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Application of the Design of Experiments procedure to further 
understanding of the strain-rate sensitivity of adhesively bonded joints 

with plastically deformable adherends 

M.I. Clarke1*, J.G. Broughton1, A.R. Hutchinson1, M. Buckley2 
1. Faculty of Technology, Design and Environment, Oxford Brookes University, Oxford, UK 
2. Jaguar Land Rover, Gaydon, UK 

Abstract 
The study presented in this paper was carried out to investigate further the effects of strain rate on the 
strength of adhesively bonded single lap shear joints.  Tests were carried out on two different 
configurations of adhesively bonded joints that were designed to exhibit different behaviours.  In one 
configuration both adherends were made from a relatively low strength grade of aluminium such that 
both would exhibit significant plastic deformation prior to adhesive failure.  The other configuration 
used one adherend that was significantly stronger such that only elastic deformation was exhibited 
prior to failure of the adhesive.  The joint specimens were tested at several different strain rates using 
a servo-hydraulic test machine and the results analysed using statistical methods.  To further 
understand the results Finite Element models of the joints were created using a Cohesive Zone Model 
to predict damage development and failure in the adhesive.  The Design of Experiments procedure 
was used to study the effects of material parameters relating to both the adherends and the adhesive in 
the Finite Element models.  The results of the testing suggested that the strength of joints formed from 
two adherends that exhibited plastic deformation prior to failure did not show statistically significant 
sensitivity to strain rate.  Interpretation of the results of the Finite Element analyses suggested that the 
adherend yield was the main factor influencing failure in the adhesive for joints of this type. 

Keywords: lap-shear, aluminium and alloys, impact, finite element stress analysis, design of 
experiments 

List of Symbols 
ΓI, ΓII – Interface toughness in Mode I and Mode II respectively 

𝜎��, 𝜎��� – Peak interface stress in Mode I and Mode II respectively 

μ – Arithmetic mean 

E – Young’s Modulus 

mm – millimetre 

m•s-1 – metre per second 

°C – degree Celsius 

H0 – Null Hypothesis 
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1 Background 
A significant difficulty in the use of adhesives is that, in general, their behaviour is visco-elastic and 
hence sensitive to strain rate and temperature.  Unfortunately for the engineer wishing to study the 
behaviour of adhesives under high strain rate loading there are few standard test methods available.  
Some authors have therefore adopted standard test methods developed for obtaining quasi-static 
properties and applied the loading at high rate.  This method has been used to measure adhesive 
properties in bulk form [1, 2] and also to characterise the fracture behaviour under varying loading 
rates [3, 4].  The general conclusion from these studies is that as rate of loading increases the strength 
of an adhesive increases and toughness decreases, which is consistent with established models for 
visco-elastic materials. 

Another frequently adopted approach is the study of bonded assemblies that are representative of a 
particular application.  A typical example of this approach is the use of axially loaded box sections as 
a means to investigate the behaviour of energy absorbing structures for automotive applications, 
which have been the subject of several studies in the literature [5, 6, 7].  The difficulty presented by 
the use of such structures is that the results are influenced heavily by factors extrinsic to the 
adhesively bonded joints, leading to difficulties in drawing general conclusions regarding the effect of 
rate of loading.  Furthermore the bonded specimens and loading apparatus can be costly, which 
generally limits the number of replicate tests that can be undertaken. 

To investigate more thoroughly the behaviour of adhesively bonded joints under high strain rate 
conditions several authors have studied the behaviour of lap shear joints [2, 8, 9, 10, 11].  
Interestingly, there is a lack of consensus in the literature as to the effect of strain rate on the 
behaviour of joint specimens.  Some authors concluded that the joint strength was not sensitive to 
strain rate, others that rate sensitivity is observable.  In addition to physical testing, Finite Element 
Analysis has been used extensively to investigate the behaviour of adhesively bonded.  A 
comprehensive review of the subject is considered to be outside the scope of the present study but can 
be found in the literature [12].  This review discusses a number of methods used for analysing 
adhesively bonded joint and notes the application of the Cohesive Zone Model to such analyses.  The 
Cohesive Zone Model was developed for modelling crack growth in monolithic materials, as 
described by Pandya et al. [13, 14].  Application of the Cohesive Zone Model to adhesively bonded 
joints has been described by several authors for predicting damage due to quasi-static, impact and 
fatigue loading [15, 16, 17]; and environmental degradation [18].  In the present study a combination 
of experimental methods and Finite Element Analysis using a Cohesive Zone Model were used to 
investigate the effect of strain rate on the behaviour of single lap shear joints formed from aluminium 
and a high strength, toughened adhesive.].  The Cohesive Zone Model parameters used are discussed 
in further detail in Section 3.1 and have also been described fully in previously published studies [19, 
20]. 

2 Experimental Work 

2.1 Test Programme 

To investigate the effect of adherend behaviour on the strength of joints, two different lap shear joint 
configurations were tested.  The material described as “Plastic” was selected such that it would yield 
prior to failure of the adhesive in an adhesively bonded lap shear joint.  Conversely, the “Elastic” 
material was selected such that only elastic deformation would occur.  Details of materials used for 
the “Elastic” and “Plastic” adherend types are given in Table 1.  The adhesive in both cases was 
XD4601, a single component heat curing toughened epoxy used in the automotive industry [21]. 

Adherend Type Material Thickness (mm) Surface Condition E (GPa) σy (MPa) εfail (%) 
Plastic AA5754 1.5 PT2 [22] 70 80 (min.) 16 
Elastic AA2014-T6 2.5 Clad 70 380 (min.) 7 

Table 1 Specifications and properties [23] of adherend materials 
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5 Conclusions 
The empirical evidence suggests that the strength of single lap shear lap joints where both adherends 
deform plastically prior to failure is not significantly affected by the test speed.  Based on evidence 
from the Design of Experiments study it is suggested that, for joints of this type, adherend yield has a 
more significant effect on failure behaviour than the adhesive properties.  The experimental work 
suggested that statistically significant changes in strength were caused by varying strain rate for single 
lap shear joints where one adherend underwent only elastic deformation prior to adhesive failure.  
Analysis of the results of Design of Experiments showed significant effects relating to adhesive 
parameters compared with the adherend parameters.  Whilst adherend yield was still the dominant 
term the shear properties of the adhesive were a more significant influence than was the case for joints 
where both adherends exhibited significant plastic deformation prior to adhesive failure. 

In general, the Design of Experiments procedure applied to multiple Finite Element Analyses 
provides a useful method for studying the effects of large numbers of parameters on the results of 
investigations. 
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