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Abstract 
Most of the adhesives used in the marine industry are polymers with a 

mechanical behaviour which is strongly influenced by the strain rate. Therefore, it is 
important to predict with accuracy their viscous behaviour. To describe their 
mechanical behaviour in a bonded joint, a viscoelastic-viscoplastic constitutive law 

is proposed here. The viscous effects on the elastic behaviour is described using a 
spectral distribution, which divides the viscous strain as the sum of the strains of 
several viscous mechanisms, each of them with a different characteristic time and 

weight. The viscoplastic component of the model permits a better description of the 
strong non-linear behaviour of the adhesives. The parameters of the constitutive 
law are obtained using an inverse identification procedure coupled with a finite 

element model. Two creep tests, in two loading directions, are needed in order to 
identify the viscoelastic part. The viscoplastic part is identified using monotonic 

tests. In order to validate the behaviour law and the identification procedure, the 
adhesive HuntsmanTMAraldite 420A/B has been investigated and modelled. All the 
experimental tests have been conducted using the modified Arcan device. 

Keywords: A. Epoxides; D. Mechanical properties of adhesives; D. Creep / mechanical 
relaxation; 

1 Introduction 

Composite materials have found many applications in naval and other marine 

structures over the past 50 years. In order to join the composite to other parts of the 

structure, adhesives represent an interesting solution. They can reduce the weight 

(avoiding bolts and fasteners) and decrease the stress concentrations that can be 

catastrophic for the strength of the structures [1]. 

Different tests can be used to characterize the adhesive directly in the bonded joint as 

shown by Adams et al. [2]. Single or double lap joints are an interesting solution to this 
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problem [3], but due to the geometries of the substrates, they may present high stress 

singularities near the edges that can cause a premature failure of the joint [4]. Cognard et 

al. proposed the modified Arcan device in order to characterize the mechanical 

behaviour of adhesives in bonded joints up to failure. This can be achieved using 

substrates with special geometries [5] that can reduce the stress concentrations near the 

edges. This device has been used in this paper in order to characterize the behaviour of 

the studied adhesive. 

Characterizing the mechanical behaviour of the adhesive used in bonded joints is a 

very important step in order to be able to describe the failure of this kind of structure. 

Even though these adhesives are essentially polymers with a viscous behaviour, the load 

transfer between the components of the bonded joint is usually linked to their 

instantaneous elastic properties [6]. However, the viscous behaviour represents a major 

characteristic of polymeric adhesive materials. Therefore, the understanding of these 

phenomena is important in order to accurately predict the failure and the lifetime of 

bonded structures. The experimental tests performed on bulk specimens show a non-

linear behaviour of adhesives that is very sensitive to the strain rate [7][8]. The viscous 

response of different structural adhesives was also highlighted under impact loadings in 

previous studies [9]. All these tests require homogeneous bulk specimens, without any 

defects, that may be difficult to obtain [10]. 

Different models have been proposed in the literature in order to predict the 

mechanical behaviour of epoxy adhesives. In some cases, viscoelastic models 

[11][12][13][14] can be perfectly adapted to characterize the time-dependent behaviour 

and to predict the influence of the strain rate. Other authors have proposed elastoplastic 

models [15][16] or viscoplastic models [17][18][19] which are characterized by a 

threshold and a permanent strain. While various models of adhesive behaviour have 

been presented, the originality of the present approach is that the viscoelastic response 

is treated in two separate parts, hydrostatic and deviatoric. This has allowed different 

viscoelastic behaviour to be attributed to shear and tensile loading components. In 

addition, an original identification method for the viscoelastic parameters is presented. 
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A viscoplastic contribution is also modeled, derived from the Mahnken-Schlimmer 

model, but again simplifications have been made to reduce the number of parameters 

The article presents a viscoelastic-viscoplastic model that is able to describe the 

nonlinear behaviour of adhesives over a wide range of strain. The proposed viscoelastic 

part of the model is able to describe the adhesive behaviour in tensile and shear loading 

conditions. The viscoelastic strain is decomposed into a number of viscous mechanisms, 

each of them with a specific relaxation time. The viscous compliance is modelled in a 

manner that takes into account the effect of the hydrostatic pressure and its evolution to 

describe the non-linear behaviour as a function of the loading. This approach allows an 

accurate characterization of time-dependent behaviour. The viscoplastic part of the 

model is able to take into account the dependency of the elastic threshold as a function 

of the strain rate. The paper presents the development of the model and its identification 

procedure based on multi-level creep tests for the normal behaviour and for the shear 

behaviour using a modified Arcan device. The validation of the model by comparison 

with experimental results with different ratios of peel/shear stress is finally presented. 

2 Characterization tests and experimental results 

2.1 Experimental procedure 

2.1.1 Modified Arcan device 

A bonded joint is an assembly that is very sensitive to testing conditions. There are 

several important details that should be taken into account in order to be able to 

perform a valid test. The tests presented have used the modified Arcan device. This 

device enables different types of loadings to be applied to bonded joint. The positioning 

angle on the tensile machine defines the state of load that is applied to the 

adhesive(Fig.1a). Using a uniaxial tensile machine, it is possible to apply shear (Fig.1b) 

or tensile (Fig.1c) loads on a bonded joint. It is also possible to combine tensile or 

compression with shear loading (Fig.1d,1e). All these loadings can be applied because of 

the design of this experimental device. 



4 

 

 
 

(a) 
 

(b) 
 

(c) 
 

(d) 
 

(e) 

 
Figure 1: Different types of Arcan device loading - (a) Positioning angle (b) Shear 𝛾=90° (c) Tensile 𝛾=0° 

(d) Tensile/shear 𝛾=45° (e) Compression/shear 𝛾=135° 

An important aspect to be considered when performing this test is the complex stress 

state for different loading conditions. Much detailed information concerning this subject 

can be found in literature [20][21]. 

2.1.2 Specimens 

The substrates (Fig.2a) used in the tests are made from aluminium alloy, AW2017. 

Their geometry was developed and optimized previously as described in the literature 

[21]. They are provided with spacers (Fig.2a) that are directly machined from a single 

block of aluminium alloy. These have an important role in order to obtain a correct 

alignment and keep a constant thickness when bonding a specimen. The results 

presented in this paper are obtained using a thickness of the bonded joint that is equal to 

400 ± 10µm. During the curing cycle the substrates are kept in the final position by 

screws (Fig.2b). 

A constant torque of 2.5Nm is applied to the screws. 

 

 (a) (b) (c) (d)  

Figure 2: Modified Arcan specimen – (a) Substrate (b) Screw (c) Specimen (d) Beaks  
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Before starting the process of bonding, the bonded surfaces of the specimen (S0 = 

50x9.5mm2) are subjected to a mechanical treatment that involves a sanding process 

with different tapes of emery cloth (220 − 180 grit cloth) in order to ensure a clean 

surface. The next step is to degrease it using acetone. To ensure an homogeneous joint, 

the adhesive is applied on the surface of each substrate that will form the specimen. The 

excess adhesive after the bonding process is cleaned with a spatula. 

The final bonded specimen can be seen in Fig.2c. After the curing process, the spacers 

are removed. An important characteristic of the specimens is the beaks (Fig.2d). They 

allow the edge effects to be reduced, as shown by Cognard et al. [22] and could lead to a 

cohesive failure of the assembly. 

2.1.3 Equipment 

To perform the experimental tests, the Arcan device was inserted in a hydraulic 

tensile testing machine (Instron 1342). The temperature in the testing room is controlled 

at about 230C. The load cell can measure a maximum load of 100kN. 

The relative displacement of the substrates is measured using a DIC (digital image 

correlation) system (Fig.3a) and no other independent measuring system was used in 

the present study. The specimen is speckled on one face before installing it in the Arcan 

device (Fig.3b) and the shaded zone represents the area of interest for calculating the 

displacements. This relative displacement is correlated with the load measured by the 

tensile machine load cell. 

The relative displacement between the two substrates during a test is decomposed 

into a normal displacement, (ND) and a tangential displacement (TD), (Fig.3c). 

 
                                 (a) (b) (c)  

Figure 3: Measurement of substrates displacements – (a) GOM System (b) Speckled specimen ready for 

test (c) Digital Image Correlation 
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2.2 Experimental results 

The following results were obtained using the Huntsman Araldite 420A/B adhesive. 

This is a bi-component epoxy. The two components are mixed using a Speedmixer at 

2500rpm for 5 minutes. After the bonding process the specimens are cured for 1h15 at 

115oC. 

 

 (a) (b) 

Figure 4: Cohesive failure in (a) tensile and (b) shear loading 

Two types of tests have been performed to characterize the behaviour of this 

adhesive: monotonic tests in order to characterize the general behaviour of the adhesive 

up to failure and multi-level creep tests at different loading levels. The latter were 

performed to highlight the viscoelastic behaviour of the adhesive and to identify the 

constitutive law that will be presented later in this paper. 

It should be noted that in the two cases, tensile and shear loading, a cohesive failure 

is obtained in most of the tests (Fig.4a,4b). For each type of load, between two and three 

specimens were tested since low scatter could be observed, particularly in shear loading 

(Fig.5b). It is also important to note that the relationship between the elastic limits is 

statistically equivalent for the different loading rates. 

2.2.1 Stress-strain curves representation 

In order to make possible the correlation of the adhesive behaviour with other 

published results, a stress-strain representation of the force-displacement curves is 
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proposed. Hence, a mean stress σ was defined as the applied load ”F” divided by the 

bonded are S0  (Eq.1): 

                   ̅  
 

  
                                                                             (1)  

Moreover, the normal and shear strains (  ̅̅ ̅   ̅̅ ̅), εare defined as in Eq.2: 

  ̅̅ ̅  
  

 
           ̅̅ ̅  

  

 
                                                                (2) 

where DN and DT represent the normal and tangential measured displacements and e 

the thickness of the adhesive layer. 

2.2.2 Monotonic tensile tests 

Using the Arcan, device it was possible to characterize the monotonic behaviour of 

this adhesive in tensile (γ = 0o) and shear load (γ = 90o). For each condition, two loading 

rates have been used: 0.4MPa/s and 4MPa/s. It is clear for the two cases (tensile and 

shear), this adhesive has a mechanical behaviour that is influenced by the loading rate, 

Fig.5a, 5b. 

 

 

(a) 

 

         (b) 

Figure 5: Monotonic tests: tensile (a) and shear (b) 

In tensile tests (Fig.5a), the apparent elastic threshold is increased about 12% from 

28MPa to 34MPa when the applied loading rate is multiplied by ten. The failure load is 

also influenced by the loading rate. The same happens in the shear test. This time it can 
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be seen that the apparent elastic threshold is increasing by about 15% when the loading 

rate is increased. Some additional combined tensile/shear tests (γ = 45o) have also been 

carried out. These tests were used for validation and they will be presented in section 

3.4. 

2.2.3 Multi-level creep tests 

In order to be able to characterize the viscous behaviour of this adhesive, multi-level 

creep tests have been performed. Only two tests will be used to identify the constitutive 

law that will be presented next in this paper. The aim was also to highlight any 

differences between the viscous behaviour under tensile and shear loading conditions 

 

(a) 

 

(b) 

Figure 6: Multi-level creep tests: tensile (a) and shear (b) 

In tension (Fig.6a), three load levels have been applied for a period of 2000 seconds. 

These values correspond to 25%, 50%, and 80% of the apparent elastic limit at 0.4MPa/s 

loading rate. This loading rate was used to make the passage from one level to another. 

Under shear load, (Fig.6b), four load levels have been applied. These levels represent 

20%, 40%, 60%, 80% of the apparent elastic threshold observed in monotonic shear 

tests for a loading rate of 0.4MPa/s. Four levels of load have been applied (and not three 
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as in tensile loading) since in shear loading condition, a more significant creep response 

was observed. 

The constitutive law was developed by analysing these two results. Based on the 

work of Badulescu et al. [11] the observed strains (   ̅̅ ̅̅      
 ,    ̅̅ ̅̅      

 ) at the end of each 

creep level were divided into two parts, as in Eq.3 and Eq.4, where   ̅̅ ̅       
 ,   ̅̅ ̅       

 
 

represent the strains generated by the applied load at the beginning of each creep level 

and   ̅̅ ̅       
 ,   ̅̅ ̅       

 
 are the strains measured at the end of the creep levels: 

 
   ̅̅ ̅̅      

    ̅̅ ̅       
     ̅̅ ̅       

                                                                        (3) 

  ̅̅ ̅     
    ̅̅ ̅       

     ̅̅ ̅       
                                                                           (4) 

 

(a) 

 

(b) 
                                             Figure 7: Evolution of the viscous and elastic displacements at the end of each 

creep level: (a) tensile  and (b) shear  

By analysing the results obtained in Fig.7a and Fig.7b it is possible to note that even 

though the applied load is below the apparent elastic threshold, viscous strains are 

taking place in both cases: tensile and shear. Another important aspect is that the 

viscous behaviour is not linear and it depends on the applied load. Moreover, viscous 

strain observed in shear behaviour is more important than the viscous displacement 

measured 

in tensile. 

Due to these observations, the non-linear viscoelastic model developed by Badulescu 

et al [11] was adopted and modified to describe the creep behaviour. The changes made 

in the model will be presented in the next section. 
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3 Modelling the mechanical behaviour of an epoxy 

adhesive in a bonded joint 

3.1 Numerical procedure 

In order to describe the mechanical behaviour of the adhesive in the bonded joint it is 

necessary to develop a realistic FEM model. The model has been developed to be 

implemented in 3D models that are subjected to complex 3D stress states. In this case, a 

2D plane stress analysis would have been sufficient but we were constrained to use a 

model with one element in the width direction to have all the components of the stress 

and strain tensors. This approach implies an important reduction in terms of 

computation time. As has been shown in other studies by Cognard et al. [21], the stress 

state in the adhesive is not uniform, therefore an inverse identification method will be 

used in order to identify the parameters of the constitutive law. 

 

(a) 

 

 

(b) 

 
Figure 8: Finite element model (FEM) of the assembly: (a) the geometry used to model the substrate and 

the bonded joint, (b) geometry of the beaks 

Because of the geometry of the sample, only half of the sample has been modelled. An 

anti-symmetry boundary condition has been applied in the middle of the bonded joint. 

The load is computed in the loading point ”A” (Fig.8a) and the relative displacement are 

calculated at the point located in the same zone that the one used for the experimental 

characterization. Depending on the direction of the applied force, it is possible to obtain 

the expected stress state (tensile or shear). 
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The geometry used for the beaks (Fig.8b) allows the reduction of the stress 

concentration near the free edge. As can be observed in Fig.8a, the dimensions of the 

mesh have been decreased near the beaks. A convergence study has been performed in 

order to determine the right number of elements. The mechanical behaviour of the 

substrates is assumed to be linear elastic with a Young’s modulus equal to 70GPa and a 

Poisson’s ratio of 0.34. These are the mechanical characteristics of the aluminium alloy 

used for the substrates. 

The bonded joint has a thickness of 0.4mm. Eight elements have been used to model 

half of the joint thickness because of the symmetry of the sample. This number has been 

chosen after a convergence study in order to obtain good results in terms of time and 

precision. The mechanical behaviour of the adhesives is described using the constitutive 

law presented in the next section of this paper. 

3.2 Constitutive law 

The final constitutive law used to describe the mechanical behaviour of the adhesive 

in the bonded joint is based on a viscoelastic-viscoplastic model. As will be shown in the 

next subsections, the viscoelastic part of the model was not sufficient to describe 

accurately the mechanical behaviour of the adhesive. 

The development of the behaviour law will be presented step by step, starting with a 

method of identification for the elastic parameters. The viscoelastic part is then 

described and all the parameters presented. Finally, the viscoplastic part is added to the 

model in order to obtain the constitutive law. 

It is important to note that in each case, the total strain ε is written as the sum of the 

different strains: elastic strain    , viscoelastic strain    , and viscoplastic     (Eq.5). 

The stress tensor σ will then be written as in Eq.6, where  ̿represents the instantaneous 

elastic stiffness. 

                                                                          (5) 
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    (         )                                                         (6) 

 

3.2.1 Identification of the elastic parameters 

The elastic parameters of the model (Young’s modulus E and Poisson’s ratio ν) are the 

first parameters that have to be identified. It is important to note that in this step the 

viscoelasticity and the viscoplasticity have no influence on the mechanical response of 

the model. The experimental curves (load vs displacement), obtained in monotonic 

tensile and shear Arcan tests, are used to determine an experimental elastic stiffness 

(Eq.7,8) using the measured load (F) and displacements (ND and TD). 

   
 

  
                                                                       (7) 

   
 

  
                                                                       (8) 

In parallel, using the finite element model, a series of simulations are made using 

different couples of (E, ν). The range of Young’s Modulus is chosen between 500MPa and 

6000MPa (with a step of 100MPa), and the Poisson’s ratio between 0.2 and 0.45 (with a 

step of 0.01). These are classical values that can be found in the literature for this kind of 

adhesive. The numerical stiffness obtained for each couple in both cases (tensile and 

shear) are compared with the experimental ones. 

At the end of each simulation an error is calculated between the numerical and the 

experimental stiffness. This error is represented in Fig.9a for the tensile loading and in 

Fig.9b for the shear loading case. The shadowed zone in those figures represents the 

couples (E, ν) that have a minimum error compared to the experimental results. In Fig.9c 

the couples with the minimal error are superposed in order to find the best couples that 

fit in both cases (tensile and shear loading). In Table 1 can be found the obtained values 

for the elastic parameters. 
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Table 1: Elastic parameters 

Parameters: E ν 

Unite MPa [-] 

Value 2000 ± 50 0.41 ± 0.01 

 

 

 (a) (b) 

 

(c) 

                   Figure 9: Calculated error obtained for different couples of (E, ν) in (a) tensile and (b) shear 

behaviour. (c) Intersection of the best couples (E, ν) 

3.2.2 Modified viscoelastic spectral model 

In a first step, the viscoelastic spectral model has been chosen to model the viscous 

behaviour of the adhesive. This model has been developed by Maire et al [23] to describe 

the non-linear behaviour of polymer matrix composites. 

In this model, the total strain ε is equal to the sum of the elastic strain     and the 

viscous strain    , Eq.9. The mechanical behaviour of the adhesive written in the 

referential of the bonded joint is the following: Eq.10; where σ is the stress tensor,  ̿ is 

the elastic stiffness. 

                                                                      (9) 

        (     )                                                       (10) 

The spectral viscoelastic model describes the viscoelastic strain     as the sum of the 

strains of a fixed number nt of viscous mechanisms ξi. The presented results are obtained 

with a number of nt = 20 mechanisms. Each of these mechanisms is defined by a 
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relaxation time τi, a weight µi in the total viscous strain and the viscoelastic compliance 

SR, see Eq.11. 

        ̇  ∑   ̇
  
            ̇  

 

  
(          ̇)                                       (11) 

  
The relaxation times are defined as in Eq.12 where ni ∈ [n1, n2] is a value situated 

between two limits that depend on the material. In the case of an epoxy material, n1 = 

−20 and n2 = 30. This means that the characteristic times are situated between 10−9s and 

1013s. The mechanisms with high relaxation times have low weight in this case and they 

are not activated. By decreasing the upper limit and keeping the same number of viscous 

mechanism, it would be possible to increase the accuracy of the model but it wouldn’t be 

possible to predict the creep behaviour for very long periods of time. 

      (  )                                                              (12) 

  ̅  
 

  √ 
   ( (

     

  
)
 

)      with           
  ̅̅ ̅

∑   ̅̅ ̅
  
 

                            (13)  

The weight of each elementary viscous strain depends on two parameters, n0 and nc 

which are introduced in Eq.13. They have to be identified using the creep tests. 

These two quantities, the relaxation time and the weight, define the so called 

spectrum of the model. The form of this spectrum is defined by two parameters n0 and nc. 

Each of the points in Fig.10 represents the relaxation time and the weight of a viscous 

elementary mechanism. 

 

Figure 10: Spectrum definition 
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n i = log ( τ i ) 
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The term SR  in Eq.11 represents the viscoelastic compliance. This is a fourth order 
tensor that has been modified from the previous version of the viscoelastic spectral 
model [11]. Observing the results obtained in Fig.7, it is possible to note that the 
adhesive mechanical behaviour depends on the loading conditions. In shear loading, the 
viscous displacements are more important than in tensile loading. Moreover, a non-
linear evolution of the viscous behaviour can be seen in the two cases. These 
observations led to the next equation representing the viscoelastic compliance (Eq.14). 
 

   
 

(    )  
   

 

(    )  
                                                 (14) 

 

The SR tensor is divided into two parts by the tensors HH and HD which allow the 

hydrostatic and the deviatoric mechanical behaviour to be defined. The I and I are the    

identity 2nd respectively 4th degree tensors. 

   
 

 
                                                                 (15) 

 

Also, the terms aH and aD in Eq.14 define the viscosity in the hydrostatic and 

deviatoric directions. These two parameters need to be identified. The non-linearity is 

introduced using the variables dH and dD Eq.16 which depend, each of them, on three 

parameters that need to be identified. The terms yD0 and yH0 are the threshold of the non-

linear behaviour of the viscosity and yDc and yHc define the kinetics. 

     
   (     (

 〈     
 〉

  
 ))              

   (     (
 〈     

 〉

  
 ))              (16) 

The internal forces of the model are yH and yD, Eq.17. These depend on the hydrostatic 

and deviatoric stress tensors. 

    
 

   
(      )                   

 

   
(      )                                (17) 

This modified viscoelastic spectral model has a total of 10 parameters that need to be 

identified (Table 2). 
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3.2.3 Identification of viscoelastic parameters 

The viscoelastic parameters of the model only need two experimental multi-level 

creep tests in order to identify them (in two loading directions: tensile and shear). The 

hydrostatic parameters are identified using the tensile multi-level creep test shown in 

Fig.6a. In the case of the deviatoric parameters, the results obtained in Fig.6b will be 

used for identification. Because the method of identification is the same in both cases, in 

the next section, it will be applied only for the deviatoric parameters (shear loading). 

a) Identification of the spectrum’s parameters: n0, nc 

The two parameters that define the spectrum are identified using the viscous 

displacements measured for each creep level. For this, the isochronism principle of the 

spectral viscoelastic model is used. In order to apply this principle, each creep level 

should have the same duration. The viscous displacements are normalized using Eq.18, 

where j represents the number of the creep level, j ∈ {1,2,3,4} because of the four shear 

creep levels (Fig.6b). In the same equation, tjbegin is the time at the beginning of the jth 

level and tjend is the time at the end of the same level. It is also important to mention that 

the normalized creep curves are not a function of the applied load. 

 

 

(a) 

 

(b) 

Figure 11: (a) Multi-level shear creep test (γ = 90o) used to identify the deviatoric parameters of the 

viscoelastic model, (b) Isochronism principle 
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In Fig.11b, the normalized viscous displacement can be observed for the four creep 

levels in Fig.11a. The normalized time for each creep level has been calculated using 

Eq.19. 

      
 

 
        

 

    
 

  
     
                                                          (19) 

It can be observed in Fig.11b that the isochronism principle is respected for the four 

creep levels. In this case, these curves can be superposed to a master curve that is a 

function of the spectrum. The spectrum is then defined by only two parameters that 

need to be identified: n0 and nc. 

Using the finite element model presented in Section 3.1, it is possible to apply an 

inverse identification to fit the obtained master curve. For this, a numerical simulation of 

the first creep level is made. The elastic parameters applied to the model are those 

identified using the monotonic tests. 

       ∑ (                   
                       

   )     
                         (20) 

 

 (a) (b) 

Figure 12: (a) Normalized viscous displacement for different couples(n0,nc) (b) Error calculated for 

different couples (n0,nc) 
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Couples of parameters (n0, nc) have been generated using Matlab software: nc ∈ [1 : 

10] and n0 ∈ [1 : 20] - a total number of 200 combinations. For each couple, a numerical 

simulation is made. After normalizing the time and the viscous displacements obtained, 

the results are compared with the master curve created from the experimental curves 

(Fig.12a). In this stage of the identification process, by normalising the time and the 

viscous displacement the influence of the rest of the parameters is not taken into 

account. This process is made automatically using a Python routine. 

For each couple an error is calculated using Eq.20. The couple with the closest error 

to zero is then used. The results are then normalized and they can be represented in an 

error map, as in Fig.12b. The best couples are those that minimize this error and they 

have a low influence on the final results. 

b) Identification of the linear viscoelastic parameters: aH, aD 

Once the spectrum is defined, it is now possible to identify the parameters that 

correspond to the linear viscosity: aH, aD. These parameters are identified on the first 

creep level ( corresponding to the linear viscoelastic behaviour) of the creep tests 

performed in tensile (aH) and in shear (aD), using the inverse identification method and 

the numerical model. It is important to note that in this step of the identification, the non 

linear part of the model is not considered. A very high value is fixed to the yH and yD 

parameters. The results are shown in Fig.13a,13b (curve corresponding to the visco-

linear behaviour). 
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(a) (b) 

Figure 13: (a) First level of the shear creep test (b) Identification of the viscoelastic model 

The identification has been made for the two cases of loading (tensile and shear) using 

the experimental results obtained in the multi-level creep tests. 

c) Identification of the non-linear viscoelastic parameters: dmaxD, yD0 , yDc, yH0 , yHc , dmaxH 

Examining Fig.13b, it can be noted that a linear viscoelastic model is not sufficient to 

describe correctly the behaviour of the adhesive in the multi-level creep tests. Therefore, 

the variables dH and dD were introduced in the definition of the compliance tensor. 

The threshold between the linear and non-linear viscosity is, in this case, at the end 

of the second creep level (Fig.13b). Using the FE model, it is possible to evaluate the 

internal force yD in the middle of the bonded joint where its value is maximal. This value 

will correspond to the threshold yD0. The same approach is applied to find this variable 

in the case of a tensile creep test. 

The last parameters of the model yDc  and dmaxD and the hydrostatic equivalents are 

identified using the last two creep levels. These influence the kinetics of the 

displacements for the last creep levels. It can be seen in Fig.13b that using the non-linear 

viscosity it is possible to have a good fit between the experimental curve and the 

numerical results. 

 

(a) 
 

(b) 

Figure 14: Viscoelastic model prediction in monotonic (a) shear and (b) tensile tests 
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Once the model is validated using the creep tests, it is now possible to evaluate if the 

model is able to predict the monotonic behaviour. 

Fig.14 represents the response of the identified viscoelastic model when simulating a 

monotonic shear or tensile test with the identified parameters (Table 2). These results 

are showing that even though the model is describing accurately the creep behaviour, it 

is not sufficient to predict the mechanical behaviour in monotonic loading. A solution to 

solve this problem would be to use an elasto-viscoplastic model. But the use of this kind 

of model would involve to set the elastic limit to a very low value to be able to model the 

creep behaviour for low loading levels. Thus, in order to predict the mechanical 

behaviour at high loading-levels, a viscoplastic part have been added in the present 

constitutive law. 

 

Table 2: Identified viscoelastic parameters 

 Spectrum Hydrostatic Deviatoric 

Parameters n0 nc aH   
      

    
  aD   

      
    

  
Unit - - MPa-1 - - - MPa-1 - - - 

Value 5 10 4000 0.9 0.03 0.015 1500 0.6 0.01 0.02 
 

 

3.3 Viscoelastic-viscoplastic behaviour 

In the last section, it has been shown that the viscoelastic model is not sufficient to 

describe correctly the mechanical behaviour of this adhesive. In order to be able to 

predict the monotonic behaviour, a viscoplastic part has been added to the model. In this 

case, the total strain ε will be composed of the elastic strain εel, the viscoelastic strain εve 

and the viscoplastic strain εvp, as was shown in Eq.5. 

The viscoplastic part of the model is inspired by the model proposed by Mahnken- 

Schlimmer et al [15]. In this case, the yield surface is described using a linear relation 

(Eq.22), between von Mises and hydrostatic stresses. Other forms of this model could be 
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found in literature [24][25]. This is a simple model that has a few parameters to be 

identified as it will be shown in the next section. 

3.3.1 Constitutive law for viscoplastic behaviour 

The stress tensor σ is decomposed into a deviatoric part σD and a hydrostatic part σHI. 

The von Mises stress (σM) is then calculated using the Eq.21. 

   √
 

 
                 where                   and      

 

 
     ( )                    (21) 

The yield surface of the viscoplastic behaviour is determined using the Eq.22, where 

σM represents the von Mises stress tensor, σH is the hydrostatic component and R is the 

hardening parameter. a1 is a parameter that defines the shape of the yield function (the 

slope) in the von Mises - hydrostatic pressure plane. 

        
                                                                  (22) 

The Eq.23 represents the evolution of the hardening parameter R. The parameters H, 

Q, b influence the monotonic non-linear behaviour of the adhesive and are identified 

from a pure shear test using the inverse identification method. It is important to note 

that when those parameters are identified, the viscoelastic part of the model is activated. 

R0  is the elastic threshold. 

 

             (     (       ))                                     (23) 

 

The hardening is driven by the internal strain variable evcum defined in Eq.24. The 

parameters K and n are identified after all the other parameters of the model are fixed. 

Because they depend on the strain rate, their identification needs a shear test at a 

different strain rate. 

  (24) 
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The viscoplastic strain rate can finally be written as in Eq.25. In this particular case, 

in order to reduce the number of parameters, an associative model has been developed, 

which means that the flow rule is described using the same function as the yield surface 

[15]. 

  ̇   ̇    
  

  
                                                                (25) 

3.3.2 Identification of viscoplastic parameters using monotonic tests 

The viscoplastic parameters of the model are also determined using an inverse 

identification method. It is important to note that the viscoelastic part is enabled during 

this operation. 

a) Identification of the elastic limit: R0, a1 

The elastic threshold R0 is calculated at the end of the linear part of the mechanical 

behaviour. Because of the definition of the yield surface (Eq.22), only two monotonic 

tests, performed in tensile (γ = 0o) and shear (γ = 90o) loading, are needed to obtain the 

experimental yield surface (see the points in Fig.15a). These values of the elastic 

threshold are then used to perform a numerical simulation of the two loading conditions. 

For each case, the stress tensor in the middle of the adhesive joint, is plotted in a von 

Mises vs hydrostatic pressure plane [24]. It is clear that for γ = 90o, no hydrostatic 

pressure is obtained in the middle of the joint. However, for tensile behaviour, due to the 

complex state of the stress in the bonded joint, the same point, in the middle of the joint 

is characterised by a hydrostatic and a deviatoric stress. The yield function is then 

analytically identified. The slope of this function allows the determination of the a1 

parameter (Fig.15a). 

b) Identification of the hardening: H, Q, b 

The hardening parameters are also identified using the inverse identification method. 

The 0.2kN/s monotonic shear test (Fig.15b) is used for the parameters identification. An 



23 

optimization between the experimental curve and the numerical response of the finite 

element model has been performed in order to minimize the error between the two 

behaviours. 

It is important to notice that since the model is not able to predict the hardening 

observed at the end, the last part of the curves was not considered during the 

identification process. This complex phenomenon can be explained by the presence of 

porosities or charges and to be able to model it, other components should be added to 

the present version of the model. 

c) Identification of the viscous parameters: K, n 

Once the hardening parameters have been determined, the couple (K, n) is identified. 

Because they depend on the strain rate, a second monotonic shear test (2kN/s) is used 

for the identification (Fig.15b). 

 

 

 
(a) 

 
(b) 

 
 Figure 15: (a) Experimental and numerical yield function (b) Identification of the viscoplastic parameters 

It is important to note that in order to identify the viscoplastic behaviour, two 

monotonic shear tests have been entirely used. The yield surface has been determined 

using the elastic parts of tensile and combined tensile/shear tests. These tests can be 

used to validate the non-linear behaviour. The identified parameters can be found in 

Table 3. 
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Table 3: Identified viscoplastic parameters 

Parameters R0 a1 H Q b n K 

Unit MPa - MPa MPa - - - 
Value 32 0.2 2 2.5 45 3.5 10 

 

3.4 Validation of the viscoelastic-viscoplastic model 

The model validation is based on the comparison between experimental results and 

numerical predictions. In order to do this, experimental data that have not been used in 

the identification procedure are analysed. 

The first test used to validate the model is a combined tensile/shear monotonic test. 

The positioning of the Arcan device can be observed in Fig.1a, where γ = 450. The load 

and the displacements are decomposed into a normal component and a tangential one. 

The prediction of the model and the experimental curves are compared in Fig.16a,16b. 

As it can be observed, the obtained results are very satisfying. Moreover, this test was 

also used to validate the yield function. The elastic threshold for this type of test was 

calculated as it has been presented in section 3.3.2.a). The representation of the yield 

stress for the combined tensile/shear test (γ = 45o) in Fig.17a indicates that the yield 

function is correctly predicting the evolution of the yield stress. 

 

 

(a) 

 

(b) 

                    Figure 16: Viscoelastic-viscoplastic model validation in combined tensile/shear test 

 



25 

 
(a) 

 
(b) 

 

Figure 17: (a) Validation of the yield function; (b) Strain rate effect validation in monotonic tensile tests 

. 

The prediction of the strain rate effects was validated using a monotonic tensile test 

at 2kN/s (Fig.17b). The elastic modulus does not depend on the loading rate for this type 

of adhesive, instead, the failure load is increasing. It can be observed that by multiplying 

the loading rate by ten, the failure load is increased by about ten percent. This change in 

the mechanical behaviour of the adhesive can be predicted by the presented model. 

For both tensile and shear creep behaviour, multi-level recovery tests were also used 

to validate the model. As it can be observed in Fig.18, in the two cases, even though the 

model has been identified on the creep levels it can predict the behaviour of the recovery 

levels. An interesting point that should be mentioned is that looking at the last recovery 

level in shear(Fig.18a) the viscoelastic strain is not totally recovered when completely 

unloading the bonded joint. The prediction of this recovery level is still very accurate. 

Regarding the tensile recovery levels(Fig.18b), the model is a little bit less accurate but 

this can be explained by the very small displacements that are measured. 
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(a) 

 
(b) 

 
Figure 18: Model validation in multi-level creep/relaxation (a) shear and (b) tensile tests 

4 Conclusion and perspectives 

This paper presents an original development of a viscoelastic-viscoplastic model 

capable of describing the mechanical behaviour of an adhesive in a bonded joint. As it 

can be seen in literature, the mechanical behaviour of some types of adhesives can be 

modeled only by using a viscoelastic constitutive law. In the case studied here, 

viscoelasticity was not sufficient to describe the important non-linearity in the 

behaviour of the studied adhesive. Moreover, the viscoelastic spectral model, initially 

developed to describe the composites matrix mechanical behaviour and then adapted by 

Badulescu et al. [11] for adhesives, has been modified in order to take into account the 

effect of the von Mises and the hydrostatic stress as proposed by Carrere et al. [26]. 

For identification and validation of the viscoelastic part of the model, only one 

multilevel creep recovery test is needed in two directions (tensile and shear). The 

loading of each level should be below the elastic threshold. For a better understanding of 

the timedependent behaviour, long creep levels are recommended. The creep levels are 

only used for identification of the model parameters. The validation of the model is made 

afterwards using the recovery levels of the same sample. 

Once the viscoelastic part of the model is defined, the viscoplastic part of the model 

can be identified. The pseudo yield surface is determined using monotonic tests in three 
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directions (γ = 00, γ = 450, γ = 900). For the identification of the loading rate dependent 

parameters K and n, a second monotonic shear test (γ = 900), performed at another 

loading rate was needed. 

Even though the proposed model has an important number of parameters (10 for the 

viscoelastic part and 7 for viscoplasticity), only two creep tests and three monotonic 

tests are needed to identify all these parameters. It is also important to highlight the 

method of identification which is simple to implement. Each parameter is determined 

step by step using the inverse identification method. 

For further investigations, the sensibility of each parameter of the model can be 

studied. In order to quantify it, first, the relevant tests should be defined for each type of 

parameters (viscoelastic or viscoplastic). In a second phase, an approach should be 

developed to calculate an error with respect to the global mechanical response after 

changing a specific parameter with a certain ratio. 

As from a qualitatively point of view, it can be confirmed that the viscoelastic 

parameters (ai, dmaxi ,yi0, yiC where i = {H,D}) have a great influence in creep behaviour but 

they don’t seem to influence that much the global mechanical response in monotonic 

tests. The spectrum parameters (n0, nc) characterize the form of the creep behaviour but 

they will not impact the predicted strains. Viscoplastic parameters have great influence 

in both shear and tensile monotonic behaviour but they will not influence the creep 

behaviour as long as the applied load will be below the elastic limit. 

Results show that a good agreement with the experimental curves is obtained. To test 

its capability, it would be interesting to test the prediction of the model in more realistic 

joints such as single lap joints. In further investigations, the model can be used to predict 

the cyclic mechanical behaviour, which is very important when considering fatigue 

lifetime prediction. Another aspect is to identify the evolution of the model parameters 

as a function of water ageing of the material, in order to predict the influence of water on 

the mechanical behaviour.  
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