
— the adherends are homogeneous, elastic and linear;
— the adherends undergo only axial deformations: the
effects of bending are neglected (no peel stress);
— the adhesive layer has a constant thickness throughout the
thickness of the bonded region;
— the adhesives have constant geometric characteristics
along the bonding region;
— normal stresses are constantly distributed in the cross-
sections of the adherends.
Considering the equilibrium of the infinitesimal element
shown in Figure 1, the following equation could be obtained:

doy(x) _ 7(x)
dx T

(1)

where, T(x) represents the shear stress in the adhesive layer
and o, (x) represents the axial stress in the adherends.

(a) Deformation

adherent 1

do
o, g, +—>dx
T dx
T
do
o, >0, +—2dx
adherent 2

(b) Stresses
Figure 1. Deformation and stresses in the adhesive joint

The constitutive equations for the adhesive and the
adhesives are given by:

7(x) = £ (6) 2
o0 = £, 700 ®
Gr
0 8¢ 3
bt/

Figure 2. Simplified linear (a) and bilinear t-3 law (b)



The simplified model adopted to describe the shear stress-
slip relationship, s-d, is represented by the well-known curve
shown in Figure 2, usually used to model the CZM cohesive
zone model in FEA analyses.

The stress-strain graph (Figure 2a) shows an increasing
linear behaviour until the crisis occurs (i.e. fracture initiation),
i.e. until the maximum shear stress is reached, beyond which
the curve drops to zero, according to a brittle trend with no
change in overall stiffness:

2

T
f

8 for0<6 <6
f(6) = ZGf

0 for§ > &

(4)

where, G is the fracture energy, the energy required to bring
a local bond element to shear fracture. The analytical
expression of the fracture energy is given by the following
equation:

1

Substituting Eqgns. (2), (3) and (4) into Eg. (1) the following
—valid as far as § < &, - is obtained:

dzgjch) —2u,(x) =0 (6)
where:
T2
B =G ™
With the following boundary conditions:
g =0atx=0;
o = L oatx=1L (8)

byt

Eg. (6) could be solved, obtaining the expression of relative
displacement, shear stress in the adhesive and normal stress in
the adhesives in GFRP:

& = uy(x) —uy(x) = A cosh(Ax) + B sinh(Ax) 9)
2
(%) = ZT—’(; [4 cosh(Ax) + B sinh(Ax)] (10)
f
o.(x) = 1-]% [A cosh(Ax) + B sinh(Ax)
2 GeAty (11)

L ]
b, E, AL,

Constants A, B could be determined using boundary
conditions.

In the specific case, where the adherends have the same
mechanical and geometrical characteristics, it is easily verified
that E; =E, =E; by =b, =b; t; =t, =t.

Therefore, constants A, B are expressed by the following
equations:
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P 1 1

A=ThEe (tanh(,u) + sinh(AL)) (12)
p

- _ 13

AbE¢ (13

It is possible to express displacement values from Eq. (9):

P h(AL) +1
_ P coshA) +1 )

A bEt sinh(AL)

By placing the value of the displacement obtained in Eq. (14)
equal to the ultimate displacement &, it is possible to obtain
the value of the ultimate load (i.e. the ultimate strength of the
joint):

AL
Prax = A6, bE t tanh (7) (15)

3. EXPERIMENTS

This section reports the results obtained from an extensive
experimental campaign [21] on single-lap joints between
GFRP pultruded adherends and different types of adhesives
(i.e. epoxy, polyurethane, acrylic and methacrylate), both after
curing in a laboratory environment and after artificial ageing.

3.1 Material properties

3.1.1 Adherends

The adherends used in the experimental campaign consist
of pultruded GFRP profiles, supplied by Fibrolux, Germany.
In order to determine the mechanical properties, the GFRP
laminates were tested in tension. The width of the profiles was
25 mm, the thickness 5 mm and the length 200 mm. The tests
were performed on a Zwick/Roell Z050 automatic tensile
machine, measuring the strain with a strain gauge and using a
speed ratio of 5 mm/min. The results of the tensile tests are
shown in Table 1.

Table 1. GFRP mechanical properties

ggg;ﬁ'fe' Ei(GPa) ot (MPa) & (%)

T 29.80 = 16880+ 070+
2.60 31.10 0.20

T 2710 + 25180+  0.90+
2.60 61.90 0.20

o 27.80 + 19940+ 080+
6.50 91.60 0.30

3.1.2 Adhesives

Six different adhesives in the present experimental
campaign were used: two epoxy adhesives (EPX1, EPX2), one
acrylic (ACR), one methacrylate (MET) and two polyurethane
(PU and MS). Table 2 shows the mechanical properties, as
reported by the manufacturers. In order to determine the
missing mechanical properties, dogbone test specimens were
made for tensile testing. The dimensions of the dogbone test
specimens are shown in Figure 3. The results obtained are
shown in Table 3.

3.1.3 Experimental setup
The shear tests carried out detect the load-displacement



curves of the joint using a tensile machine, as specified by ISO
4587 [22]. The tensile machine is of the Zwick/Roell Z050
electromechanical type. The tests were performed under
laboratory conditions, with an average temperature of 24°C
and a relative humidity of 50%. All tests are performed at a
speed rate of 1.27 mm/min. An optical measurement technique
based on stereoscopic calculation using a geometric grid was
used to record the displacement values. Two CMOS cameras
with a resolution of 1280 < 1024 pixels were installed at
different angles to acquire stereoscopic images at a regular rate
of 2 frames/second.
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Figure 3. Dogbones’ geometry (measures in mm)
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Table 2. Technical and mechanical characteristics of the
adhesives reported by manufacturers

Adhesive  EPX1 EPX2 ACR_MET__PU__ MS
t(MPa) 335*  15* 25 1530 260 1.80
ot (MPa) - 17 - 1222 6 -
Et (MPa) - 1700 - - - -
& **(%) 3 5 5 <10 >100 >100

Table 3. Mechanical properties of adhesives dogbones

Series E: (MPa) ot (MPa) &t (%)
EPX 1 2966.39 +44.12 27.34 £0.77 2.39 +0.65
EPX?2 1774.03 £30.28 17.11 +0.70 3.81 +0.23
ACR 648.60 +22.00 11.13 +0.50 7.26 £0.70
MET  428.66 £62.00 7.31 £0.42 2.96 £0.05
PU 2.43 £0.14 3.41+£0.27 150.79 +£15.93
MS 2.05 +0.18 2.03 +0.10 151.107.24

3.2 Specimens geometry

The specimens were assembled according to the
geometrical indications illustrated by ASTM D638:2014 [23];
for each configuration indicated above, three specimens were
tested. The size of the GFRP adherends was 25 mm >100 mm,
with a thickness of 5 mm. The same adhesive thickness of 0.30
mm was used for EPX1, EPX2, ACR and MET adhesives. For
PU and MS adhesives 2.00 mm thickness was used, according
to manufacturer’s recommendations. Specimen geometry is
shown in Figure 4.

Figure 4. Single-lap specimen geometry (measures in mm)
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Before the bonding phase, all bonding surfaces were
cleaned with denatured isopropyl alcohol. For the adhesives
used, the timescales for their complete polymerization were
met. All specimens were cured under laboratory conditions for
a period of 28 days.

3.3 Artificial ageing

Two different artificial ageing modes were considered in the
reported experimental campaign: exposure to high
temperature and relative humidity (Tc) and exposure to UV
radiation (Tuv). The first ageing mode was simulated using an
“Angelantoni” CST-130 S type climatic chamber. Each cycle
consisted of three exposure periods: first 16 hours at a constant
temperature of 40<C and relative humidity of 100%, then 4
hours at a constant temperature of 40°C and finally 4 hours at
a constant temperature of 70°C and RH of 50%. This ageing
cycle was repeated for 2 weeks, according to the standard [24].

Exposure to UV radiation was simulated using eight UV
fluorescent lamps (Philips Actinic BL TL-D). Specimens were
subjected to UV radiation under laboratory conditions (21°C,
RH 33%). The wavelength of the lamps is within the range of
340 to 400 nm, with a peak at 370 nm producing a UV
irradiation of 41 to 45 W/m? on the surfaces of the samples.
The 24-hour cycle was repeated 42 times without interruption.

4. RESULTS AND DISCUSSION
4.1 Shear tests on single-lap adhesive joints

This section presents and analyses the load-displacement
graphs and failure modes of the tested specimens [21].

4.1.1 Mechanical performance

Figure 5(a-b-c) show the load-elongation curves obtained
from shear tests on GFRP-GFRP single lap adhesive joints,
according to To, Tc and Tyy aging conditions, respectively.
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Figure 5. Load-elongation graphs [21] for unaged single-lap
specimens in laboratory conditions (a); aged in climatic
chamber (b) and exposed to UV radiations (c)

Table 4 shows the average results obtained from the
experimental campaign, according to To, Tc and Tyv aging
conditions, respectively.

Comparing the results obtained, EPX1 adhesive exhibits the
best mechanical performance for every environmental
conditions. Higher elongations were generally observed,
especially after exposure to UV radiation. EPX2 samples
achieved lower ultimate loads than EPX1, but higher than
other structural adhesives. The joint elongations are lower than
with the previous epoxy adhesive (about 14 mm for the
samples subjected to UV radiation). The effectiveness of the
adhesive joint is negatively affected by exposure to high
temperatures and relative humidity, especially for epoxy
adhesives, where the failure modes changed from cohesive to
mainly adhesive. The non-structural adhesives (PU and MS)
showed similar or similar load-bearing capacity, with little
difference between unaged and aged conditions. The MS
adhesive exhibited better performance than PU.

Table 4. Mechanical properties [21] of GFRP-GFRP single-lap joints under different environmental aging conditions

Adhesive Aging condition  Fmax (KN) L* (mm)  zmax* (MPa) k* (KN/mm)

To 7.20 £0.50 3.20 +0.40 24.60 1.15

EPX 1 Tc 6.30 +£1.20 14.60 £3.00 20.60 0.34
Tuv 6.90 £0.40 19.20 £2.10 22.10 0.18

To 3.50 £0.80 2.30 %0.70 11.10 1.32

EPX 2 Tc 3.80+0.20 12.50 £0.50 12.00 0.23
Tuv 4.70 £0.10 13.20 £1.40 15.10 0.28

To 3.10+0.70 2.40 +0.60 10.00 111

ACR Tc 3.40+1.00 10.80 £3.40 10.90 0.31
Tuv 4.00+0.40 11.90 +3.80 12.90 0.35

To 1.80 +0.10 1.100.04 5.70 1.64

MET Tc 0.70+0.20 2.50 +0.70 2.30 0.39
Tuv 1.10 £0.20 3.70 +1.30 3.40 0.30

To 0.30 +£0.04 0.60 +=0.20 3.90 1.98

PU Tc 0.60 £0.02 22.40 +9.80 2.00 0.04
Tuv 0.40 +£0.04 9.40 +=3.00 1.30 0.11

To 0.50 #£0.10 4.00 +0.50 1.80 0.26

MS Tc 0.80 £0.04 117.60 +1.30 2.50 0.06
Tuv 0.60 £0.10 17.90 £2.90 2.10 0.07

Table 5. Comparison of experimental results with theoretical data

Adhesive Aging condition Pexp(N) 8fexp (MM) zrexp* (MPa) Gy exp (KN/mm) Theoretical load Pmaz (N) 4P (%)

To 7200 3.20 24.60 1.15 7326.11 +1.7515

EPX1 Tc 6300 14.60 20.60 0.34 6402.63 +1.6290
Tuv 6900 19.20 22.10 0.18 7012.07 +1.6242

To 3500 2.30 11.10 1.32 3559.59 +1.7026

EPX 2 Tc 3800 12.50 12.00 0.23 3861.58 +1.6205
Tuv 4700 13.20 15.10 0.28 4776.33 +1.6240

To 3100 2.40 10.00 1.11 3152.29 +1.6868

ACR Tc 3400 10.80 10.90 0.31 3455.12 +1.6212
Tuv 4000 11.90 12.90 0.35 4064.90 +1.6225

To 1800 1.10 5.70 1.64 1830.78 +1.7100

MET Tc 700 2.50 2.30 0.39 711.33 +1.6186
Tuv 1100 3.70 3.40 0.30 1117.82 +1.6200

To 300 0.60 3.90 1.98 304.81 +1.6033

PU Tc 600 22.40 2.00 0.04 609.61 +1.6017
Tuv 400 9.40 1.30 0.11 406.41 +1.6025

To 500 4.00 1.80 0.26 508.04 +1.6080

MS Tc 800 117.60 2.50 0.06 812.80 +1.6000
Tuv 600 17.90 2.10 0.07 609.61 +1.6017

5. INTERFACIAL SHEAR STRESS-SLIP LAW experimental campaign allowed the evaluation of the values of
the fracture energy, shear stresses in the adhesive and the
ultimate displacement.

Table 5 summarises the results obtained from the

This section reports the results obtained by the analytical
analysis previously presented. The results obtained from the
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experimental campaign described above. In particular, the
experimental values of the ultimate load, displacement,
maximum shear stress and fracture energy, obtained by Eq. (5),
are given here. The value of the ultimate load obtained from
the theoretical analysis (Eq. (15)) is calculated. A good
agreement is observed between the load value predicted by the
theoretical analysis and the experimental one (variation of the
results contained within 2%). In this sense, it is possible to
obtain the experimental value of the fracture energy for
different combinations of adhesives. Once this value is known,
itis possible to predict the value of the failure load for different
geometrical layouts of the adhesive surface. The results
obtained show the applicability of the above theory for the
design of adhesive joints.

6. CONCLUSION

The shear behavior of single lap adhesive joints between
pultruded GFRP adherends is investigated both
experimentally, by evaluating the data from the experimental
campaign reported in Ref. [21], and theoretically, using the
fracture mechanics analysis. The results obtained from the
experimental campaign are the following:

Under all exposure conditions, there were no
significant  differences between the measured
displacements of the tested adhesive joints. The EPX1
adhesive showed the best mechanical performance in
terms of shear strength and ultimate load. The
methacrylate adhesive was incompatible with the
adhesives tested, with low load capacity and brittle
behavior. Both polyurethane adhesives showed low
ultimate strength and high elongation compared to the
other adhesives;

Acrtificial ageing types resulted in an increase in joint
elongation and average failure loads (except for EPX1
and MET adhesives) and a significant decrease in
stiffness (70-90%). After the environmental effects, an
improvement on the failure load performance was
observed due to the acceleration of the curing process
of the tested adhesives.

This paper presents a practical method for evaluating the
ultimate load in single-lap joints between adhesives in GFRP
pultruded profiles. The experimental data allow the evaluation
of the ultimate load and displacement, and consequently of the
fracture energy Gs. Through the cohesive zone theory and, in
particular, through the push-push joint model, it is possible to
determine the value of the ultimate load to a good
approximation. Future developments of the present research
will deepen the comparison of the above model with further
combinations of adherends and adhesives, and will verify the
application of the above theoretical model to different types of
stresses (e.g. dynamic regime) and artificial ageing of bonded
joints.
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NOMENCLATURE
bi width of the adherend
ti thickness of the adherend
E; Young Modulus in tension
Prmax maximum theoretical/exp. load
ACR acrylic adhesive
A Application temperature
EPX1 First Epoxy Adhesive
EPX2 Second Epoxy Adhesive
GFRP Glass-fiber-reinforced polymer
k Stiffness
L Joint elongation
MET methacrylate adhesive
MF Mixed failure
MS Second polyurethane adhesive
PU First polyurethane adhesive
St Service temperature
To Unaged conditions
Tc Acrtificial aging in climatic chamber
Tuv Acrtificial aging under UV rays
W, Working time at 22°C

Greek symbols

Ot
o
&t
Gt
T

axial strenght
Thermal coefficient of expansion
Tensile strain
Tensile strenght
Shear stress

Shear strain at failure





