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Abstract 
The aim of this paper is the development of a method to predict interfacial 

failure in adhesive joints. The main originality of the paper resides on the application 

of a twofold criterion involving stress and energy conditions simultaneously to predict 

adhesive failure onset in different geometries of adhesive joints subjected to diverse 

loadings. Butt joints and double lap joints made of linear elastic materials are tested 

in torsion and tension. The failure onset predictions are based on finite element 

calculations and a twofold criterion which considers a novel stress condition. These 

predictions are accurate and prove the validity of the method to predict adhesive 

failure for different adhesive joint configurations and loadings. 

1. Introduction 
The use of adhesives has increased considerably in the last decades owing to 

their advantages against other assembly techniques. The design of adhesively 

bonded structures requires theoretical tools to predict critical loads and ensure the 

reliability of the structure. The failure scenarios are: cohesive failure (cracking of the 

adhesive layer) [1–3], adherent failure [4,5], adhesive failure [3,6,7] (failure of the 

interface between the adherent and the adhesive) or a combination of these three 

cases [8]. In a rigorous and detailed analysis, one failure criterion is required for 

each one of these failure modes. In most of the failure predictions published before, 
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cohesive and adhesive failures are not distinguished [9]. This is due to the difficulty 

of calculating interfacial stresses and handling stress singularities. Also, it is widely 

assumed that in a good design of an adhesive joint, failures occur only within the 

adhesive layer [9]. 

In few publications, a criterion of adhesive failure in adhesive joints is 

proposed. The adhesive failure criteria gathered from literature may be classified by 

the way interfacial stresses, stress intensity factors or strain energy release rates are 

applied in the criteria. Crocombe et al. proposed a criterion involving the peel 

stresses at a characteristic distance from the edge in order to avoid stress 

singularities [10]. This criterion was based on mechanical tests on adhesive joint 

specimens that subjected the interfaces to different ratios of normal/shear stresses 

at the center of the interfaces (far from the edge effect zones). Qian and Akisanya 

[11] used stress intensity factors to predict the onset of mode I adhesive failure in 

scarf joints with three different scarf angle values. Kim et al. [12] performed tests on 

composite single lap bonded joints with different adhesives in order to propose a 

quadratic stress criterion involving the averages of the interfacial stresses over a 

characteristic distance from the edge as proposed by Brewer and Lagace [13] for the 

prediction of free edge delamination in composite laminates. Mendoza-Navarro et 

al.[14] used a peel stress criterion to forecast failure in T-joints by making use of a 

layerwise model which provides finite values of the interfacial stresses even at the 

edges. Another approach consists on adopting a cohesive zone modeling to 

simulate the progressive damage initiation and propagation. In [15], a cohesive zone 

model for the interfaces was applied to predict the load-displacement curves and 
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strength of single lap joints. Accurate predictions were obtained. It is worth 

mentioning that cohesive zone models have been applied by Crocombe and his 

coworkers to also predict cohesive failure for various types of adhesive joints under 

several loading and environmental conditions [16–19]. 

Once the parameters involved in the failure criterion have been identified by 

means of a test (for instance, a tensile test on a double lap joint), it is natural to try to 

predict failure onset in other structures (butt joints subjected to torsion, for example) 

by means of the same failure criterion. Nevertheless, the predictions in other 

structures are usually not correct in spite of using the same materials [20]. This may 

be due to manufacturing defects [21], a high experimental scattering, a bad 

modeling of the behavior of the adhesive (usually a linear elastic behavior is 

assumed but the behavior is generally non-linear [7]), a weak accuracy of the 

method applied to calculate stresses [10], a wrong selection of failure criteria and the 

inability of the predictive method to distinguish adhesive failure from cohesive failure 

[9]. In answer to the necessity of adhesive failure criteria, in this work, the authors 

propose experiments with adhesive double lap and butt joints whose failure is 

initiated by an interfacial failure and prove that a twofold criterion involving 

simultaneously stress and energy conditions [22,23] is an efficient tool to predict 

adhesive failure onset. A stress condition, more appropriate than a quadratic stress 

criterion is proposed in this paper. In the proposed tests, failure modes are very 

varied: pure mode III and mixed-modes I–II and I–II–III. The substrates used are of 

low alloy steel and instead of a commercial adhesive a polyester resin that has a 

quasi linear elastic behavior prior to failure is applied. 
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The article is structured in four parts. Firstly, materials, specimen types, 

samples preparation and devices used are described. Then, the results obtained in 

the mechanical tests are presented. In the third part, a stress analysis of the tests is 

performed by means of the finite element COMSOL Multiphysics 3.3 software. 

Finally, the twofold criterion of adhesive failure is determined in order to predict 

failure for every specimen tested in this paper. 

2. Materials and experimental methods 
In this part, we describe the materials and methods used to make the 

specimens and carrying out the tests. 

2.1. Specimens for adhesive and substrate characterization 

The polyester resin used as adhesive was made by adding a cobalt naphtate 

catalyst to the base resin with the ratio recommended by the supplier. The adhesive 

cures after 24 h at an average room temperature of 25 1C. In order to characterize 

the adhesive mechanical behavior and to evaluate the effect of the hydrostatic 

stress, three cylindrical specimens were made with a diameter of 12.5 mm to 

perform compression tests, and five bone-shaped specimens for the tension tests. In 

these last specimens, the thickness was 2.96 mm and the width was 12.6 mm. The 

steel in the substrates was characterized by means of three tension tests. These 

tests were performed with a strain rate of 0.1%/min. All the specimens were 

instrumented with strain gages for an accurate measurement of strains. 

2.2. Adhesive joint tests 

In this work, three different types of tests were carried out to submit the 

interfaces to different normal stress–shear stress ratios. The tests are shown in Fig. 
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1 and are named as follows: 

•  Type A: ‘‘Torsion–tension’’ tests with butt joint specimens, 

•  Type B: Tension tests with double lap joints, 

•  Type C: Peeling tests with double lap joints. 

In Fig. 1, the specimen dimensions are specified. The adhesive thickness in 

all the samples was constant and equal to 0.5 mm. For the overlap length l in type B 

and C specimens, three values were used: 10 mm, 15 mm, and 20 mm. It is worth 

telling that for type B specimens, only the overlap length varied in one joint end with 

the abovementioned values, the overlap length in the other end remained the same, 

equal to 30 mm. 

Type A specimens consist of two coaxial steel cylindrical pieces. For every 

pair of coaxial metallic pieces, half an urethane slip coupling was inserted in the 

upper end of the lower piece and the resin was poured into the cavity formed by the 

upper half of the coupling (see Fig. 2). Afterwards, the upper metallic piece was 

slipped into the coupling leaving the desired adhesive thickness. 
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The correct adhesive thickness was assured by means of stops in the 

specimen ends. For the construction of specimens B and C, urethane molds were 

made (see Fig. 2), thanks to machined and calibrated standards. The surfaces of the 

substrates of all the three types of specimens were grinded for them to have a flat 

surface and the same roughness in all the tests (the maximum roughness 

depth was Rmax¼2 mm). In every case, the surfaces were cleaned with 

acetone and left drying to apply the adhesive subsequently. 

For type A specimens, the device shown in Fig. 3 was used in order to apply 

simultaneously tensile and torsional loads. The torsional load is applied by means of 

a lever arm whereas the tensile force is applied by means of a pulley mounted on 

ball bearing devices. The tensile load F is first applied and then the torque T is 

increased at a rate of approximately 1 Nm/min: this is done by putting weights in the 

pan attached to the lever arm. Each weight corresponds approximately to a 0.02 Nm 

torque. For validation purposes, two pure tension tests were carried out in a 

universal testing machine and the maximum loads (1.279 and 1.150 kN) were 

compared with those obtained in two pure tension tests performed in the torsion–

tension device (1.130 and 1.083 kN). The results were practically the same. 

The tests of type B and C specimens were carried out in a universal testing 

machine and the displacement rate was 0.1 mm/min. The load in type B specimens 

was transmitted with pins so as to prevent transmission of parasite moments. 

3. Experimental results 

3.1. Results for adhesive and steel 

In Fig. 4, the axial stress s and the transverse strain et are plotted against the 
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axial strain eax for a representative polyester specimen subjected to tension and 

compression. In compression, the adhesive has an elastoplastic behavior that 

makes possible to reach higher strains than in tension. This usually happens with 

thermoset polymers (such as structural adhesives) with yield function and failure 

criterion depending on hydrostatic stress [24]. The stress–strain curves obtained 

with the five tensile tests are shown in Fig. 5; a small dispersion of results and a 

quasi linear elastic behavior can be observed in this figure. The averages (standard 

deviation) for Young’s modulus E, maximum stress smax and Poisson’s ratio n 

obtained in the 5 tension and 3 compression tests are listed in Table 1. The 

maximum stress in tension reported herein should be considered with caution 

because size  
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effects may occur and for smaller bulk adhesive specimens the maximum 

stress may be greater than 29.9 MPa. 

For the steel considered in the substrates of the adhesive joints, the averages 

(standard deviations) for Young’s modulus E, 

maximum stress smax and Poisson’s ratio n obtained in the 3 tension tests 

are 181 GPa (3 GPa), 210 MPa (9 MPa) and 0.33 (0.03), respectively. 

3.2. Type A tests results 

For this type of tests, due to the simplicity of the device used, no force vs. 

displacement graphs were obtained. Only critical combination values of axial force 

and torque were obtained. Pure tension (test A1), pure torsion (test A7) and 

combined tension–torsion tests (tests A2–A6) were performed with two repetitions 

for each test. All the tests carried out had a spontaneous catastrophic failure with an 

abrupt noise. In every test, an adhesive failure was observed; three pictures 

displaying typical interfacial failures are shown in Fig. 6. An EDAX analysis was 

performed to a sample of a failed specimen which seemed to have no adhesive. No 

cobalt trace was found (cobalt naphtate is the catalyst for the base resin) and this 

proves that failure was interfacial. The values of force and torque at failure are 
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provided in Table 2. An important scattering is obtained particularly for tests A2–A6. 

This may be due to the intrinsic dispersion of the adhesive–substrate interface and 

to manufacturing defects such as uncontrolled adhesive spew fillets at the edges 

which affect considerably the large stress concentrations close to the interface. 

Adams et al. [25] showed how adhesive spew fillets may affect the strength of a butt 

joint. In general, a decrease of the applied axial load implies an increase of the 

allowable torque. Addition-ally, in Table 2, the values of the apparent tensile stress 

(axial force divided by area) and maximum shear stress due to torsion are listed. 

This shear stress is obtained by the classical torsion formula: 

 

 
Where T, J, R stand for the torque, the polar moment of inertia and the radius 

of the specimen, respectively. 

3.3. Type B tests results 

For the double lap joint specimens (type B specimens), five tests were carried 

out for each considered overlap length. In Fig. 7(a–c), the graphs of force vs. 

displacement in type B tests with the 10 mm, 15 mm and 20 mm overlap length 

specimens are shown, respectively. The displacement value corresponds to the 

crosshead displacement provided by the universal testing machine. Therefore, the 

displacement may not be the same as the elongation of the specimens. The 

apparent initial non-linear behavior is due to gap adjustments. In Fig. 7(d), the force 

vs. displacement curve of a particular specimen of each family is shown. This 

particular specimen was selected by its proximity of  
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Its strength to the average strength of each family. In general, the rigidity and 

strength increase as the overlap length increases. The failure was catastrophic and 

occurred spontaneously with an abrupt noise. As shown in Fig. 7 and in spite of the 

careful preparation of specimens, an important scattering of the strength for each 

adhesive length is observed. This scattering may be due to manufacturing defects 

near the intersection of the interfaces with the edges and/or to misalignments of the 

ends of the specimens which may cause parasite bending moments. The averages 

of the force values at the failure moment are given in Table 3. The failure scenario 

was very complex and variable even between specimens having the same overlap 

length. Adhesive failures jumping from one interface to another occurred and 

sometimes the interfaces with longer adhesive failed as well. Despite this variability, 

a constant in all the tests was the failure of interface 2 or 3 indicated in Fig. 8. In this 

figure, a picture showing the failure of a specimen with a 10 mm overlap length is 

shown. 

3.4. Type C tests results 

For each overlap length, three repetitions were performed. In Fig. 9, the 

graphs of force vs. displacement in type C tests are shown. An important scattering 
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of strength results can be observed. Once again, this scattering may be due to 

manufacturing defects. Generally, the rigidity and strength increase as the overlap 

length increases. This may be due to the change of the moment arm from one test to 

another. Adhesive failures occurred spontaneously at interfaces 1 or 4 and in some 

cases the failure jumped to interfaces 2 and 3 as shown in Fig. 10.In Table 3, the 

averages of the forces leading to failure for every specimen are shown. These forces 

are by far lower than those obtained for tests B. 

4. Stress analysis 
Since the adhesive behavior is sensitive to the hydrostatic stress, a Drucker-

Prager type elastoplastic model with isotropic hardening was fitted to the 

experimental curves obtained in Fig. 4 (for more details, see Appendix A). This 

model was implemented 
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in COMSOL Multiphysics 3.3 software and a structural analysis was 

performed for each adhesive joint considered in this paper and subjected to the 

failure loads that are provided in Tables 2 and 3. Stress singularities existatthe 

intersection between the interfaces and the free edges and for this reason a finer 

mesh density was used around these stress singularity points. Triangular elements 

were selected for the analysis and the smallest element size was 2 mm (the 

maximum roughness depth measured on the substrates was Rmax¼2 mm). The 

use of an element size smaller than the roughness of the substrate surface has no 

sense since this roughness is not taken into account in the modeling. Far enough 

from the stress singularity points, at a distance greater than 3 � Rmax, the stress 

results are practically the same as those obtained with a linear elastic assumption. 

For this reason, the stress analysis shown in this paper is based on a linear elastic 
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assumption and this makes possible to use the theory of ‘‘linear elastic fracture 

mechanics’’. Moreover, small strains and displacements are assumed. It is worth 

mentioning that the numerical results shown in this paper do not depend on the 

meshing refinement except for the interfacial stresses in the vicinity of stress 

singularity points. From this point forward, all the calculations are linear elastic. 

4.1. Tests A 

In order to calculate stresses in cylindrical butt joints subjected to tension and 

torsion, we adopt a cylindrical coordinate system (r,y,z). The boundary conditions 

are 

• Uz=Uθ=σrz=0 at the bottom boundary, 

• Uz=D, Uθ=rφ, and σrz=0 at the top boundary, 

• Ur=σrθ=σrz=0 at the axis of symmetry placed on the z-axis, 

• σrr=σrθ=σrz=0 at the vertical stress free boundary, 
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Where U is the displacement vector, r is the stress tensor, D is the imposed 

elongation and j is the imposed torsional angle. 

A resolution of the mechanical equations in an (r,z) plane is proposed 
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because displacements, strains and stresses do not depend on the angular 

coordinate (see Fig. 11). Since the pre-defined axisymmetric equations in COMSOL 

are not appropriate to this problem (displacements Uy and stresses syz are non-

zero), the equations were programmed and solved in the PDE module of COMSOL. 

Owing to this simplification of the 3D problem, an important saving in computing time 

and memory required is achieved. In Fig. 11, the meshing used in COMSOL is 

shown. 

 

The stress state is a result of a superposition of the stresses obtained from 

the torsion problem and those from the tension problem. In Fig. 12, the plots of the 

interfacial szz normal and srz shear stresses against the radial position at one 

interface are shown for the case of a 1 kN axial load. An important edge effect is 

observed. In this loading case, results at the edge do not converge with mesh 

refinement due to a stress singularity located at the intersection between the 

interface and the free edge. 

In Fig. 12, the syz shear stress is plotted against the distance from the edge 
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for the case of a 1 Nm torsional load. It is worth mentioning that for this torsion case 

no singularities appear and the calculations of stresses converge [25]. The shear 

stresses may be obtained by the classical torsion formula  

 

Where T, J, r stand for the torque, the polar moment of inertia and the radial 

position, respectively. Type A tests exhibit then mode III, mixed-mode I–II and 

mixed-mode I–II–III failures. 

4.2. Tests B and C 

For type B and C specimens, a plane strain state was considered. In Fig. 13, 

the meshing example of type B and C specimens is shown with an overlap length of 

10 mm. Let us consider this overlap 

 

length for the results analyzed in this paragraph. In Fig. 14, shear and normal 

stresses at the upper and lower interfaces (shown in Fig. 13) are displayed for the 

type B specimen subjected to a 2.37 kN load. Higher interfacial stresses appear 

near the bottom left stress singularity point for specimen B. In Fig. 15, shear and 
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normal stresses are plotted along the upper and lower interfaces of speci-men C 

subjected to a 45.1 N load. Higher interfacial stresses appear near the stress 

singularity point at the right edge of the upper interface of specimen C. It is for this 

reason, from a stress point of view, that these points (or their symmetric ones) with a 

higher stress concentration were connected to a crack in the experiments with 

specimens B and C shown in Section 2. With the plane strain assumption the shear 

stresses syz are zero, this is valid far enough from the stress free boundaries to 

which the z-direction is normal. If failure starts in this region, Figs. 14 and 15 predict 

a mixed mode I–II failure. If failure occurs near the aforementioned stress free 

boundaries, a mixed mode I–II–III failure occurs because the shear stresses syz are 

non-zero due to the edge effects. 

5. Adhesive failure criterion 

5.1. Selection of a failure criterion 

In [22], Leguillon proposed an original approach to predict crack nucleation by 

means of energy and stress conditions. For failure onset (crack nucleation), the 

energy condition must not involve differential strain energy release rate because its 

calculation imply a progressive growth of the crack area and if an infinitesimal crack 

is considered the strain energy release rate tends to zero. Let us consider a static 

elastic structure without any 
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crack and subjected to a mechanical load. The equilibrium state is 

characterized by a potential energy Wp(0) and a zero kinetic energy Wk¼0. Next, 

the same structure is considered after the onset of a crack of surface area A which 

may be non-infinitesimal. The energy balance between these states yields  

 

Where ΔWp and ΔWk are the changes respectively in potential and kinetic 

energy (these changes may be non-infinitesimal), Gc is the fracture energy per unit 

surface (a material property). Since ΔWk≥0, Eq. (3) yields then a necessary 

condition for fracture [22]  

 

In this manner, for those cases when a non-infinitesimal interfacial crack appears 

unstably (as in tests A, B and C) the following energy condition must be met 

 

Where A is the area of the crack, Wp(A) is the potential energy in the cracked 

structure, Ginc is the incremental strain energy release rate and Gc is the critical strain 

energy release rate: a property of the interface related to its toughness. In [22], Leguillon 

proves then that a sole criterion (an energy criterion or a maximum stress criterion) do not 

suffice to predict failure onset in any geometry or loading condition. The author proves that 

in order to create a crack of area A, the following conditions must be met simultaneously 

• the incremental strain energy condition in Eq. (5), 

• the stress criterion f(τ,σ)≥0 at every point where the crack appears; 

 

Where τ and σ are the interfacial shear and normal stresses, respectively. 

http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#eq0015
http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#bib22
http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#eq0025
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Martin et al. [23] show that the use of the previous twofold criterion predicts 

accurately thickness and stacking sequence effects on delamination initiation in 

cross-ply composite laminates. 

In this paper, a spontaneous crack connected to a stress singularity point 

causes failure onset. In order to predict the nucleation of a spontaneous crack of 

surface A, Leguillon's approach [22] is adopted and the following twofold criterion is 

considered 

 

where a and τc are material parameters which represent the sensitivity of the 

interfacial strength to peel stresses and the shear strength, respectively. The 

parameters Gc, a and τcwill be determined in Section 5.3  

 

by fitting the theoretical predictions to the experimental results obtained 

in Section 2 of this paper. The stress condition adopted τ2+aσ≥τc2 is inspired by the 

shape of the experimental failure envelope in the τ−σ plane (τ and σ are the 

interfacial shear and normal stresses, respectively) shown in Fig. 16 and obtained by 

http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#bib23
http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#bib22
http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#s0080
http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#s0010
http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#f0080
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Cognard et al. [26] with other materials (aluminum substrates bonded with an epoxy 

adhesive: Vantico Redux 420). Cognard et al. made a modification of the classical 

Arcan test in order to vanish the edge effects and to cause failure at the center of 

adhesive joints; the joints were tested in several load directions and both adhesive 

and cohesive failures were observed. Let us point out that the strength predicted by 

the proposed stress condition is sensitive to the sign of the peel stress, the same as 

the experiments performed by Cognard et al. [26]. 

5.2. Method to predict failure onset 

The method to predict failure initiation is described by analyzing the example 

of type A specimens; for type B and C specimens, an analog method is applied. The 

following parameters are chosen arbitrarily to carry out the example of failure 

prediction: τc=10.0 MPa, a=10 MPa and Gc=70 J/m2. In order to ease failure 

prediction, a monotonically increasing proportional loading is considered. The 

torque T and the axial tension force F are thus defined by  

 

Where α is a constant defining the loading direction, Q is an adimensional 

loading parameter, F¯=1kN and T¯=1Nm. Two loading cases are considered in this 

example of failure prediction 

• pure tension (α=0°); this is the case of tests A1 in Table 2; 

• torsion combined with tension verifying a 4 Nm/kN torque to force ratio 

(α=76°); this ratio is similar to that in tests A2 in Table 2. 

http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#bib26
http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#bib26
http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#t0010
http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#t0010
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The prediction of failure onset requires the calculation of interfacial stresses in 

uncracked specimens. By means of the results of the finite element software 

COMSOL it is possible to determine the interfacial stresses for each value of the 

radial position r. For tests A, the distance to the free edge is thus defined 

by ρ=R−r (R is the radius of the specimen). Let us define the critical load Qσ as the 

minimum positive load required to verify the stress condition in Eq. (6) 

http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#eq0030
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In Fig. 17, the critical load Qs is plotted versus the distance r to the edge for 

the pure tension (a¼01) and the torsion-tension (a¼761) cases. It is worth 

mentioning that Qs tends to zero when r tends to zero. If the model assumes that 

only the strength criterion governs failure, it would predict meaninglessly that any 

load would cause failure initiation. 

The prediction of failure onset requires also the computation of strain energies 

in cracked specimens so as to determine the incremental strain energy release rate 

Ginc in Eqs. (5) and (6).Itis worth mentioning that in this paper only one interfacial 

crack is modeled for each specimen instead of two symmetrical cracks because 

failure onset cracks appear spontaneously and failure initiates at the weakest 

interface or at the interface with greater defects. The location of the crack at one of 

the two possible interfaces was selected arbitrarily as shown in Fig. 18. At the end of 

Section 5.3, the theoretical results that would be obtained with two symmetrical 

cracks are commented. The surface area of the crack in all specimens is determined 

by the crack depth. For a type A specimen, a circumferential crack with a depth d in 

the  
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 radial direction is considered (see Fig. 18). For the other types of specimens, 

rectangular cracks with a depth d measured from the specimens edge are 

considered as shown in Fig. 18. In Fig. 19, the example of the meshing of a cracked 

type A specimen is shown. Owing to COMSOL calculations, for a given loading 

parameter Q1, the incremental strain energy release rate G1inc(ρ) related to an 

interfacial crack connecting the free edge of the specimen A and a point located at 

the radial position r=R−ρ is calculated (ρ=d and R is the radius of the specimen). 

The consideration of the proportional loading allows determining the critical 

load QG(ρ) required to obtain Ginc(ρ)=Gc as follows: 

 

This critical load QG(ρ) is the minimum load required to create a spontaneous 

interfacial crack of depth ρ from an energy point of view. In Fig. 17, the critical 

load QG(ρ) is plotted versus the depth ρ for the pure tension and the torsion-tension 

cases. If only the energy criterion Ginc≥Gc governed failure initiation, the load that 

would provoke failure would be QG(R) and the crack would separate the specimen 

into two pieces. Now, let us analyze failure initiation by making use of the stress and 

energy criteria simultaneously. Let us first consider the case of pure tension. In Fig. 

17(a), we observe that the curves of QG QUOTE and Qσ do not intersect. For a 

small loading level Q0, a small ρ0deep crack (see Fig. 17a) may appear from a 

stress point of view but this crack would not release enough energy to verify the 

energy criterion since QG(ρ0)>Qσ(ρ0). If the load parameter Q increases and attains 

the lowest value of QG (i.e. QG(R), R=5.7 mm), the stress and energy conditions in 

Eq. (6) are met simultaneously and the crack appears spontaneously breaking in two 

http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#f0090
http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#f0090
http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#f0095
http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#f0085
http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#f0085
http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#f0085
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parts the specimen. In this example, the failure in a pure tension test is controlled by 

the energy condition. Now, let us consider the case of the combined torsion–tension 

load. In Fig. 17(b), we observe that the curves of QUOTE QG and Qσ intersect 

at ρ=ρc=3.15 mm and Q=Qc=8.26. By following a similar reasoning as that for the 

pure tension test, one concludes that when the load parameter Q attains Qc, the 

load is enough to create a ρc deep crack from stress and energy point of views. The 

value of the load parameter that would cause failure initiation is then Qc=8.26 

(i.e. F=0.765 kN, T=3.10 Nm). 

5.3. Determination of parameters and results of failure onset prediction 

Parameters Gc, a and τc are determined by fitting the predictions to the 

experimental data of tests A and B and applying a least square method. In this 

method, a first provisional set of values (G1c,a1,τ1c) for these parameters is 

arbitrarily selected. The predictions of failure loads for tests A and B are then carried 

out by following the method detailed in the previous subsection. The sum S of the 

squared errors of these predictions compared to the experimental loads is then 

calculated. The gradient of S with respect to the parameters is calculated as well. 

With this gradient, a better set of parameters (G2c,a2,τ2c) may be proposed by 

following the opposite direction of the gradient. These operations are repeated until 

the gradient is zero. The obtained values for the parameters 

are τc=13.0 MPa, a=15.2 MPa and Gc=52 J/m2. 

http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#f0085
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 These parameters should be recalibrated if materials, substrate roughness 

and interface quality are changed. In Fig. 20, the curve fitting is shown for the failure 

envelope of specimens A and the graph of failure load against overlap length of 

specimens B. For specimens A, the criterion predicts correctly failure onset even for 

small positive axial forces. It seems that these predictions would have the same 

quality for negative axial forces. This will be confirmed in a subsequent study. For 

specimens B, the predictions lie within the range defined by the experimental data. 

Let us now apply the criterion to the prediction of failure onset in tests C. In Fig. 21, 

the experimental and theoretical forces that lead to failure of type C specimens are 

plotted against the overlap length l. Once again the predictions are accurate and lie 

within the range defined by the experimental data. Thus, the twofold criterion in Eq. 

(6) provides good quality predictions of failure and not only for tests A and B but also 

for tests C. 

In Fig. 22, the predicted values of the crack depth at failure onset are plotted 

for tests A, B and C. Except for test A1, the crack depth lies between 0.8 mm and 

http://www.sciencedirect.com/science/article/pii/S014374961300033X?via%3Dihub#f0100
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2.7 mm. For test A1, failure is controlled by the energy condition in a similar manner 

as in the example of failure prediction in Section 5.2. After the crack appears, a 

thorough analysis (out of the scope of this paper) which takes into account the 

kinetic energy is required to determine the stability of the crack propagation. 

Finally, let us point out that the incremental strain energy release rates were also 

calculated in the case of two symmetrical  
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Interfacial cracks and were compared to those in the case of one interfacial 

crack. For tests B and C, with the crack lengths shown in Fig. 22(b), the two cases 

(one crack, two cracks) provide practically the same results for the incremental strain 

energy release rate. For tests A, except for test A1, the two cases provided also the 

same results. For test A1, the incremental strain energy release rate in the case of 

one interfacial crack is greater than that of the case of two interfacial cracks. The 

correct failure scenario is the one that maximizes the incremental strain energy 

release rate: the case of one interfacial crack. 

6. Conclusions 
In this work, mechanical tests were performed to cause interfacial failures in 

adhesive joints specimens. These tests were carried out with double lap joints and 

butt joints submitted to combinations of axial load and torque. Failures were 

spontaneous and catastrophic. Before the failure, the adhesive used in all the 

specimens had plastic strains highly located around the stress singularity corners at 

the interfaces; this validated the use of a linear elastic model to calculate stresses in 
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the adhesive joints tested. A twofold criterion involving stress and energy conditions 

simultaneously was then applied to predict failure onset for the tested specimens by 

making use of finite element calculations. A stress condition, more appropriate than 

a quadratic stress criterion was applied. Good quality predictions were obtained. 

The experimental results presented in this work may also help to test the 

validity of other adhesive failure criteria in predicting ailure for the different 

geometries and loading conditions assayed. A good criterion of interfacial failure 

depends only on the interface and not on the shape of the specimen. The twofold 

criterion applied in this paper and the proposed methodology to predict adhesive 

failure onset may be applied to predict failure onset in other adhesively bonded 

structures. For these reasons, this work is a good contribution to the prediction of the 

initiation of adhesive failure and particularly of the unstable crack nucleation at 

interfaces in adhesive joints. 

It is worth mentioning that the method proposed herein to predict failure may 

be applied when nonlinearities are negligible. When nonlinearities such as plasticity 

in the adhesive are important, the energy balance leading to the energy condition 

involved in the twofold criterion must be revisited in order to take into account other 

dissipative phenomena. This will be performed in a subsequent paper. 
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Appendix A 
In order to validate linear elastic calculations of interfacial stresses in the 

tested adhesive joints at failure onset, the results were compared to those obtained 

with non-linear calculations including an elastoplastic model for the adhesive. A 

Drucker–Prager type model with isotropic hardening was applied because the 

adhesive behavior is sensitive to the hydrostatic stress (see Fig. 4). In this model, 

the yield function is 

 

where σ, σeq, σh, μ, σ0, p and R(p) are the stress tensor, the Von-Mises 

stress, the hydrostatic stress, a material property, the initial yield stress, the 

cumulative plastic strain and the hardening function, respectively. An associated 

plasticity hypothesis and a normal flow rule were adopted. A hardening function with 

saturation was considered 

 

where R∞ and γ are material properties. After fitting the experimental curves 

obtained in tension and compression for the bulk adhesive (see Fig. A.1), one 

obtains the material constants appearing in the 

model: μ=0.22, σ0=19 MPa, R∞=28 MPa and γ=700. Let us point out that this model 

does not predict failure of the adhesive material. 
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