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Abstract 

In this thesis, the adhesive failure in a Through Cracked Tension test (TCT-test) and a Peel test 

is studied using the finite-element software AbaqusTM. The adhesion in these tests were 

modelled with cohesive elements. First, calculations were performed for TCT models with 

linear elastic and hyperelastic PVB interlayers. The numerical results (the steady state reaction 

force and strain) were compared with theoretical results. A moderate to good agreement was 

achieved between the values of these results. Next, calculations of TCT models with a 

viscoelastic PVB interlayer were compared with experimental results. For these models, a 

steady state could not be reached due to vicoelastic effects. However, the experimental and 

numerical results of the deformed geometry and the maximum reaction force were in good 

agreement. Furthermore, calculations were performed for Peel tests where linear elastic and 

viscoelastic PVB layers were used. Linear elastic and elastic-perfectly plastic material models 

were used for the aluminium cover sheet in the Peel models. The results (peel force) for the 

Peel models, with a linear elastic PVB layer and a linear elastic (or elastic-plastic) aluminium 

cover sheet, showed good agreement with theoretical calculations. The results of the Peel 

models with a viscoelastic PVB layer and an elastic-perfectly plastic cover sheet showed the 

best agreement with experimental results. 

 

Keywords 

Through Cracked Tension (TCT), Peel test, numerical, adhesion, adhesive failure, cohesive 

elements 



v 

Numerical modelling of adhesive failure in 

delamination of laminated glass 

Suat Malçikan 
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Abstract– This article gives an insight in the adhesive 

failure in delamination of laminated glass. This is done by 

means of numerical models of the Through Cracked 

Tension test (TCT-test) and the Peel test. Both tests are 

modelled with the finite-element software Abaqus
TM

. The 

results of the numerical models are compared with the 

experimental results and the theoretical formulas. The 

fracture toughness at the glass-polymer interface is 

calibrated for both tests using the experimental results. 

Keywords– Through Cracked Tension (TCT), Peel test, 

numerical, adhesion, adhesive failure, cohesive elements 

 

I. INTRODUCTION 

The post-destructive behaviour of laminated glass is highly 

determined by the possibility of the polymer interlayer to 

debond before it tears. The adhesion of the interlayer can be 

studied with a TCT-test and a Peel test. In a TCT-test a 

glass/polymer(PVB)/glass laminate, with a crack in the 

middle of the glass plates, is subjected to a tensile loading 

(Fig. 1). The crack propagation is accompanied by large 

polymer deformations. The reaction force P in the PVB 

interlayer is measured in function of the displacement 2δ in 

the middle of the 2 glass plates. The geometry of the TCT test 

is given in Fig. 1. 

 

 
Fig. 1. TCT-test [1] 

 

In a Peel test, as performed by the company Solutia Ghent, a 

peel arm consisting of a PVB layer and a stiff aluminium 

cover sheet is peeled off from a rigid glass substrate (under a 

peel angle of 90°). The peel force P is measured in function of 

the extension of the peel arm. The peel test geometry is given 

in Fig. 2. 

 

 
Fig. 2. Peel test 

II. THEORETICAL APPROACH 

According to [1], [2] and [3], a steady is reached during a 

TCT test. The reaction force increases, reaches a maximum 

and then decreases until a certain steady state value P0. Also 

the strain ε=δ/a reaches a constant value ε0 during this steady 

state. For a uniform delamination length a (over the width b), 

a relation between the fracture toughness Γ0 (this variable 

quantifies the adhesion in the glass-PVB interface) and the 

strain ε0 can be written as follows: 

            (1) 

In (1), U
c
 is the complement of the elastic energy density 

function. The function U
c
 can be derived for linear elastic an 

hyperelastic material models. The derivation of (1) and further 

expansion of this formula for linear elastic and hyperelastic 

material can be found in [1], [2] and [3]. 

 

For the peel test, according to [4], the following energy 

balance can be written: 

                             (2) 

In (2), dW
e
 is the elastic energy stored in the peel arm, dW

v
 

is the work expended as dissipation in the peel arm, the third 

term in the right-hand side of (2) is the energy released as the 

crack extends a distance da. The left-hand side of (2) is the 

external work done by the peel force P. Formula (2) can be 

approximated by P/b=Γ0 for an elastically deforming peel arm 

with a stiff cover sheet such as aluminium (and with a peel 

angle θ equal to 90°). 

For a plastically deforming peel arm, plastic dissipation 

must be considered. In this case, Formula (2) can be extended 

as described in [5]. 
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III. TCT-TEST: FINITE ELEMENT MODEL 

Only 1/8 of a TCT sample is modelled in Abaqus/Standard 

in order to reduce the calculation time. The desired failure 

behaviour was achieved by introducing symmetry boundary 

conditions on this 3D model. It was observed that these 

symmetry boundary conditions have a small influence on the 

obtained results. C3D8 elements were used for the glass 

plates. C3D8H elements were used for PVB. The adhesion 

was modelled with cohesive elements, COH3D8. A linear 

traction-separation law was used for the cohesive elements. 

Models were made with a linear elastic (elastic modulus 

E=18 MPa, poisson’s ratio ν=0,45), a hyperelastic (2
nd

-order 

reduced polynomial; C10=1,23 MPa, C20=0,0361 MPa [1]) 

and a viscoelastic (model from D’Haene [6]) PVB interlayer.  

Relatively small deviations between the numerical and 

theoretical results were observed for the linear elastic and 

hyperelastic material models. These deviations could be 

explained by the fact that the numerical models did not result 

in a plane-strain condition where the delamination length is 

uniformly distributed along the width, as opposed to what was 

assumed in the theoretical approach. The hyperelastic model 

from [1] is based on test data from TCT tests with a different 

interlayer and different test conditions. The forces were too 

low for the elastic model and using cohesive elements with a 

higher fracture toughness Γ0 (or higher stiffens K) resulted 

into convergence problems. Therefore, these models could not 

be used in the comparisons with the experimental results from 

[7]. Thus, a viscoelastic PVB interlayer needed to be used in 

order to achieve a more realistic PVB behaviour.  

For the TCT models where a viscoelastic interlayer is used, 

steady state could not be achieved. However, it was observed 

that a more stable behaviour could be achieved when cohesive 

elements with a lower stiffness K were used. Also a more 

stable behaviour was achieved for very high and very slow 

displacement velocities v. However, the numerical and 

experimental values of the maximum reaction force, the 

displacement at this force and the deformed geometry 

parameters were in good agreement. The best agreement was 

achieved for the model with the following properties: 2h=1,52 

mm, δ0=0,1 mm, δf=0,2 mm, K=3,5E+10 N/m³, Γ0=350 

J/m² and v=125 mm/min (Fig. 3). The parameters δ0 

(displacement at failure-initiation) and δf (displacement at 

failure) determine, together with K, the traction separation 

law. It was concluded that steady state could not be achieved 

mainly due to the creep and relaxation effects. Taking the 

numerical results into account, it was concluded that the TCT 

samples from [7] have a fracture toughness around 300 J/m². 

 
Fig. 3. Numerical and experimental force-displacement curves. 

IV. PEEL TEST: FINITE ELEMENT MODEL 

The peel test was modelled with 2D shell parts in 

Abaqus/Standard. Plane-strain elements were used. 

From a comparison of the 2D model with a 3D model (with 

a width of 1 mm and the required symmetry boundary 

conditions), it was concluded that a plane-strain 2D model is a 

good simplification. The adhesion at the interface is also 

modelled with cohesive elements. The bottom nodes of the 

glass substrate were constrained in the thickness direction and 

the leftmost bottom node was also constrained in the length 

direction. Furthermore, the end-surface of the peel arm was 

kinematically coupled with a reference point. A displacement 

boundary condition was applied on this reference point. 

For glass, CPE4 elements were used. For aluminium and 

PVB, quadratic CPE8 elements were used. A linear elastic and 

a viscoelastic PVB layer were considered (the material 

properties are the same as for the TCT models). For 

aluminium, linear elastic and elastic-perfectly plastic material 

models were considered (E=66 GPa, ν=0,35 and the yield 

stress σy=207 MPa). 
The numerical and theoretical results were in good 

agreement. However, it was concluded that plasticity of the 

cover sheet and viscoelasticity of the PVB layer needed to be 

taken into account, in order to obtain realistic results and high 

peel forces around 32,9 N/cm (such as the results from Solutia 

Ghent). For such models, it was observed that the peel force 

increases with increasing peel velocity, and  becomes constant 

after a certain high value of the peel velocity. Furthermore, a 

higher peel force could be obtained for the same fracture 

toughness by increasing the value of K and decreasing the 

values of δ0 and δf. Therefore, the fracture toughness could not 

be calibrated with certainty. However, it is reasonable to state 

that the fracture toughness, for this case, varies between 300-

500 J/m².The best agreement with the experimental results 

was obtained for the following properties: h=0,76 mm, 

δ0=0,03 mm, δf=0,06 mm, K=5,4E+11 N/m³, Γ0=486 J/m² 

and v=127 mm/min. In this case, the peel force is equal to 

3116 N/m. Only the strong curvature in the peel arm could not 

be obtained in the models, but the differences are not that big. 

Later, it was found that AL1145-O was used as cover sheet. 

Similar results were obtained with this cover sheet. 

V. CONCLUSION 

Generally spoken, there is a good agreement between the 

results of some numerical models and the experimental results 

except for the fact that steady state could not be achieved for 

the viscoelastic TCT models and that the strong curvature in 

the peel arm could not be obtained. 
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Numerieke modellering van adhesief falen 
bij delaminatie van gelamineerd glas 

Suat Malçikan 

Nederlandstalige samenvatting 

 

Overzicht – In deze thesis wordt een inzicht gegeven in het adhesief falen bij delaminatie van 

gelamineerd glas. Dit wordt gedaan door middel van numerieke modellen van de Through 

Cracked Tension test (TCT-test) en de Peel test. Beide testen worden gemodelleerd met de 

eindige-elementen software AbaqusTM. De resultaten van de numerieke modellen worden 

vergeleken met de experimentele resultaten en de theoretische formules. De intrinsieke 

breukenergie in het glas-polymeer interface is gekalibreerd voor beide testen met behulp van 

experimentele resultaten. 

Trefwoorden –  Through Cracked Tension (TCT), Peel test, numeriek, adhesie, adhesief falen en 

cohesieve elementen 

 

1. Inleiding 

Het post-destructieve gedrag van gelamineerd glas wordt sterk bepaald door de 

mogelijkheid tot onthechting van de tussenlaag alvorens het begint te scheuren. De hechting 

van de tussenlaag kan bestudeerd worden via een TCT-test en een Peel test. In een TCT-test 

wordt een glas/polymeer(PVB)/glas laminaat, met een breuk in het midden van de glazen 

platen, onderworpen aan een trekkracht (Fig. 1). De scheurgroei gaat gepaard met grote 

vervormingen in het polymeer. Tijdens deze test wordt de reactiekracht P in het midden van 

de PVB-laag gemeten in functie van de verplaatsing 2δ in het midden van de glazen platen. 

In een Peel test, zoals uitgevoerd door het bedrijf Solutia Gent, wordt een peel arm ( 

samengesteld uit een PVB-laag en een stijve aluminium laag) losgetrokken van een  glazen 

plaat (onder een hoek van 90°). De peelkracht P wordt gemeten in functie van de verplaatsing 

van de peel arm of de peel front. De geometrie van de peel test en de TCT-test wordt 

weergegeven in Fig. 1. 

 

  
Fig. 1. De peel test (links) en de TCT test (rechts). 
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2. Theoretische benadering 

Volgens [1], [2] en [3], wordt tijdens een TCT-test een stabiele toestand bereikt. De 

reactiekracht stijgt, bereikt een maximum en neemt af tot een zekere constante waarde P0. Bij 

dit stabiele toestand zal ook de rek ε = δ/a gelijk zijn aan een constante waarde ε0 (a is de 

delaminatielengte, zie Fig. 1). Als de waarde van a constant is over de breedte b van het 

proefstuk, dan kan een verband geschreven worden tussen de breukenergie Γ0 (dit is een maat 

voor de hechting tussen het glas en PVB) en de rek ε0: 

            (1) 

Hierbij geldt dat Uc de complementaire vervormingsenergie is. De functie Uc kan worden 

bepaald voor lineaire elastische en hyperelastische materiaalmodellen. De afleiding van (1) en 

de verdere uitbreiding van deze formule voor lineaire elastische en hyperelastiche materialen 

kan men terugvinden in [1], [2] en [3]. 

 

Voor de peel test kan men, volgens [4], de volgende energiebalans neerschrijven: 

                             (2) 

Hierbij geldt, dWe is de elastische energie opgeslagen in de peel arm, dWv is de arbeid 

verloren door dissipatie in de peel arm, de derde term in het rechterlid van (2) is de energie die 

vrijkomt als de scheur zich voortplant over een infinitesimaal afstand da. Het linkerlid van (2) is 

de externe arbeid verricht door de peelkracht P. Voor een lineair elastische peel arm met een 

stijve aluminium laag, kan men formule (2) benaderend herschrijven als P/b = Γ0 (θ= 90°). Voor 

een peel arm die plastisch vervormt, moet plastische dissipatie in rekening gebracht worden. 

Formule (2) kan in dit geval worden uitgebreid (zie [5]). 

 

3. TCT-test: eindige-elementen model 

Slechts 1/8 van een TCT proefstuk wordt gemodelleerd in Abaqus/Standard om de rekentijd 

te beperken. Het gewenste faalgedrag wordt dan bereikt door invoering van symmetrie 

randvoorwaarden op dit 3D-model. Er werd geconcludeerd dat deze randvoorwaarden een 

gering invloed hebben op de verkregen resultaten. C3D8 elementen werden gebruikt voor de 

glasplaten. Voor PVB werden C3D8H elementen gebruikt. De hechting werd gemodelleerd met 

cohesive elementen, COH3D8. Een lineaire spannings-verplaatsingswet werd gebruikt voor de 

cohesive elementen (traction-separation law). 

TCT modellen met een lineaire elastisch (elasticiteitsmodulus E=18 MPa, coëfficiënt van 

Poisson ν=0,45), een hyperelastisch (2de orde gereduceerde polynomiaal model, C10=1,23 MPa, 

C20=0,0361 MPa [1]) en een viscoelastisch (model van D'Haene [6]) PVB-tussenlaag werden 

gemaakt. 

Klein tot redelijk grote afwijkingen tussen de numerieke en theoretische resultaten werden 

waargenomen voor de lineaire elastische en de hyperelastische materiaalmodellen. Deze 

afwijkingen kunnen worden verklaard door het feit dat de numerieke modellen niet voldoen 

aan de vlakvervormingsvoorwaarde en omdat de delaminatielengte niet uniform is over de 

breedte (wat in de theorie wel het geval is). Het hyperelastisch model van [1] is gebaseerd op 
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proefresultaten van TCT testen met een verschillende tussenlaag en verschillende test 

condities. De krachten waren te laag voor het elastisch model en het gebruik van een hogere 

breukenergie Γ0 (of hogere stijfheid K) voor de cohesive elementen resulteerde in 

convergentieproblemen. Daarom konden deze modellen niet gebruikt worden in de 

vergelijkingen met de experimentele resultaten van [7]. Een viscoelastisch PVB-tussenlaag 

moest daarom gebruikt worden om een meer realistisch gedrag van PVB te bekomen. 

Voor de TCT modellen waar een viscoelastisch tussenlaag werd gebruikt, werd er geen 

stabiele toestand bereikt. Er werd wel geconstateerd dat een stabieler gedrag bekomen wordt, 

wanneer cohesive elementen met een lagere stijfheid K gebruikt werden. Bovendien wordt 

een stabieler gedrag bekomen voor zeer hoge en zeer lage verplaatsingssnelheden v. Echter, 

de numerieke en experimentele waarden van de maximum reactiekracht, de verplaatsing bij 

deze kracht en de parameters van de vervormde geometrie waren in goede overeenkomst. De 

beste overeenkomst werd bereikt voor het model met de volgende eigenschappen: 2h=1,52 

mm, δ0=0,1 mm, δf=0,2 mm, K=3,5E+10 N/m³, Γ0=350 J/m² en v=125 mm/min (Fig. 2). De 

parameters δ0 (verplaatsing bij schade-initiatie) en δf (verplaatsing bij falen) bepalen, samen 

met K, de traction-separation law van de cohesive elementen. Er werd geconcludeerd dat de 

kruip- en relaxatie effecten een grote rol spelen in het feit dat er geen stabiele toestand kan 

bereikt worden. Rekening houdend met de numerieke resultaten, werd er geconcludeerd dat 

de TCT proefstukken van [7] een breukenergie rond 300 J/m² hebben. 

 

 
Fig. 2. Vergelijking numerieke en experimentele kracht-verplaatsingsdiagram. 

 

4. Peel test: eindige-elementen model 

De peel-test werd gemodelleerd met 2D shell parts in Abaqus/Standard. Elementen met 

vlakvervorming werden gebruikt. Op basis van een vergelijking van dit 2D model met een 3D-

model (voorzien van de nodige symmetrie randvoorwaarden en met een breedte van 1 mm) 

werd er geconcludeerd dat een 2D model met vlakvervorming een goede vereenvoudiging is. 

Ook bij de peel test wordt er gebruik gemaakt van cohesive elementen om de hechting te 

modelleren. In het model werd de verplaatsing van de onderste knopen van de glasplaat in de 

dikte-richting vastgezet, de meest linkse knoop werd ook vastgezet in de lengte-richting. 

Verder werd het eindoppervlak van de peel arm kinematisch verbonden met een 

referentiepunt. Op dit referentiepunt werd dan de verplaatsingsrandvoorwaarde aangebracht. 

Voor glas werden CPE4 elementen gebruikt. Voor aluminium en PVB werden kwadratische 

CPE8 elementen gebruikt. Voor PVB werden linear elastische en viscoelastische 
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materiaalmodellen beschouwd (waarvan de eigenschappen dezelfde zijn als die van de TCT 

modellen). Voor aluminium werd een lineaire elastisch en een elastische-perfect plastisch 

materiaalmodel beschouwd (E=66 GPa, ν=0,35 en de vloeispanning σy=207 MPa). 

De numerieke en theoretische resultaten waren in goede overeenkomst. Er werd 

geconcludeerd dat de plasticiteit van de aluminium laag en de viscoelasticiteit van de PVB-laag 

beschouwd moeten worden om peelkrachten rond 32,9 N/cm te bereiken (zoals de resultaten 

van Solutia Gent). Voor dergelijke modellen werd waargenomen dat de peelkracht toeneemt 

met de peelsnelheid, maar de peelkracht wordt constant na een bepaalde hoge waarde van de 

peelsnelheid. Bovendien kan er een hogere peelkracht bekomen worden, voor de dezelfde 

breukenergie, door de waarde van K te verhogen en de waarden van δ0 en δf te verlagen. 

Daarom kon de breukenergie niet met zekerheid worden gekalibreerd. Er werd geconcludeerd 

dat de breukenergie, voor de proefstukken van Solutia Gent, ergens tussen 300-500 J/m² ligt. 

De beste overeenkomst met de experimentele resultaten is verkregen voor de volgende 

eigenschappen: h=0,76 mm, δ0=0,03 mm, δf=0,06 mm, K=5,4E+11 N/m³, Γ0=486 J/m² en v=127 

mm/min. In dit model is de peelkracht 3116 N/m. De sterke kromming in de peel arm kon niet 

bereikt worden, maar de verschillen zijn niet zo groot (zie Fig. 3). Later bleek dat AL1145-O 

werd gebruikt voor Al-laag. Voor dit materiaal werden vergelijkbare resultaten bekomen. 

 

  
Fig. 3. Vergelijking van de numerieke en de experimentele Peel test 

 

5. Conclusie 

Algemeen gezien is er een goede overeenkomst tussen de experimentele resultaten en de 

resultaten van sommige numerieke modellen, met uitzondering van het feit dat er geen 

stabiele toestand bereikt werd voor de viscoelastische TCT modellen en dat de sterke 

kromming in de peel arm niet volledig bekomen werd. 
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Nomenclature 
 

 

Abbreviations 

 

 TCT Through Cracked Tension 

 TCTS Small TCT model 

 TCTL Large TCT model 

 VCCT Virtual Crack Closure Technique 

 

Units 

 

 E Elastic modulus Pa 

 E’ Plane-strain elastic modulus Pa 

 E0 Instantaneous elastic modulus Pa 

 E20% Elastic modulus at a strain of 20% Pa 

 G Shear modulus Pa 

 G0 Instantaneous shear modulus Pa 

    Long-term shear modulus Pa 

 ν Poisson’s ratio - 

 τi Relaxation time s 

 t Time s 

 Cij Hyperelastic material constants Pa 

 ρ Density kg/m³ 

 ε Nominal strain - 

 εt True or logarithmic stain - 

 λ Stretch - 

 σ Nominal stress - 

 σt True stress - 

 We  Total elastic strain energy J 

 U Elastic energy density function Nm/m³ 

 Uc Complement of the elastic energy density function Nm/m³ 

 F Deformation gradient -  

   Left Cauchy-Green deformation tensor - 

 

 u Mode 1 displacement in the cohesive zone (or Δn) m 

 v Mode 2 displacement in the cohesive zone (or Δt) m 

 w Mode 3 displacement in the cohesive zone (or Δt) m 

 δ0 Displacement of a cohesive element at damage initiation m 

 δf Displacement of a cohesive element at failure m 

 Tn Normal traction Pa 

 Ts Shear traction Pa 

 D Damage parameter - 



v 

 Dv Viscous damage parameter - 

 K Stiffness of the cohesive elements N/m³ 

 G Energy release rate per unit area Nm/m² 

 Gc Critical energy release rate=Fracture toughness Nm/m² 

 Γ0 Fracture toughness or energy Nm/m² 

 

 h Thickness of the PVB interlayer m 

 hg Thickness of the glass plate m 

 b Width of a TCT-test specimen and a peel sample m 

 L Half of the length of TCT-test specimen m 

 a Delamination length m 

 δ Displacement in the middle of TCT-test m 

 P0 Steady-state force in a TCT-test N 

 ԑ0 Steady-state strain in a TCT-test - 

 

 vch Cross head velocity in a peel test m/s 

 vp Peel velocity (velocity of the peel front) m/s 

 hs Thickness of the aluminium cover sheet in a peel test m 

 θ Angle of the peel arm ° 

 θ0 Root rotation in a peel test ° 

 k Stiffness of a linear elastic foundation Pa 

 R Radius of the curvature in the peel arm m 

 Wv The work expended as dissipation in the peel arm J 

 Wc The energy released as the crack extends J 

 Wext The external work done by the loading J 

 Γp Plastic dissipation in a peel test Nm/m² 

 σy Yield stress of the aluminium cover sheet in a peel test Pa 

 Mp Fully plastic moment in the peel arm Nm 
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1. Introduction 
 

 

1.1 Introduction 

Nowadays glass is used frequently in structural applications such as glass facades, glass roofs 

and domes. Therefore, because of safety reasons, laminated safety glass is used more 

frequently. Laminated safety glass has also industrial applications, e.g. the car industry. This 

type of glass typically consists of two or more glass panes that are attached to each other with 

a transparent polymer interlayer. In addition to the safety aspect, laminated safety glass is also 

applied to meet certain physical requirements such as preventing solar radiation or muting of 

sound. Laminated safety glass is also used because of aesthetic reasons. 

 

1.2 Goal of the thesis 

The current state of knowledge and numerical calculation models for adhesive failure in 

delamination of laminated glass are falling short, particularly for the post-destructive material 

behaviour under impact. This thesis is part of a doctoral research which strives to develop 

validated models for this behaviour. The ultimate objective of this thesis is the modelling of 

the post-destructive behaviour of laminated glass under an impact load. However, the main 

subject of this thesis is the simulation of adhesive failure of laminated glass. In order to do this, 

a through cracked tension test (TCT-test) and a Peel test are simulated. By validating the 

results of these models with experimental results, a suitable material model for the polymer 

interlayer and its adherence to glass can be determined. These material models and the 

parameters, which determine the adherence between the interlayer and the glass pane, can 

be used in the simulation of an impact test. The simulations are done with a commercial 

software package for finite-element modelling, namely Abaqus. For the validation of the TCT-

model, the experimental results achieved in the framework of another thesis are used. For the 

Peel models, experimental results obtained by the company Solutia Ghent are used. 

 

1.3 Structure of the thesis 

The first half of the thesis consists of a literature study. Firstly, an overview of the properties of 

the constituent materials is provided. Next, the adhesion between glass and the interlayer is 

discussed. Furthermore, the theory of the cohesive zone model is described. The cohesive 

zone model is applied to simulate the bonding between the interlayer and the glass pane.  The 

second half of this thesis consists of the TCT-test and the peel test. First, the TCT-test and the 

peel test are discussed theoretically. Then, numerical modelling of both tests is described. The 

numerical and experimental results will be compared. Also a comparison with theoretical 

formulas is made. A general conclusion can be found in chapter 10. Additional results 

regarding the Peel test are given as an addendum, because some data (in particular, the 

properties of the aluminium cover sheet) were available at the last moment. 
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2. Material behaviour 
 

 

2.1 Introduction 

Laminated glass consists of two or more glass panes which are attached to each other through 

a transparent polymer interlayer. Polyvinyl butyral (PVB) is usually used for the interlayer,  this 

material has a viscoelastic behaviour. 

 

The behaviour of laminated glass is depending on the properties of the constituent parts and 

the adhesion between glass and the polymer interlayer. In this chapter, the material properties 

of glass and PVB are discussed. 

 

2.2 Glass 

Soda lime glass is the glass type that is mostly used in constructions. This type of glass is 

manufactured with the float process. In this process, the required materials are melted at 

temperatures up to 1550 °C. Then the molten glass is poured continuously on a tin bath at a 

temperature of approximately 1000 °C. Tin is used because of the fact that it is liquid over a 

wide temperature interval (232 °C – 2270 °C). The glass floats on the tin bath and is spreading 

to the outside, resulting in a smooth and flat surface at an equilibrium thickness of 2 mm to 19 

mm (depending on the speed over the rolls). Then, glass is slowly cooled in order to ensure 

that residual stresses are kept to a minimum. This slowly cooling down is called annealing of 

glass (this type of glass is called annealed glass). After annealing, the glass is inspected in order 

to remove clearly visible imperfections during the cutting process. Glass is typically cut into 

sizes of 3,12 m x 6,00 m before they are stored. More information can be found in [1] and [2]. 

An overview of the process is given in Figure 2-1. 

 

 
Figure 2-1: Float process [1] 

 

Glass exhibits a near-perfect elastic, isotropic behaviour. Furthermore, glass is a brittle 

material. A brittle material breaks suddenly as soon as the tensile strength is exceeded, after a 

certain elastic deformation. The tensile strength is highly dependent on the surface conditions, 

in which micro and macro cracks are present. Thus the tensile strength is not a material 

constant. With increasing load, load duration and depth of the initial surface flaws, the 

effective tensile strength decreases. The surface flaws are closed under compression. 
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Therefore, the compressive strength is far higher than the tensile strength. However, the 

compressive strength is irrelevant for most structural applications. 

 

In order to increase the strength of glass, heat treatment can be used. In this process, glass is 

heated until a high temperature around 620 °C – 675 °C. Then, glass is cooled abruptly with the 

intention to induce compressive stresses at the surface. 

 

The introduced compressive stresses close the surface flaws, this results into a higher tensile 

strength. These compressive stresses depend on the cooling speed. When the cooling speed is 

very high, there will be a high amount of small and blunt shards at breakage. This type of glass 

is called fully tempered glass. When the cooling speed is lower, the tensile strength will be 

lower and the shards will be bigger at breakage. This type of glass is called heat strengthened 

glass. The fracture pattern is given for different heat treated glass panes in Figure 2-2. Further 

information can be found in [1] and [2]. 

 

 
Figure 2-2: Comparison of the fracture pattern of annealed (left), of heat strengthened (middle) and 

fully tempered glass (right) [1] 

 

The mechanical properties of annealed glass are given in the underlying table (Table 2-1). 

 

Elastic modulus (GPa) 70 

Poisson’s ratio (-) 0,2 

Mass density (kg/m³) 2500 

Coefficient of thermal expansion (K-1) 9x10-6 

Table 2-1: Mechanical properties of soda lime glass.[1] 
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2.3 PVB 

Polyvinyl butyral (PVB) is mostly used as an interlayer material in laminated glass. PVB is a 

polymer consisting of long chains. These chains are connected to each other by weak Van der 

Waals forces. Furthermore, the stiffness of PVB will decrease with increasing temperature. This 

is illustrated in the graph below (see Figure 2-3). Figure 2-3 also shows that PVB is in the 

transition zone at temperatures between 5°C and 40°C, above 40°C PVB has rubbery 

properties [3]. 

 

 
Figure 2-3: Storage modulus E’ in function of the temperature.[3] 

 

PVB is a viscoelastic material. These materials exhibit both elastic and viscous properties. 

Therefore, storage moduli (G’, E’’) and loss moduli (G’’, E’’) are considered. In a viscoelastic 

material, mechanical properties such as the elastic modulus E and the shear modulus G are 

depending on the strain rate, the load duration and the temperature. The stiffness of the 

material will decrease at a higher load duration and temperature and  a lower strain rate. 

Viscoelastic materials also exhibit creep and relaxation. Creep is the phenomenon in which the 

strain increases over time at a constant stress level, and relaxation occurs when the stress 

decreases over time while the strain is constant. 

 

A typical stress-strain diagram derived from a uniaxial tensile test (with a constant strain rate 

and temperature) is given in the graph below (Figure 2-4). The behaviour consists of an initial 

steep rise of the stresses at small strains followed by a less steep response until failure occurs. 

The stress-strain diagram resembles a bilinear-elastic diagram. The steep rise in the stress is 

highly dependent on the strain rate while the second part is virtually the same for different 

strain rates. In this graph, two elastic moduli can be distinguished: E0 (the instantaneous 

stiffness) and E20% (the stiffness at a strain of 20%). The stress where the moduli intersect each 

other is called the overstress σ0v. This stress is a measure for the increase in stress because of 

viscous effects. Failure occurs approximately at a strain of 200%. Furthermore, PVB also 

exhibits hyperelastic (rubber-like) behaviour. Thus, it can be concluded that the small-strain 
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behaviour of PVB is greatly affected by the viscous response, whereas the large-strain 

behaviour is similar for different strain rates except for the stress offset resulting from the 

steep initial rise in in the stress.[3] 

 

 
Figure 2-4: Stress-strain diagram of a PVB tensile test.[3] 

 

Viscoelastic material behaviour can be modelled using the Generalized Maxwell model. This 

model consists of a network of springs and dampers, in which the springs represent the linear 

elastic component and the dampers represent the viscous component. The behaviour for large 

strains is especially important during an impact. During an impact PVB behaves as a bridge 

between glass fragments and undergoes major stretching before failure. Hence, in some 

numerical models the material behaviour is approximated by a hyperelastic material behaviour 

(e.g. in [4]). 

 

A reliable viscoelastic model is given in [5]. More info on the hyperelastic and viscoelastic 

material model of PVB can be found in the sections §2.3.1 and §2.3.2. 

 

A linear elastic material behaviour can be adopted as an initial approach in the numerical 

simulations. Such an approach is acceptable for small strains as it can be seen in Figure 2-4. In 

the assumption that PVB is a linear elastic material, the following material properties are 

proposed in [6]: 

 

Elastic modulus (MPa)  18 

Poisson’s ratio 0,45 

Tensile strength (MPa) >20 

Elongation at failure (%) >250 

Mass density (kg/m³) 1070 

Coefficient of thermal expansion (K-1) 46,8x10-6 

Table 2-2: Mechanical properties of PVB.[6] 
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2.3.1 Viscoelastic material model 

First some background information on viscoelasticity and Dynamic Mechanical Analysis (DMA) 

is given, as described in [3]. Afterwards, the viscoelastic model of D’Haene in [5] is discussed. 

 

When a viscoelastic material is subjected to an oscillating load, the strain response ԑ and the 

applied stress σ are out-of phase with a phase angle α. The stress signal can be decomposed 

into a component in phase with the strain (σ’) and a component out of phase (σ’’), see Figure 

2-5. Taking this into account, one can define the storage moduli E’, G’ and the loss moduli E’’, 

G”: 

 

    
        

       
           

         

       
  (2-1) 

 

 
Figure 2-5: Sinusoidal stress and strain for a linear viscoelastic material.[3] 

 

In these formulas, the function Ampl() denotes the amplitude of the oscillating stress or strain. 

The ratio of these moduli is equal to the tangent of the phase angle. 

 

 
   

  
 

   

  
          (2-2) 

 

The material behaves purely elastic for tan(α)=0, and the material behaves purely viscous for 

tan(α)= . In DMA, a sinusoidal strain is applied to a PVB sample and the resulting stress is 

measured. This way, the storage modulus, the loss modulus and tan(α) can be calculated. 

These tests are performed over a range of frequencies and temperatures. Using the time-

temperature superposition principle, the results of these tests are reduced to a single 

reference temperature T0 and a master curve containing all the produced data. This reduction 

is performed by shifting the frequencies at a certain temperature T by a shift factor aT: 

 

    
  

  
  (2-3) 

 

Where    is the frequency at the reference temperature and    is the frequency at another 

temperature. In [5], experiments were conducted at temperatures ranging from 0 °C to 80 °C 

and a master curve has been produced by shifting the dynamic moduli to a reference 

temperature of 20 °C. 
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The small-strain behaviour of PVB can be described with a generalized Maxwell model (see 

Figure 2-6). This model considers the fact that relaxation does not occur at a single time, but at 

a distribution of times. When loading rapidly, the damping elements do not have time to 

deform. Thus, the total stiffness is the sum of the spring elements (∑  ). When loading 

infinitely slow, the stresses in the damping elements are zero and the stiffness equals   . 

Mathematically the shear relaxation modulus G(t) can be written as a series of exponential 

functions: 

 

         ∑   
     

 

   

  (2-4) 

 

 
Figure 2-6: Generalized Maxwell viscoelastic material model. 

 

In (2-4),    is the long-term shear modulus once the material is totally relaxed, τi are the 

relaxation times. The higher the relaxation times, the longer it takes for the stress to relax. The 

data is fitted with the equation by using a minimization algorithm that adjusts the parameters 

(Gi,   , τi) to minimize the error between the predicted and data values. The instantaneous 

shear modulus G0 is defined as follows: 

 

       ∑  

 

   

  (2-5) 

 

A regression analysis is used in order to determine Gi,    and τi. The generalized Maxwell 

model is fitted to the shear relaxation modulus data. The shear relaxation modulus data is 

obtained from the master curve by using the following approximation [7]: 

 

                                              (2-6) 

 

The measured storage and loss functions E’(ω) and E’’(ω) can be converted to G’(ω) and G’’(ω) 

by using E=3G (this relation is valid if an incompressible material is used, Poisson’s ratio ν=0,5). 
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In Abaqus, the parameters gi, τi, E0 and ν must be defined for a viscoelastic material model. The 

parameter gi is the dimensionless shear relaxation modulus and is defined as follows: 

 

    
  

  
  (2-7) 

 

According to D’Haene,    is close to zero because no significant crosslinking is present in a 

PVB polymer (thus,    ∑   
 
   ). Cross-links are bonds that link one polymer chain to 

another, they can be covalent bonds or ionic bonds. In [5] the following values for G0 and E0 

are obtained (for a reference temperature of 20°C): 

 

G0 [MPa] 146,12 

E0 [MPa] 423,748 

ν [-] 0,45 

Table 2-3: Instantaneous shear and elastic modulus according to [5]. 

 

The values of Gi, gi and τi, determined with the shear relaxation modulus data of D’Haene, are 

given in Table 2-4. 

 

Gi [MPa] gi [-] τi [s] 

2,268 0,0155 1,00E-05 

25,233 0,1727 1,00E-04 

30,845 0,2111 1,00E-03 

39,222 0,2684 1,00E-02 

29,188 0,1988 1,00E-01 

14,231 0,0974 1,00E+00 

3,718 0,0254 1,00E+01 

0,743 0,00508 1,00E+02 

0,167 0,00114 1,00E+03 

0,071 0,000485 1,00E+04 

0,081 0,000554 1,00E+05 

0,11 0,000752 1,00E+06 

0,103 0,0007 1,00E+07 

0,144 0,000985 1,00E+08 

Table 2-4: Relaxation shear moduli Gi, gi and relaxation times τi according to [5]. 

 

In Table 2-5, the relaxation shear modulus G(t) is calculated as a function of the relaxation time 

t, using formula (2-4) and the values given in Table 2-4. 

 

t [s] 10-5 10-4 10-3 10-2 10-1 1 10+1 

G(t) [MPa] 141,94 124,55 95,089 60,063 28,715 10,012 2,7150 

t [s] 10+2 10+3 10+4 10+5 10+6 10+7 10+8 

G(t) [MPa] 0,9328 0,5628 0,4552 0,3752 0,2762 0,1682 0,0530 

Table 2-5: Relaxation shear modulus G(t) as a function of the relaxation time t. 

http://en.wikipedia.org/wiki/Polymer


Chapter 2. Material behaviour 

9 

The calculated relaxation modulus G(t) (in Table 2-5) in function of the relaxation time is 

plotted in Figure 2-7. 

 

 
Figure 2-7: Relaxation curve for PVB according to the Generalized Maxwell Model of D’Haene. 

 

This viscoelastic model of D’Haene is used in the numerical models of the TCT-test and the 

peel test, see chapters 5 and 8. 

 

2.3.2 Hyperelastic material model 

In [3], it is suggested that PVB exhibits hyperelastic material behaviour (see Figure 2-4). 

Therefore, a hyperelastic material model can be used as an approximation of the material 

behaviour of PVB. First, an overview of hyperelasticity is given using the theory in [8]. Then, 

some hyperelastic material models for PVB are suggested. 

 

Hyperelastic materials have a non-linear elastic stress-strain relationship (e.g. rubber is such a 

material). The stress-strain relationship of a hyperelastic material is derived from a strain 

energy density function U. The general form of this function is defined as follows: 

 

   ∑                  
 

     

  (2-8) 

 

In (2-8), Cij are the material constants (empirically determined), J1 and J2 are respectively the 

first and second invariant of the Left Cauchy-Green strain tensor  . The invariants are functions 

of the tensor components. The values of these invariants are independent of the coordinate 

system. The strain tensor   can be derived from the deformation gradient F: 

 

         (2-9) 

1,0E+05

1,0E+06

1,0E+07

1,0E+08

1,0E+09

1,0E-05 1,0E-03 1,0E-01 1,0E+01 1,0E+03 1,0E+05 1,0E+07

G
(t

) 
[P

a]
 

Relaxation time [s] 
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If x denotes the position of a point after deformation and X denotes the position of the same 

point before deformation, then the deformation gradient can be defined as follows: 

 

   
  

  
  (2-10) 

 

The invariants are defined as follows: 

 

 

         

              
              

              
   

      
 

 
   

           

         ) 

 (2-11) 

 

Where ԑij are the components of   (1, 2 and 3 respectively correspond with the x, y and z 

direction of a Cartesian coordinate system). For finite deformations, other Invariants are used 

than the ones for small deformations: 

 

 

         

             

                 

 (2-12) 

 

The invariant J3 is equal to one for incompressible materials. Based on equation (2-8), different 

material models exist. For N=1, formula (2-8) is reduced to the law of Mooney-Rivlin: 

 

                        (2-13) 

 

Commonly, the polynomial equation (2-8) is reduced to: 

 

   ∑         
 

   

  (2-14) 

 

Thus, all components of the material matrix C are zero in a reduced polynomial model, except 

Ci0 for i is 0 to N. For N=1, the reduced polynomial model is called a Neo-Hookean model. 

 

After determining the relevant material constants Cij, the energy density function can be 

determined. Then, the stresses can be calculated as follows: 

 

     
  

    
  (2-15) 

 

Seshadri used a hyperelastic material model, namely a second-order reduced polynomial 

model for the PVB interlayer in a TCT-test.[4]  
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He used the experimentally determined steady state stresses σ0 and strains ԑ0 (obtained from a 

TCT-test) in order to determine the material constants C10 and C20. More info on σ0 and ԑ0 can 

be found in chapter 4. The test results are given in Table 2-6. These test results were used to 

determine the material constants. 

 

Specimen label σ0 [MPa] ԑ0 [-] 

A 3,228 0,53126 

B 3,629 0,62324 

C 3,716 0,64353 

D 3,821 0,66813 

E 5,172 0,98620 

F 5,192 0,99083 

G 5,354 1,02818 

H 5,392 1,03690 
Table 2-6: Measured steady state stress and strain from a TCT-test.[4] 

 

After a regression analysis, the following material constants were obtained (these values were 

checked, see p. 45 in section §5.3.4): 

 

C10 [MPa] 1,233 

C20 [MPa] 0,0361 

Table 2-7: Material constants of a second-order reduced polynomial model.[4] 

 

The stress strain-curve for this hyperelastic material model is given in the underlying graph 

(see Figure 2-8). 

 

 
Figure 2-8: Stress–strain curve using the best-fit second-order reduced polynomial model.[4] 

 

Also another model is considered. A second-order polynomial model was determined by using 

the E0 and E20% lines of the stress-strain curve of the viscoelastic model of D’Haene (see section 

§5.3.4). The main idea is to make a hyperelastic material model with a stress-strain curve that 

approximates the typical stress-strain curve of PVB (such as the one in Figure 2-4) and then 
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combine it with the viscoelastic model of D’Haene. The material constants of this model are 

given in Table 2-8. 

 

C10 [MPa] C01 [MPa] C20 [MPa] C11 [MPa] C02 [MPa] 

-229,74 275,78 11,003 -58,71 149,51 

Table 2-8: Material constants of a second-order polynomial model. 

 

2.4 Adhesion in laminated glass 

The adhesion between glass and the PVB interlayer is quantified by the energy which is needed 

to separate both materials. The determination of this energy by direct measurement  turns out 

to be highly impractical. However, knowledge of the adhesion is essential, since adhesion has a 

decisive role with regard to durability and safety performance of laminated safety glass. 

 

The post-destructive behaviour is largely influenced by the adhesion between glass and the 

interlayer. Depending on the adhesion level a different behaviour can be observed: 

 

 High adhesion: the glass fragments adhere firmly to the interlayer. As a result, 

dangerous glass fragments will not be released. However, the laminate acts as a solid 

structure, allowing penetration of objects or fragmentation in larger parts. 

 Low adhesion: the impact resistance is higher, because a considerable amount of this 

energy is annihilated by elastic deformation of the polymer interlayer. However, 

dangerous glass fragments can be released when the adhesion level is too low. 

 

This behaviour is described in [9]. These observations are also denoted in Figure 2-9. In 

conclusion, a compromise between Impact resistance and safety must be made when 

determining the level of adhesion.   

 

 
Figure 2-9: Impact resistance as a function of adhesive bond strength.[9] 
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According to [9], the adhesion between PVB and glass is achieved through hydrogen bonds. 

This adhesion is affected by various factors, such as moisture presence in PVB, the smoothness 

of the surface and the quality of the wash water.  

 

The presence of certain minerals (salt) and metals (alkaline metals) in the wash water can 

affect the adhesion negatively. Also the possible presence of molecules in the glass-PVB 

interface can affect the adhesion. 

 

In a very humid environment, some of the hydrogen bonds will be replaced by glass-water 

bonds. This will result in a reduction of the adhesion level between the glass and the 

interlayer. Since the hydrogen bonds can manifest only at very small distances, the contact 

between PVB and the microscopic rough surface of the glass must be good. In order to achieve 

this, glass and PVB are compressed in an autoclave under a certain temperature (100 °C-140 

°C) and high pressure, during a certain time.[6] 

 

Adhesion can be determined with a Pummel Test and a Compressive Shear Strength Test (CSS). 

In this thesis, also the TCT-test and the peel test are considered. In both tests the fracture 

toughness of the Glass-PVB interface is determined. This fracture toughness quantifies the 

adhesion (see chapter 4 and 7). 

 

During the Pummel test, a laminate is frozen to -18 °C and placed on a steel plate. Then, the 

laminate is pummeled with a hammer until the glass on both sides pulverizes. Then, the 

sample is observed and a grade between 0 to 10 is given. 0 corresponds to complete exposure 

of the PVB interlayer and 10 to 100% coverage of the PVB by glass fragments. However, 

obviously this test is far from objective.[9] 

 

The CSS test is described in [9] and [10]. In this test, a small laminate sample (2,54x2,54 cm²) is 

loaded under 45° in a sliding head. The laminate is held between a lower trolley which is free 

to translate in the horizontal direction and an upper block that moves vertically under the 

applied load. The laminate samples are subjected to compression and shear (see Figure 2-10). 

Under this loading a crack will initiate when the energy, necessary to detach the PVB interlayer 

from the glass panes, is reached (see Figure 2-11). 

 

 
Figure 2-10: Schematic drawing of the 45° CSS-test.[10] 
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Figure 2-11: Crack initiation at the free edge of a sample in the CSS test.[10] 

 

The displacement and force are measured during this test. Under monotonic strains, for low 

levels of adhesion, a stable crack nucleates at the free edge of the specimen along one of the 

glass-polymer interfaces. During this phase, the force increases with increasing strain. At a 

certain critical strain, the force reaches a maximum and finally drops suddenly. This sudden 

decrease in the force is caused by an unstable crack growth due to failure of the interface. See 

Figure 2-12. [10] 

 

 
Figure 2-12: Experimental shear stress and shear strain measured in the CSS test for different strain 

rates.[10] 
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3. Delamination of the interlayer 
 

 

3.1 Introduction 

In case of an impact load, the glass plates exhibit cracks and the polymer interlayer undergoes 

large deformations. This can result in the delamination or detachment of the interlayer. In 

other words at certain locations the polymer interlayer will be separated from the glass panes. 

 

In this chapter, the modelling of the delamination behaviour in Abaqus is discussed. 

Delamination is in fact a crack that develops between the interlayer and the glass. First, an 

overview of the three different failure modes will be given. Then, the cohesive zone model will 

be discussed. Eventually, VCCT (virtual crack closure technique) is discussed as an alternative 

way to model delamination in Abaqus. 

 

3.2 Crack modes 

When delamination occurs, forces per unit area (tractions) put up resistance against the 

emerging displacements (separation). In a three dimensional model, these forces can occur 

along three directions, the so-called crack modes (see Figure 3-1) [6], [11]. 

 

 Mode 1: direction normal to the crack surface. 

 Mode 2: shear direction, parallel with the crack growth direction. 

 Mode 3: shear direction, perpendicular with the crack growth direction. 

 

 
Figure 3-1: The three different crack modes.[6] 

 

Logically, displacements will occur along these three directions during a crack propagation. 

These displacements will induce the resisting forces.  

 



Chapter 3. Delamination of the interlayer 

16 

3.3 Cohesive zone model 

Simply put, the cohesive zone is a region around a crack tip where elements will degrade 

gradually under the influence of high local forces. During adhesive failure, relative 

displacements will occur between the edges of the cohesive zone. These displacements are 

resisted by the cohesive tractions. 

 

Such a zone can be modelled in Abaqus with use of cohesive elements (which are provided in 

Abaqus). These elements are physically not present, they only describe the occurring tractions 

when the elements of the involved materials are pulled apart. Therefore, cohesive elements in 

the model have zero thickness and they are placed in between bulk elements (see Figure 3-2). 

Cohesive zones are described in [6] and [11]. 

 

 
Figure 3-2: Application of cohesive elements in between bulk elements.[11] 

 

The resisting forces per unit area or the tractions T in the cohesive zone are given in function 

of the relative displacements in this region: u, v and w. The displacement u is along mode 1, 

displacement v is along mode 2 and w is along mode 3. The displacements u and v are shown 

in Figure 3-3, w is perpendicular on the plane of the figure. 

 

 
Figure 3-3: Displacements u and v in the cohesive zone.[6] 

 

The resisting force can be determined by derivation of a potential function φ. Then, the normal 

and the tangential component of T can be written as: 

Crack tip 

Undamaged material 
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 (3-1) 

 

The formulas (3-1) are valid for a 2 dimensional case or cases in which the third shear 

component is negligible. The potential function φ represents the energy needed for 

delamination. An example of such a potential function is the potential of Xu-Needleman. A 

simplified form of this function is given in [12]: 
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 )]  (3-2) 

 

In formula (3-2), it is assumed that the tangential and normal fracture energy is equal to Γ0. 

Furthermore, it is assumed that the normal and tangential critical displacements are equal to 

δcr. The intrinsic fracture energy Γ0, is the energy released per unit area crack. Because of the 

declining exponential functions in (3-2), the following is valid: if Δn, Δt>>δcr, φ=Γ0. 

 

The critical displacement δcr is decisive for the curves of the resisting stresses Tn and Tt. The 

curves of Tn(Δn,0) en Tt(0,Δt) are shown in Figure 3-4 (here, the dimensionless tractions are 

given in function of the dimensionless openings). These stresses are also called the uncoupled 

tractions: Tn(Δn,0) is the normal traction and Tt(0,Δt) is shear traction. 

 

 
Figure 3-4: Tn(Δn,0) (left) en Tt(0,Δt) (right) in function of the displacements.[11] 

 

With the use of equations (3-1) and (3-2), the following relations can be obtained: 
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 (3-3) 

 

From the curve of Tn, it can be seen that the stresses increase with increasing displacements, 

until a certain maximum is reached. When a maximum is reached, the force will decrease until 
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the cohesive zone has no stiffness in the normal direction. When the cohesive zone is given a 

separation displacement in the negative direction, the traction Tn rapidly becomes more 

negative in order to prevent penetration. The shear traction curve Tt shows a different 

behaviour. For separations in the negative direction, the shear tractions are opposite to those 

for a positive Δt but equal in magnitude.[11] 

 

At failure, the cohesive elements are pulled open and removed from the model when their 

stiffness reaches zero. This way, crack initiation and crack growth can be simulated. The crack 

propagation is highly dependent on the presence of these cohesive elements, which implies 

that the crack path is highly mesh dependent [11]. A refinement of the mesh reduces this 

problem. The description of the failure behaviour is defined with traction-separation laws. 

There are many mathematical laws determining a relation between the tractions and 

displacements, but generally they all exhibit the same overall behaviour. A simple law is the 

linear traction separation law. In this case, three stages can be distinguished in the failure 

behaviour: 

 First, there is a linear elastic behaviour characterized by the stiffness K. In this stage, 

the damage parameter D is still zero. 

 After this stage, the damage initiation follows. The time of occurrence of this initiation 

depends on the defined damage-initiation criterion. Failure shall initiate at a maximal 

stress t = tmax (or t0). This traction is reached at a displacement δ = δ0. At this point, the 

damage parameter is zero. 

 In the last stage, the stiffness of the elements will decrease linearly to zero. If the 

elements have no longer any stiffness, they will not  put up any resistance against the 

displacements (at this point they will be “erased” from the model). As a result, the 

stresses also decrease until they are equal to zero. This happens at a displacement δf 

(displacement at failure) and a damage variable D = 1. The manner in which the 

stiffness decreases, is defined in Abaqus in the damage evolution properties. 

 

The linear traction-separation law is displayed in Figure 3-5. 

 

 
Figure 3-5: Linear traction-separation law.[6] 

 

Using Figure 3-5, the formula for the linear traction-separation law in function of the 

displacement and the damage parameter D can be easily determined: 
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  (3-4) 
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Formula (3-4) shows that the damage parameter D will increase after the damage initiation, 

until it becomes 1. When t=0 MPa and D=1, the element does not have any resistance and 

shall be erased from the model. This way, the polymer interlayer will delaminate at that 

specific location. The area under the t-δ curve is equal to the dissipated energy at failure Gc. 

 

       
 

 
          (3-5) 

 

The potential function for this linear traction-separation law can be determined, using the 

equation        : 
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  (3-6) 

 

It is sufficient to use judiciously chosen values for K, δ0 (or tmax=K*δ0) and δf (or Gc) in Abaqus in 

order to model the adhesive failure behaviour. See sections §5.3.4 and §8.2.4 for the values 

that are used in the models. 

 

3.4 Virtual crack closure technique 

VCCT (virtual crack closure technique) is another method to model delamination between the 

PVB interlayer and the glass pane. In this method, only the energy release rates at mode I, II 

and III need to be defined (GIC, GIIC and GIIIC). This has the advantage that the values for the 

displacements and the stiffness are not needed, which is not the case for cohesive elements. 

The energy release rates for different modes can be determined by validation with 

experimental results. This technique will be applied for the Peel test model, see section §8.3.2 

for a comparison between cohesive elements and VCCT. The principle of this technique is 

based on the comparison of the dissipated energy GI, GII and GIII (during delamination) and the 

interlaminar fracture toughness GIC, GIIC and GIIIC. Initially, the nodes at the interface between 

glass and PVB are bonded. When the dissipated energy during delamination is higher than the 

fracture toughness, these nodes will be released and delamination will occur. 

 

 
Figure 3-6: Illustration of VCCT for a pure mode 1 failure.[13] 
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To clarify this technique, a pure mode 1 case (thus a normal crack tip deformation mode) from 

the Abaqus Analysis User’s Manual [13] is considered (see Figure 3-6).  

 

In this example, nodes 2 and 5 will start to release when: 

 

 
 

 

          

  
         (3-7) 

 

Where: 

 

 v1,6: the vertical displacement between nodes 1 and 6, nearby the crack tip [m] 

 Fv,2,5: the vertical force between nodes 2 and 5 [N] 

 b: is the width [m] 

 d: is the horizontal distance between the crack tip and nodes 1 and 6 [m] 

 GI: mode 1 energy release rate [J/m²] 

 GIC: critical mode 1 energy release rate [J/m²] 

 

GI is the energy released when the crack is extended by a distance d and GIC (x b) is the surface 

under the force-displacement diagram at the position of nodes 2 and 5 (see Figure 3-6). In [14], 

formulas are presented for cases involving a mixed mode behaviour (these are cases where 

multiple crack modes occur at the same time). Formulas for quadratic elements are presented 

in [14], also a 3 dimensional case is considered. In Figure 3-7 a two dimensional case, where 

two crack modes (mode I and II) occur, is considered. 

 

 
Figure 3-7: Illustration of VCCT for a mixed mode failure (mode I and mode II).[14] 
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The energy ΔE, released when the crack length extends from a+Δa to a+2Δa, is equal to the 

work ΔE required to close the crack between nodes i and k along one element side. This energy 

can be calculated as: 

    
 

 
               (3-8) 

 

In equation (3-8), Xi and Zi are respectively the shear and opening forces at nodal point I, Δul 

and Δwl are respectively the shear and opening displacements at node l as shown in Figure 3-7.  

 

By dividing this energy ΔE by ΔA, the energy release rate G can be calculated (ΔA is the created 

crack surface, which is equal to Δa*b in Figure 3-7). Thus, the mode I and mode II components 

of the energy release rate can be calculated as follows: 

 

    
 

   
       (3-9) 

 

     
 

   
       (3-10) 

 
In Abaqus, an equivalent strain energy release rate Gequiv is defined. The crack-tip node 
debonds when the fracture criterion f: 
 

   
      

       
  (3-11) 

 

Reaches the value 1 within a given tolerance, ftol: 

 

           (3-12) 

 

By default, ftol is equal to 0,2. GequivC is the critical equivalent strain energy release rate. In 

Abaqus, GequivC can be computed using one of the underlying laws: 

 

1) BK law model: 

 

                       (
        

           
)
 

  (3-13) 

 

Where the exponent η is a randomly determined parameter. However, this parameter has an 

effect in the mixed mode behaviour. The input parameters are GIC, GIIC and η (GIIIC=0). The BK 

law is mostly used for 2 dimensional models. 

 

2) Power law model 
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In this law, the input parameters are GIC, GIIC, GIIIC, am, an and ao. Thus, when using this model, 

several accurate experimental results are needed in order to determine the parameters. 

 

3) Reeder law model 
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  (3-14) 

 

In this model, the input parameters are GIC, GIIC, GIIIC and η. The Reeder law model is only 

suitable for 3 dimensional problems. 

 

The VCCT technique is especially suitable for linear elements. With quadratic elements, 

kinematic incompatibilities can arise (see Figure 3-8). In this case, it can be interesting to use 

an elementwise releasing technique instead of a nodewise releasing technique. In VCCT based 

on elementwise opening, the edge and midside nodes are released. This results in a 

kinematically compatible condition.[14] 

 

 
Figure 3-8: Kinematic incompatibilities in case of quadratic elements.[14] 

 

When using VCCT in Abaqus, the following parameters can be requested in the output: 

 

 DBT: The time when bond failure occurred 

 DBSF: Fraction of stress at bond failure that still remains 

 DBS: Stress in the failed bond that remains 

 OPENBC: Relative displacement behind crack 

 CRSTS: Critical stress at failure 

 ENRRT: Strain energy release rate 

 EFENRRTR: Effective energy release rate ratio 

 BDSTAT: Bond state (=1 if the nodes are bonded and 0 when the nodes are unbonded) 
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4. Through cracked tension test (TCT-test) 
 

 

4.1 Introduction 

In this chapter, the TCT-test is described theoretically. Moreover, some results of previous 

works are presented. This chapter is based on the information in [4], [6], [15] and [16]. 

 

The mechanical behaviour of broken glass, where the glass fragments are connected through a 

polymer interlayer, will determine the properties of broken laminated glass. The polymer 

interlayer, which forms a bridge between the glass fragments, will be stretched under a tensile 

load and delamination will occur (see Figure 4-1). This adhesive failure in delamination of the 

PVB interlayer can be characterized by using a TCT-test. 

 

 

 

Figure 4-1: A TCT test specimen (left picture is from [6] and the right one is from [15]). 

 

It is important to model this test and calibrate it with experimental data. This way, the right 

material model for the PVB interlayer and the right parameters for the cohesive zone model 

can be determined. First, the TCT-test is described in this chapter. Then, some theoretical 

models for the delamination of the interlayer during a TCT-test are discussed. In the next 

chapter, numerical models in Abaqus are developed. Eventually, the results of the numerical 

models are validated with the experimental results, which are obtained within the framework 

of the thesis: Static behaviour of laminated glass for application in large glass facades, by L. 

Vandromme and A. Van Iseghem [17]. 

 

4.2 Description of the TCT-test 

In a TCT-test, a laminate test specimen is subjected to a tensile load. The test specimen with 

indication of all significant measurements is displayed in Figure 4-2. The test specimen consists 

of 2 glass plates with a thickness hg. These glass plates are connected with each other through 

a PVB interlayer with thickness 2h. Furthermore, the test specimen has a width b and a length 

2L. The two glass plates are broken in the middle of the laminate specimen over their full 

width. 
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The test specimen is clamped at the top. At the bottom a displacement, with a fixed velocity, is 

imposed. This results in a displacement 2δ in the middle of the specimen. For such a 

displacement a force P is required. This force is measured as a function of the displacement 2δ. 

During the test, the PVB interlayer will detach from the glass plates over a delamination length 

2a (also this length will be measured during the test). 

 

 
Figure 4-2: TCT test specimen: general view and detail of upper left corner.[4] 

 

Thus, in the end the delaminated part of the polymer shall have a length of 2a + 2δ. Since the 

original length of this delaminated part is 2a, the nominal strain ԑ can be determined as 

follows: 

 

   
        

  
 

 

 
  (4-1) 

 

De stretch λ of the interlayer is indicated in Figure 4-2 and thus can be calculated as follows: 

 

   
   

 
      (4-2) 

 

During the test, 2δ will increase and so will the force P. Subsequently, delamination along both  

interfaces between glass and the polymer interlayer shall occur. Initially, the delamination 

length is uniformly distributed over the width of the test specimen. This suggests that a plane- 

strain hypothesis can be assumed. 

 

At a certain moment, the force P becomes constant. At that moment a steady state is reached. 

The polymer interlayer will maintain a constant stretch in steady state conditions, i.e., the 

delamination length a is proportional to the displacement δ. This implies that also the strain is 

constant in steady state. In steady state, the force is denoted as P0 and the strain as ԑ0.  

P 
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A typical force-displacement diagram is shown in Figure 4-3. Also the measured stretch is 

displayed in Figure 4-3. 

 

 
Figure 4-3: Typical force-displacement diagram and measured stretch in a TCT-test.[4] 

 

4.3 Theoretical approach 

In this section, the force P0 is determined as a function of the nominal strain ԑ0 and the intrinsic 

fracture energy Γ0 using an incremental energy balance. The derivation of this equation is done 

according to the approach of Seshadri, see [4], [6] and [15]. The following assumptions are 

made: 

 

 In the interlayer, plane strain conditions are valid. Therefore, it is assumed that the 

displacements in the width-direction are negligible. This also valid for the stresses in 

the thickness-direction. 

 The delamination length is uniformly distributed across the width and is parallel with 

the crack in the middle of the glass plates. 

 The glass plates are undeformable. 

 It is assumed that there is no friction between the detached part of the interlayer and 

the glass plates. 

 The fracture energy is identical for each crack mode. 

 Temperature- and time-dependent effects are neglected. 

 It is assumed that the delamination is stable and quasi-static. Furthermore, a steady 

state situation with a constant stress σ0 and constant nominal strain ԑ0 exists. 

 The delamination length is big in comparison with the polymer interlayer thickness 2h. 

This type of analysis is a long crack analysis. 

 The material of the interlayer is incompressible, isotropic, free from residual stresses 

and deforms under a constant volume. 
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Because of symmetry, only a quarter of the test specimen is considered. 

 

Following these assumptions, a simple incremental energy balance can be determined. For an 

incremental delamination length da, the external work done by the force P must be in balance 

with the energy used in deforming the polymer interlayer and the energy used to overcome 

the fracture resistance in the cohesive zone (or in other words the energy needed to increase 

the delamination length with a value da). Thus, the energy balance can be written as: 

 

                 (4-3) 

 

In this formula, We is the total elastic strain energy stored in the polymer. Thus, it is assumed 

that the work needed to deform the interlayer is stored as elastic strain energy. The total 

strain energy can be written as follows (ε0 is the steady state strain as explained in §4.2): 

 

         ∫    

  

 

  (4-4) 

 

In the assumption that the material past the crack tip is undeformed, the incremental elastic 

strain energy can be written as follows: 

 

                (4-5) 

 

 Using (4-1) and (4-2), the following equation can be written: 

 

                   (4-6) 

 

The stresses in the polymer interlayer can be calculated as: 

 

    
  
  

  (4-7) 

 

In these formulas, U(ԑ0) is the elastic energy density function. Using (4-3), (4-5), (4-6) and (4-7) 

the incremental energy balance can be written as follows: 

 

 

                  

 
  
 

 
  
  

          

 
  
 

            

 

 (4-8) 

With                   is the complement of the elastic energy density function, the 

following equation can be found: 

 

             (4-9) 
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Equation (4-9) can also be derived by considering the cohesive zone model. Since the 

numerical models are based on the cohesive zone model, also this approach will be described. 

This approach is described in [6] based on the calculations of Seshadri. Since the stresses and 

strains are more or less uniform along the width, a 2 dimensional model is considered in this 

approach. A local x-axis, parallel to the load direction and with an origin on the crack tip, is 

considered (see Figure 4-4). 

 

 
Figure 4-4: Two dimensional model with indication of the x-axis. 

 

This approach is simply based on the force equilibrium (in the X-direction) of an infinitesimal 

part of the PVB interlayer with length dX (X>0). The forces that act on this cut part are 

displayed in Figure 4-5. S and S+dS/dX are the normal stresses. Along the crack, there is a shear 

stress TII(X). This shear stress is equal to the mode II shear traction in the cohesive zone (see 

section §3.3). The thickness of the infinitesimal part is equal to h (half of the interlayer 

thickness). 

 

 
Figure 4-5: Force equilibrium of an infinitesimal interlayer part per unit width. 

 

X 

TII.dX 

[S+dS/dX.dX].h 

S.h 
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Considering the force equilibrium in the X-direction, the following equation can be derived: 

 

 
  

  
           (4-10) 

 

The nominal stress S is a function of the strain ԑ (in the X-direction) and can be derived from 

the elastic strain energy density function: 

 

      
     

  
  (4-11) 

 

From section §3.3, it is known that the traction TII depends on the relative displacement ΔII(X) 

in the X-direction at location X, thus                   . The stress TII can be defined as a 

derivation of the potential function φ(ΔII) of the cohesive zone. In conclusion, TII can be written 

as follows: 

 

          
       

    
  (4-12) 

 

In steady state, only one local strain ԑ corresponds to a certain location X, and vice versa. The 

equilibrium equation (4-10) can be rewritten as: 

 

 
  

  

  

  
 

 

 

  

    
  (4-13) 

 

Using the definition of the local strain ԑ, 1/dX can be written as: 
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Using (4-13) and (4-14), the following equation can be found: 

 

  
  

  

  

    
 

 

 

  

    
  (4-15) 

 

Equation (4-15) can be integrated from zero to a certain total strain and a displacement ΔII=δ: 

 

 ∫  
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  (4-16) 

 

The left-hand side of equation (4-16) is equal to the complement of the elastic energy density 

function Uc(ԑ). Using (4-16), the following equation is found: 

 

                   (4-17) 
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In steady state, ԑ=ԑ0 and δ>>δcr. Using the Xu-Needleman Potential (see equation (3-2)), it can 

be easily seen that φ(δ)=Γ0 (for δ>>δcr). This is also valid for φ of the linear traction-separation 

law (see equation (3-6)). If Γ0 is known, and using equation (4-17), the strain ԑ and stress σ for 

each location along the crack can be determined. Eventually, formula (4-17) can be written as: 

 

             (4-18) 

 

As expected, it can be seen that equation (4-18) is the same as equation (4-9). 

 

4.3.1 Elastic material 

For an elastic material under plane-strain conditions and uniaxial tension, the energy density 

can be determined as follows: 

 

   
    

 
  (4-19) 

 

E’ is the plane-strain elastic modulus and can be calculated as follows: 

 

    
 

    
  (4-20) 

 

Using equation (4-7), (4-18) and (4-19), the fracture energy Γ0, the nominal strain ԑ0 and the 

force P0 can be determined: 
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                 √        (4-23) 

 

With these formulas, the fracture energy Γ0 can be estimated using the force P0 and strain ԑ0 

measured during an experiment. On the contrary, using the fracture energy Γ0, the force P0 and 

the strain ԑ0 in steady state conditions can be calculated. Furthermore, the delamination 

length can be estimated in function of the imposed displacement (a = δ/ԑ0). 

 

4.3.2 Hyperelastic material 

The derivation of the fracture energy for a hyperelastic material model is described in [4]. As 

mentioned before, it is assumed that there is no deformation in the z-direction (ԑz=0). Thus, 

λz=1 (the axes and stretches are indicates in Figure 4-6).  
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Because of the plane-strain assumption, the PVB ligament is in a state of simple uniaxial 

deformation except near the crack tip. In order to determine the deformation gradient F 

(defined in section §2.3.2), only the principal stretches λx and λy need to be determined. 

 

 
Figure 4-6: Indication of the axes and principal stretches. 

 

The principal stretch in the y-direction, using (4-1), can be determined as follows: 

 

    
    

    
 

   

 
             (4-24) 

 

The principal stretch in the x direction can be determined as follows: 

 

                      
    
    

 
    

    
 

 

  
 

 

 
  (4-25) 

 

Now that the principal stretches are known, the deformation gradient F can be determined as 

follows: 
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]  (4-26) 

 

Now that the deformation gradient F is determined, the invariants I1 and I2 can be determined 

using equation (2-11) (see section §2.3.2): 

 

                 (4-27) 

 

For a second-order polynomial hyperelastic material model, the elastic strain energy function 

U can be calculated using equation (2-8), (4-26) and (4-27): 

 

l0,x 

l0,y 

l0,y l1,y 
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  (4-28) 

 

And the stress can be determined as follows: 
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In equation (4-29), H1=C10+C01 and H2=C20+C11+C02. The complement of the elastic energy 

density function Uc(ԑ) is: 
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Now, the relation between ԑ0 and Γ0 can be determined using equation (4-18): 

 

    
     

               
  

      
 

 
     

                  
  

      
 

  (4-31) 

 

Consequently, the steady force P0 is: 
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]  (4-32) 

 

For a second-order reduced polynomial model, the elastic energy density function UPR2 is: 

 

                            (4-33) 

 

And the stresses can be calculated as follows: 

 

         
        

  
  (4-34) 

 

Knowing that Uc=σԑ-U and using equation (4-18), the fracture toughness Γ0 can be determined. 

When the fracture toughness Γ0 is known, σ0 and ԑ0 can be calculated and eventually P0 can be 

determined using equation (4-7). 

 

4.4 Experimental results 

The experimental TCT-test results from [17] will be used in the validation of the numerical 

models. The tests were conducted with a universal Instron tensile testing machine (see Figure 

4-7). In this section, the most accurate results from [17] are given, since there was a big scatter 

in the results. 
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Figure 4-7: TCT-test conducted in a tensile testing machine. 

 

The test specimen have the following measurements (the same notations as in Figure 4-2 are 

used): 

 

2h 0,76 mm or 1,52 mm 

hg 4 mm 

b 50 mm 

L 125mm 

Table 4-1: TCT test specimen measurements.[17] 

 

The TCT test specimens were subjected to three different displacement velocities: low speed = 

5mm/min, medium speed = 25mm/min and high speed = 125 mm/min. In the experiments, 

steady state reaction forces were only obtained for the tests with a speed of 25 mm/min and 

125 mm/min. 

 

The values of the results with steady state are given in Table 4-2. In this table, Pmax is the 

maximum reaction force and δmax is the displacement at the maximum reaction force. Two 

adhesion levels were used. Adhesion type A and type C (the differences between these types 

are rather small). 

 

Sample 

Name 
Adhesion 

Rate 

(mm/min) 
2h (mm) Pmax (N) 

δmax 

(mm) 
P0 (N) σ0 (MPa) 

T2 A 25 0,76 458,58 0,38 419,53 10,88 

T3 A 125 0,76 554,30 0,21 441,59 11,55 

T6 C 25 0,76 550,79 0,54 393,71 10,33 

T4 C 125 0,76 480,73 0,09 414,67 10,97 

T8 A 25 1,52 643,93 0,47 606,61 7,93 

T9 A 125 1,52 859,76 0,29 718,45 9,49 

T10 C 25 1,52 676,40 0,49 569,61 7,47 

T12 C 125 1,52 895,67 0,89 718,45 9,35 

Table 4-2: Experimental TCT-results (mean values).[17] 



Chapter 4. Through cracked tension test (TCT-test) 

33 

The results were obtained from tests conducted at a temperature that varies slightly around 

20°C. 

 

The force-displacement curves for the T4 samples (see Table 4-2 for the characteristics of T4 

samples) are given in Figure 4-8. 

 

 
Figure 4-8: Force-displacement curves for T4 sample (speed = 125mm/min).[17] 

 

The force-displacement curves for the T10 samples (see Table 4-2 for the characteristics of T10 

samples) are given in Figure 4-9. 

 

 
Figure 4-9: Force-displacement curves for T10 sample (speed= 25mm/min).[17] 

 

These are some results with steady state values. However, it is important to denote that there 

were a lot of TCT samples in which steady state is not reached. Instead, the force reaches a 

maximum value and then decreases rapidly or the force is increasing and shows oscillations. A 

behaviour where the force decreases after reaching a maximum is also observed in the 

numerical models with a viscoelastic PVB interlayer (see section §5.4.4). In the tests, this is 
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mainly the case for a velocity of 5 mm/min, but also at higher velocities some TCT samples did 

not reach a steady state. 

 

In Figure 4-10, it is seen that for some of the T3 test samples the force decreases after reaching 

a maximum. 

 

 
Figure 4-10: Force-displacement curves for T3 samples (speed = 125 mm/min).[17] 

 

In Figure 4-11, force-displacement curves for T7 samples are given. T7 samples have the 

following characteristics: adhesion type A, 2h = 1,52 mm, test speed is 5 mm/min. In this 

figure, it is seen that the force is increasing and oscillating for most samples. 

 

 
Figure 4-11: Force-displacement curves for T7 samples (speed = 5 mm/min).[17] 
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4.5 Conclusion 

In this chapter, a theoretical approach of the delamination behaviour of the interlayer during a 

TCT-test was given. A steady state is reached after a certain time (constant reaction force P0 

and strain ԑ0). The adhesion of the interlayer is quantified with the fracture toughness Γ0. 

 

A theoretical relation between Γ0 and ԑ0 is derived for two different material models by using 

equation (4-18). A linear elastic and a second order polynomial hyperelastic material model 

were considered. Respectively, the following relations were determined: 

 

    
     

 

 
 (4-21) 

 

    
     

               
  

      
 

 
     

                  
  

      
 

 (4-31) 

 

Using these equations, ԑ0 can be determined if Γ0 is known. With the value of ԑ0, σ0 and  

consequently P0 can be calculated. On the contrary, the material behaviour and the fracture 

toughness Γ0 can be determined by using measured values of ԑ0 and P0. 

 

Some statements can be made by looking at equation (4-21). When the interface is weak (i.e. 

Γ0 is low) then the strain ԑ0 in steady state will be low and the delamination length a will be 

high. On the contrary, the steady state strain will be high and the delamination length a will be 

low when the interface is strong. Thus, a strong interface corresponds with Γ0>>hE’ and a weak 

interface corresponds to Γ0<<hE’. 

 

Time-dependent behaviour is not taken into account in these theoretical relations. Rate 

dependency has two main implications: dissipation in the bulk material, and rate dependency 

in the cohesive zone processes. The fracture toughness Γ0  will increase with the velocity due to 

increased dissipation in the PVB interlayer [4]. In the numerical models, rate-dependency is 

taken into account by using a viscoelastic material model. 

 

The reaction forces calculated with equation (4-23) and (4-32) are the forces for half of the 

PVB interlayer. Taking the symmetry conditions into account, the total reaction can be 

determined by multiplying the forces from (4-23) and (4-32) by two. Eventually, the numerical 

results in chapter 5 will be compared to the theoretical and experimental values of ԑ0, σ0 and 

P0 using the results and formulas in this chapter. 
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5. Numerical modelling of the TCT-test 
 

 

5.1 Introduction 

In this chapter, a TCT-test is simulated in the finite element program Abaqus1. The material 

parameters will be calibrated, taking the experimental results into account. This chapter is 

written in the assumption that the reader has some basic knowledge about modelling in 

Abaqus. For more information about modelling in Abaqus, a reference is made to [13]. 

However, certain concepts are explained in detail. 

 

In this chapter a basic model will be made using the CAE interface. Also input-files and Python 

files are used in order to study the influence of several parameters and modelling techniques. 

In Abaqus, a model can be made in Abaqus/Explicit or Abaqus/Standard. Abaqus/Explicit is 

appropriate for dynamic problems. In case of the TCT-test a model will be made in 

Abaqus/Standard since the TCT-test can be considered as quasi-static. 

 

In this section, several TCT-models are made for several material models of the PVB interlayer 

as described in section §2.3. The implementation of these material models are discussed. 

Eventually, the material model with the most realistic results will be determined. The adhesion 

in the interface is modelled with cohesive elements. The cohesive zone model is described in 

section §3.3. In literature, the used cohesive zone parameters (fracture toughness Γ0, initiation 

displacement δ0, displacement at failure δf and stiffness K) differ from case to case. Therefore, 

one specific set of cohesive zone parameters cannot be used and thus, different values must 

be considered. For the most realistic material model, different values for the cohesive zone 

parameters are used in order to select the most appropriate values. 

 

First, the geometry of the model is described. Then, the element types, the mesh, the selected 

material models and the boundary conditions are discussed. Eventually, a summary of the 

different models with their results are given. Also a convergence study is made. 

 

In chapter 6, the results are compared to the experimental results from [17] and the 

theoretical results which are obtained with the formulas from chapter 4. 

  

                                                           
1
 Abaqus version 6.12-1, the consulted manuals are from this version 
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5.2 Units and labelling convention 

The labelling convention used for the displacement and rotational degrees of freedom in 

Abaqus are shown in Figure 5-1. 

 

 
Figure 5-1: Displacement and rotational degrees of freedom.[13] 

 

By default, the 1-, 2-, and 3-directions are aligned with the axes of a global Cartesian 

coordinate system. The 1-direction corresponds to the x-direction, the 2-direction to the y-

direction and the 3-direction to the z-direction. Stresses are denoted by S, the nominal strains 

by NE and the true strains by LE. 

 

By default, SI units are used in Abaqus (see Table 5-1). 

 

Quantity SI 

Length m 

Force N 

Mass kg 

Time s 

Stress Pa (N/m²) 

Energy J 

Density kg/m³ 

Table 5-1: SI-units 

 

These conventions are used throughout the rest of the thesis. A deviation of these conventions 

will be mentioned explicitly. 

 

On a side note, whenever a word is written in a cursive manner in the following sections, it 

means that this word is also a keyword used in Abaqus. 
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5.3 Model 

In this section, the geometry, the element types, the mesh, the material properties and the 

boundary conditions of a TCT model are discussed. Here, 1/8 of the test specimen is 

considered. There are also models in which half of the test specimen is simulated. In further 

sections, a comparison will be made in order to see the influence of the symmetry boundary 

conditions. 

 

5.3.1 Geometry 

In order to suppress the amount of elements and the calculation time, only 1/8 of a test 

specimen is simulated. This is possible because of the symmetry. This implies that symmetry 

boundary conditions need to be defined. In the middle of the model, X-symmetry must be 

defined on the PVB interlayer face, but not on the glass face in order to simulate the crack in 

the middle of the glass panes (X-symmetry implies that U1=UR2=UR3=0). On the bottom face 

of the PVB interlayer, Y-symmetry (U2=UR1=UR3=0) must be defined. On the right-side face of 

the glass pane and the PVB interlayer, Z-symmetry (U3=UR1=UR2=0) must be defined. These 

symmetry boundary conditions are defined on the nodes of the mesh. 

 

 
Figure 5-2: Simplification of the geometry of the TCT model. 
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Two sets of measurements are used in the numerical models, one corresponds with the model 

in [6] (small-size) and the other one with the test specimens in [17] (large-size). A small-size 

model is named “TCTS” and large size model is named “TCTL”. 

 

The measurements are given in Table 5-2. In the numerical models, the measurements in Table 

5-2 are divided by 2, since 1/8 of the test specimen is simulated. Logically, the width is not 

divided by 2 when half of the test specimen is considered. 

 

Part 
X-direction 

Length (mm) 

Y-direction 

Thickness (mm) 

Z-direction 

Width (mm) 

TCTS Glass pane 120 6 25 

TCTS PVB interlayer 120 0,76 25 

TCTL Glass pane 250 4 50 

TCTL PVB interlayer 250 0,76/1,52 50 

Table 5-2: Measurements of the numerical TCT models. 

 

In order to make such a model, one 3D solid part (deformable type) is created in Abaqus/CAE. 

This part is 1/8 of the complete TCT test specimen. The glass pane and the PVB interlayer are 

created by making partitions (by defining a cutting plane) in this part. See Figure 5-3. The 

cohesive interaction in the interface is not created on this part.  

 

 
Figure 5-3: 2D view of the TCT test specimen part with indication of the partition plane 

 

The cohesive interaction is defined by creating cohesive elements in the interface. In order to 

do this, the partitioned part is meshed. On this mesh part, a solid layer of cohesive elements 

with zero thickness are defined. These cohesive elements share nodes with the Glass and PVB 

elements at the interface. 

 

5.3.2 Element type 

In this section, some information about elements is given, using the Abaqus Analysis User’s 

Manual (§27 and §28) and [18]. Furthermore, the selected elements are discussed. 

 

It is important to select an appropriate element type since displacements or other degrees of 

freedom are calculated at the nodes of the element. At any other point in the element, the 

displacements are obtained by interpolating from the nodal displacements. In the TCT models, 

C3D8 elements will be used for glass (and PVB). These are linear solid (continuum) elements 

with only nodes at their corners. These elements use linear interpolation in each direction, 

L 

hg 

h 
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they are often called linear elements or first-order elements. C3D8 elements are displayed in 

Figure 5-4. 

 

 
Figure 5-4: 8-node brick element (C3D8). 

 

Second-order elements provide higher accuracy in Abaqus/Standard than first-order elements 

for “smooth” problems that do not involve severe element distortions. Since there is no 

bending involved, first-order elements are sufficient. Furthermore, the big gradients in the 

strain of the interlayer can be modelled efficiently with first-order elements. 

 

Fully integrated elements in Abaqus/Standard and Abaqus/Explicit may suffer from shear and 

volumetric locking. Shear locking occurs in first-order, fully integrated elements (e.g. C3D8) 

that are subjected to bending. The edges of the fully integrated first-order element are not 

able to bend to curves. The linear element will develop a shape as shown in Figure 5-5 [18]. 

The angle cannot stay at 90 degrees, as a result an incorrect artificial shear stress has been 

introduced (so-called parasitic shear). Therefore, these elements are too stiff in bending. 

Wrong displacements, false stresses and spurious natural frequencies may occur because of 

this locking. Using elements with incompatible modes (e.g. C3D8I) or first-order elements with 

a reduced integration scheme (e.g. C3D8R) can solve this problem.[13, 18] 

 

 
Figure 5-5: Shape change of the fully integrated first-order element under a bending moment.[18] 

 

If a first-order reduced-integration element is used in order to address shear locking and 

increase computational efficiency, hourglassing can occur since the element tends to be 

excessively flexible [18]. This can be solved by using a sufficiently fine mesh or by the hourglass 

control option in Abaqus. The TCT-test is not a bending problem, thus shear locking should not 

occur in this model. 



Chapter 5. Numerical modelling of the TCT-test 

41 

Volumetric locking occurs in fully integrated elements when the material behaviour is (almost) 

incompressible. Spurious pressure stresses develop at the integration points, causing an 

element to behave too stiffly for deformations that should cause no volume changes. The first-

order, fully integrated elements do not lock with almost incompressible materials, but may 

lock with incompressible materials. Refining the mesh in regions with large strains or using 

hybrid elements (C3D8H) can prevent volumetric locking [13]. In the Abaqus manual [13], it is 

recommended to use hybrid elements in case of (almost) incompressible materials (e.g. PVB). 

 

In order to simulate the adhesion in the interface, cohesive elements COH3D8 are used. These 

are hexahedral elements with nodes on the corners. The connectivity of cohesive elements is 

like that of continuum elements, but it is useful to think of cohesive elements as being 

composed of two faces separated by a thickness. The order of node numbering in cohesive 

elements is important for a correct cohesive behaviour. The node numbering will determine 

the thickness direction and the thickness direction determines the bottom and top face (see 

Figure 5-6). The relative motion of the bottom and top faces, measured along the thickness 

direction, represents opening or closing of the interface. The relative change in position of the 

bottom and top faces, measured in the plane orthogonal to the thickness direction, quantifies 

the transverse shear behaviour of the cohesive element. In the model, the thickness direction 

must correspond with the y-direction. The thickness direction can be modified if needed. 

However, in the TCT mesh parts the thickness direction was already correct. 

 

 

 
Figure 5-6: Spatial representation of a three-dimensional cohesive element.[13] 

 

In the geometrical model, the cohesive layer has no thickness and is sharing nodes with the 

PVB interlayer and the glass pane. However, in the section definitions an initial thickness must 

be defined. By default a thickness equal to unity is used (when using a Traction-seperation 

definition). This way, the nominal strains will be equal to the relative displacements. 

 

In summary, the following element types will be used in the TCT models: 

 

Glass C3D8 

PVB interlayer C3D8H 

Cohesive layer COH3D8 

Table 5-3: Element types used in the TCT model. 
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5.3.3 Mesh 

Since delamination will occur in the area near the crack in the middle zone, it is important that 

the mesh is sufficiently fine towards the crack. However, a partition is made in the middle of 

the model in order to save calculation time. This way, the part where delamination will occur 

(“crack-side”) can be meshed finer while the other part (“displacement-side”) has a relatively 

coarse mesh. See Figure 5-7. In the length- and width-direction, the element size for glass, PVB 

and the cohesive layer is the same. In the thickness direction, the element size for PVB must be 

sufficiently small in order to achieve accurate results. This value can be much higher for the 

glass elements since the glass pane undergoes only a displacement in the length direction. 

Though the glass elements may be coarser, sufficient elements in the thickness direction are 

generated in order to maintain an aspect ratio close to unity (the same goes for the number of 

elements in the width direction). A Structured meshing technique is used to generate the 

mesh. The structured meshing technique generates structured meshes using simple 

predefined mesh topologies. First, Seeds along the edges are defined (purple dots in Figure 

5-7), the seeds determine the element sizes. Then, the mesh is generated automatically. For 

the “crack-side” part, the seeds in the length direction are defined using a Bias, meaning the 

element sizes are varying from a predefined minimum value to a maximum value. The other 

seeds are determined by defining the number of elements.   

 

 
Figure 5-7: Meshing method of the TCT-model. 

 

Several mesh sizes are taken into account in order to study the convergence of the results. For 

the TCTS models the following mesh sizes are considered: 

 

TCTS-meshes Mesh a Mesh b Mesh c Mesh d 

lmin [mm] and lmax [mm] in 

the x-dir. (crack-side) 
0,6-1 0,4-0, 8 0,1-0,5 0,1-0,6 

# in the x-dir. 

(displacement-side) 
20 28 30 35 

# in the z-dir.  20 25 30 35 

# in the y-dir. (glass) 4 6 12 12 

# in the y-dir. (PVB) 4 4 6 6 

Total # 9280 20000 81000 97650 

Table 5-4: The different meshes of the TCTS models.  

 

In Table 5-4, # denotes the number of elements, lmin is the minimum element size, lmax is the 

maximum element size and dir. is short for “direction”. In the total number of elements, also 

the cohesive elements are taken into account (1 element in the y-direction). 
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The following meshes are considered for the TCTL models,: 

 

TCTL-meshes Mesh a Mesh b Mesh c 

lmin [mm] and lmax [mm] 

in the x-dir. (crack-side) 
0,1-1 0,1-1 0,1-1 

# in the x-dir. 

(displacement-side) 
38 45 45 

# in the z-dir.  30 30 38 

# in the y-dir. (glass) 6 8 8 

# in the y-dir. (PVB) 6 6 6 

Total # 76830 91800 116280 

Table 5-5: The different meshes of the TCTL models. 

 

For the TCTL models with a PVB interlayer of 1,52 mm thickness, 10 or 12 elements are taken 

in the thickness direction. 

 

5.3.4 Material properties 

The material properties can be assigned by defining Sections. Solid Homogeneous sections are 

defined for glass and the PVB interlayer. A Cohesive Section with an initial thickness equal to 

unity is defined for the cohesive elements. In this section, the material models used for Glass, 

the cohesive elements and the PVB interlayer are discussed. 

 

Glass  

A linear elastic material model is used for glass. In Abaqus/Standard, only the elastic modulus E 

and Poisson’s ratio ν must be defined. The values used in Abaqus are given in Table 5-6. 

 

E (GPa) 70 

ν (-) 0,22 

Table 5-6: Inserted material properties of Glass. 

 

Cohesive elements 

The parameters needed to define the cohesive behaviour were discussed in section §3.3. In 

the TCT models, a traction separation law with a Maxe damage initiation criterion is used. In 

this criterion the strain ratios between a given strain value and the peak nominal strain value 

in each of the three directions (ԑ0,I, ԑ0,II and ԑ0,III) are evaluated. The Maxe criterion is based on 

the maximum value of the three ratios. However, since the thickness of the cohesive elements 

is equal to one, only the relative displacement δ0 (it is assumed that δ0,I = δ0,II = δ0,III) at damage 

initiation must be defined. The Damage Evolution is defined with the displacement at failure 

δf, the softening is determined as linear. Also in the damage evolution module, the Mode mix 

ratio can be defined. This is the ratio of normal to shear deformation. In the TCT models the 

damage evolution is taken equal for the three crack modes. In a TCT-test, this should not be a 

big issue since, in theory, only relative displacements along the mode II direction will occur.  
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Furthermore, the stiffness K must be defined. Also the stiffness is taken equal for the three 

crack modes. In conclusion, the parameters δ0, δf and K must be determined. In Abaqus, the 

displacement at failure is inserted relative to the initiation displacement. Thus, δf - δ0 must be 

inserted. 

 

The inserted parameters for the cohesive elements have physical consequences for the crack 

growth. Consequently, these parameters have a big influence on the achieved results. In 

general, it is suggested to use values in the order of 10 micron for the parameters δ0 and δf. 

However, using too small values for δ0 and δf implies a higher stiffness K in order to attain the 

same fracture toughness Γ0. When the stiffness K is high compared to the stiffness of the 

interlayer, convergence problems arise. The values used in [6] are also used in some models. 

The used values for TCTS models are given in Table 5-7. Γ0 is calculated with formula (3-5). 

 

δ0 (mm) δf (mm) δf - δ0 (mm) K (N/m³) Γ0 (J/m²) t0 (MPa) 

0,1 0,6 0,5 10E+10 300 1 

Table 5-7: Used properties for the cohesive elements of TCTS models. 

 

Several values were used for TCTL models, since these models could be validated with 

experimental results. The used values are given in Table 5-8. 

 

Case δ0 (mm) δf (mm) δf - δ0 (mm) K (N/m³) Γ0 (J/m²) t0 (MPa) 

1 0,1 0,6 0,5 10E+10 300 1 

2 0,04 0,1 0,6 1,5E+11 300 6 

3 0,1 0,6 0,5 2E+10 600 2 

4 0,1 0,2 0,1 6E+10 600 6 

5 0,1 0,5 0,4 2E+10 500 2 

6 0,1 0,8 0,7 9E+09 360 0,9 

Table 5-8: Used properties for the cohesive elements of TCTL models. 

 

Elastic PVB interlayer 

Initial models were made with an interlayer with linear elastic material properties, because 

this material model is the most easy one to simulate and to validate with theoretical formulas. 

For the small-size TCTS models, different elastic moduli were considered in order to study the 

influence of the stiffness. For the TCTL models, only one elastic modulus is considered. The 

used values are given in Table 5-9. 

 

 Elastic modulus E (MPa) Poisson’s ratio ν (-) 

TCTS models 12, 15, 18, 20 and 25 0,48 

TCTL models 18 0,48 

Table 5-9: Elastic material properties of the PVB interlayer. 
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Using the elastic material model and the used properties for the cohesive elements of the TCTS 

models, the strain ԑ0, the stress σ0 and the reaction force P0 can be calculated with the 

theoretical formulas (4-22), (4-7) and (4-23). The calculated values are given in Table 5-10. 

 

b (mm) 2h (mm) Γ0 (J/m²) E (MPa) ν (-) E' (MPa) ԑ0 (-) σ0 (MPa) P0 (N) 

25 0,76 300 12 0,45 15 0,324 4,87 92,61 

25 0,76 300 15 0,45 18,8 0,290 5,45 103,54 

25 0,76 300 18 0,45 22,6 0,264 5,97 113,42 

25 0,76 300 20 0,45 25,1 0,251 6,29 119,56 

25 0,76 300 25 0,45 31,3 0,224 7,04 133,67 

Table 5-10: Theoretical results of ԑ0, σ0 and P0 for a linear elastic interlayer for TCTS models. 

 

For TCTL models, the calculated values are given in Table 5-11. In this table, only the cohesive 

zone parameters of case 1 from Table 5-8 are considered. 

 

b (mm) 2h (mm) Γ0 (J/m²) E (MPa) ν (-) E' (MPa) ԑ0 (-) σ0 (MPa) P0 (N) 

50 0,76 300 18 0,45 22,6 0,264 5,97 226,85 

50 1,52 300 18 0,45 22,6 0,187 4,22 320,81 

Table 5-11: Theoretical results of ԑ0, σ0 and P0 for a linear elastic interlayer for TCTL models. 

 

Hyperelastic PVB interlayer 

A hyperelastic material model can be determined using the steady state values of the nominal 

strain ԑ0 and the nominal stress σ0 in [15] (see Table 2-6 in section §2.3.2). The same 

procedure, as executed in [6], can be used to determine the material constants. 

 

The test data from Table 2-6 are inserted as planar test data in the hyperelastic material 

module in Abaqus/CAE. A reduced polynomial model with a strain energy potential order of 2 

is selected. The material constants C10 and C20 can be determined by evaluating the material 

model with Abaqus (this can be done by right-clicking on the material and choosing for 

evaluate).  

 

 
Figure 5-8: Comparison of the 2

nd
 order reduced polynomial model with the test data from [15]. 
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Eventually, one can find that C10 = 1232707,10 Pa and C20 = 36089,1945 Pa. These values 

correspond with the material constants in Table 2-7. The results obtained in Abaqus are 

displayed on the graph in Figure 5-8. Using these material constants and the cohesive zone 

parameters of the TCTS models, the strain ԑ0, the stress σ0 and the reaction force P0 can be 

calculated by using formulas (4-7), (4-18), (4-33) and (4-34): 

 

b (mm) 2h (mm) Γ0 (J/m²) C10 (MPa) C20 (MPa) ν (-) ԑ0 (-) σ0 (MPa) P0 (N) 

25 0,76 300 1,23 0,0361 0,5 0,551 3,31 63 

Table 5-12: Theoretical results of ԑ0, σ0 and P0 for a 2
nd

 order reduced polynomial model. 

 

A second hyperelastic material (as described in section §2.3.2) is determined using the same 

technique described above, but now starting from the uniaxial tensile test data from Hooper 

[3]. First, a rudimental stress-strain curve is determined by calculating the strain ԑ0v, the 

overstress σ0v, the failure strain ԑf and the failure stress σf. The overstress σ0v is the stress 

where the E0 tangent and E20% intersect each other. These values are determined using the 

instantaneous elastic modulus E0 determined by D’Haene (E0 = 423,748 MPa) and the empirical 

formulas determined by Hooper based on tensile test data in [3]. The following empirical 

formulas from [3] are used: 
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In this formula,  ̇ is the strain rate. The rudimental stress-strain curve determined with these 

values is given in Figure 5-9. 

 

 
Figure 5-9: Tensile stress-strain curve based on empirical formulas from [3] and E0 from [5]. 

 

Now, some random test data of this stress-strain curve is inserted in Abaqus as uniaxial tensile 

test data. It is important that enough data along the E0 tangent is taken into account in order 

to realize the initial steep rise in the stresses.  

0

10

20

30

40

0 0,5 1 1,5 2

N
o

m
in

al
 s

tr
es

s 
σ

 (
M

P
a)

 

Nominal strain ԑ (-) 

(   ,     

(  ,    



Chapter 5. Numerical modelling of the TCT-test 

47 

The material constants are: C10=-229739911 Pa, C01=275783554 Pa, C20=11002924,3 Pa, C11=-

58708976,6 Pa and C02=149506405 Pa (see also Table 2-8). 

 

The stress-strain curve of this second order polynomial model is displayed in Figure 5-10. 

 

 
Figure 5-10: Comparison of the 2

nd
 order polynomial model with the empirical stress-strain curve. 

 

The instantaneous modulus E0 of this model can be determined by calculating 
     

  
 and 

evaluating this expression for ԑ equal to zero (σ(ԑ) can be determined by using (4-29)). It can be 

found that E0 is equal to 369 MPa, this value is more or less close to the instantaneous elastic 

modulus E0 of D’Haene [5]. 

 

For this material, the steady-state strain ԑ0, the steady-state stress σ0 and the reaction force P0 

cannot simply be calculated using (4-31) and (4-32) because of the high value of E0. When the 

values calculated with these formulas (see Table 5-13) are compared to the numerical results, 

a big difference was observed. This material model gave convergence problems and is not 

appropriate for sensitivities at lower strain rates. Therefore, it is not considered in further 

sections. 

 

b (mm) 2h (mm) Γ0 (J/m²) ν (-) ԑ0 (-) σ0 (MPa) P0 (N) 

25 0,76 300 0,5 0,066 23,8 451 

Table 5-13: Theoretical results of ԑ0, σ0 and P0 for a 2
nd

 order polynomial model. 

 

Viscoelastic PVB interlayer  

The most realistic material behaviour of the PVB interlayer can be achieved by using a 

viscoelastic material model. The viscoelastic material model determined by D’Haene [5] is used 

in the numerical models. See section §2.3.1. 
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In Abaqus/CAE, a viscoelastic material is defined by inserting the dimensionless moduli gi, the 

relaxation times τi and an instantaneous elastic modulus E0. The values gi and τi are defined 

under the viscoelastic material definition an E0 is defined under the elastic material definition 

(here it is also specified that this modulus is instantaneous). For the values used in the 

simulations, see Table 2-3 and Table 2-4 in section §2.3.1 

 

When using a viscoelastic material model in Abaqus/Standard, rate dependency must be taken 

into account. The test cannot be modelled as static, in the Step module a Visco step must be 

defined. The Step time defined under a visco step determines the actual duration of the TCT-

test. The defined step time and the applied displacement boundary condition will determine 

the velocity at which the test is performed. Consequently, the defined step time will have a big 

influence on the achieved results. Therefore, different step times and displacements will be 

used in order to match certain velocities (see next section for actual values). 

 

The results obtained from the TCTL models with a viscoelastic PVB interlayer shall be used in 

the comparison with experimental results. 

 

5.3.5 Boundary conditions 

As described before, only 1/8 of the TCT-test is modelled, this implies that symmetry boundary 

conditions must be applied. See Figure 5-11. 

 

 

 
Z-symmetry (over the whole width) 

 
Y-symmetry (over the whole length)  

 
X-symmetry (only on the PVB interlayer face 

at the crack position) 

Figure 5-11: Symmetry boundary conditions (PVB is indicated in brown and glass in gray). 

 

Node sets for each symmetry face were made in Abaqus/CAE. These node sets are selected on 

the mesh part. Afterwards, the appropriate symmetry conditions are assigned to these node 

sets. For the X-symmetry, only the nodes of PVB and the cohesive elements are selected in 

order to simulate the crack in the glass panes in the middle of the TCT-test specimen. 

Crack-side Displacement-side 
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Symmetry boundary conditions in Abaqus just constrain some of the displacements and 

rotational degrees of freedom of the indicated nodes. The degrees of freedom which are 

constrained, because of the symmetry boundary conditions defined in this model, are given in 

Table 5-14. 

 

X-symmetry (PVB interlayer and cohesive 

elements) 
U1 = UR2 = UR3 = 0 

Y-symmetry (PVB interlayer and cohesive 

elements) 
U2 = UR1 = UR3 = 0 

Z-symmetry (PVB interlayer, cohesive 

elements and Glass) 
U3 = UR1 = UR2 = 0 

Table 5-14: Symmetry boundary conditions defined in the TCT models. 

 

In order to study the influence of the symmetry boundary conditions on the achieved results, a 

second model is made. This model is ½ of the complete TCT test specimen, meaning only X-

symmetry boundary conditions are defined. This comparison is made in section §5.4. 

 

In order to simulate the TCT-test, also displacement boundary conditions are defined. This 

displacement boundary condition is assigned on one side of the model (the displacement-side 

in Figure 5-11). Again, a node set is made containing the nodes of the glass, the PVB interlayer 

and the cohesive elements. This node set is connected to a reference point. This can be done 

by using a Kinematic Coupling Constraint. On this reference point a displacement boundary 

condition is defined in which all degrees of freedom are constrained except the displacement 

U1 (displacement in the x-direction). The reference point is defined in the middle of the 

displacement face of the TCT test specimen. However, the position of the reference point does 

not matter since all degrees of freedom are constrained except for U1. See also Figure 5-12, 

the yellow lines in this figure represent the connection between the different nodes and the 

reference point. 

 

 

 

For all simulations, except for the models with a viscoelastic material model for the PVB 

interlayer, a displacement of 5 mm in the x-direction is applied. The time in which this 

Reference Point 

Figure 5-12: Coupling of the nodes to the reference point on the displacement face. 
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displacement (the Step Time) is applied is 1s. The type of analysis used in these models is a 

Static, General, geometric non-linear analysis. 

 

As described before, a Visco step analysis is used for models with a viscoelastic PVB interlayer. 

For these models, the inserted time will determine the velocity together with the applied 

displacement. Therefore, several speeds are considered in order to study the rate dependency 

and make comparisons with speeds used in TCT experiments. The used speeds for these 

models are given in Table 5-15. 

 

Low speed (case 1) 1 mm/min 

Low speed (case 2) 5 mm/min 

Medium speed (case 1) 10 mm/min 

Medium speed (case 2) 25 mm/min 

High speed (case 1) 125 mm/min 

High speed (case 2) 300 mm/min 

Table 5-15: Different displacement velocities considered in the TCT models. 

 

The reaction force in the PVB interlayer can be determined by specifying that RF1 (reaction 

force in x-direction) for the nodes with X-symmetry should be saved in the History Output. 

After the simulation has ended, the total reaction force can be determined by making the sum 

of the RF1 values of these nodes. 

 

Under these boundary conditions, the desired behaviour of the TCT-test is achieved. In Figure 

5-13 the undeformed and deformed geometry are displayed (PVB in red and glass in grey). The 

mesh is not displayed in this figure so that the view is clear. The necking and delamination of 

the interlayer and the displacement of the glass pane are visible. 

 

 

 

  
Figure 5-13: Undeformed geometry (left) and deformed geometry (right) in Abaqus.  
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5.4 Results 

5.4.1 Introduction 

In this section, an overview of the results achieved from the numerical TCT models is given. 

The model where only 1/8 of the sample is considered, is compared to a model where half of 

the model is considered in order to determine the influence of the symmetry boundary 

conditions. Furthermore, a convergence study is made for the TCTS and TCTL models. 

 

Next to the basic variables such as the reaction forces (RF), the displacements (U), the stresses 

(S), the nominal strains (NE) and the true strains (LE), also the following parameters are 

requested in the Field Output (these abbreviations from Abaqus are used in the rest of this 

thesis) [13]: 

 

 SDEG: overall scalar stiffness degradation, in other words this is the damage parameter 

D per cohesive element. 

 STATUS: status of the element (the status of an element is 1,0 if the cohesive element 

is active, 0,0 if the cohesive element is not active). 

 DMCIRT: all active components of the damage initiation criteria. 

 CSMAXUCRT: maximum separation-based damage initiation criterion for cohesive 

surfaces. 

 

The results are discussed for a linear elastic, hyperelastic and a viscoelastic PVB interlayer, 

respectively. The convergence study is discussed for the models with a linear elastic interlayer. 

 

5.4.2 Linear elastic PVB interlayer 

Before modelling all the TCTS and TCTL models, discussed above, a convergence study was 

made for the models with a linear elastic PVB interlayer with an elastic modulus of 18 MPa. 

The meshes considered for the TCTS and TCTL models are respectively given in Table 5-4 and 

Table 5-5. The steady state force is used as an indication for the convergence. 

 

The results of a TCTS model for the different meshes from Table 5-4 are plotted in Figure 5-14. 

 

 
Figure 5-14: Steady state force P0 of the TCTS model (with EPVB = 18 MPa) for different meshes. 
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It can be seen that convergence occurs for mesh c with 81000 elements. In this case, the 

steady state force P0 = 95,3 N. The results for the TCTL model for the different meshes from 

Table 5-5 are given in Figure 5-15, the cohesive zone properties of case 1 from Table 5-8 were 

used. In this case, convergence occurs for Mesh b with 91800 elements where the steady state 

force P0 = 193 N. 

 

 
Figure 5-15: Steady state force P0 of the TCTL model (with EPVB = 18 MPa) for different meshes. 

 

For the TCTS models, different values for the elastic modulus of PVB (varying from 12 to 25 

MPa) are considered. In Figure 5-16, the force-displacement curves of the TCTS models for 

different moduli are plotted. 

 

 
Figure 5-16: Force-displacement curves of the TCTS model for different elastic moduli of the 

interlayer. 
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As expected, the peak force and the steady state force increase with increasing elastic 

modulus. The steady state force in function of the elastic modulus of the interlayer is plotted 

in Figure 5-17. In this figure, also a second-order polynomial trend estimation is determined. 

 

 
Figure 5-17: Steady state force P0 for different elastic moduli of the interlayer. 

 

An approximate value of the steady state strain ԑ0 can be determined by using formula (4-1). 

The delamination length a is not uniform in the simulations. Therefore, a mean delamination 

length amean is determined by determining a in the middle and on the edges as indicated in 

Figure 5-18. The delamination length in the middle and at the edge can be determined using 

the STATUS output variable of the cohesive elements. In this figure, the blue elements are 

cohesive elements which are deleted from the model (D=1). 

 

 

 

Figure 5-18: Delamination length in the middle and at the edge of the TCT sample. 

 

In summary, the steady state force P0, the stress σ0 and the strain ԑ0 for the models with a 

linear elastic interlayer are given in Table 5-16. The results of the TCTL models in Table 5-16 

are for the cohesive zone properties of case 1 from Table 5-8 and for mesh b from Table 5-5. 
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Model 
Elastic modulus 

PVB (MPa) 
P0 (N) σ0 (MPa) ԑ0 (-) 

TCTS (mesh c) 12 73,79 3,88 0,70 

TCTS (mesh c) 15 85,48 4,50 0,59 

TCTS (mesh c) 18 95,33 5,02 0,52 

TCTS (mesh c) 20 101,81 5,36 0,49 

TCTS (mesh c) 25 116,04 6,11 0,42 

TCTL (2h=0,76mm) 18 193,02 5,08 0,46 

TCTL (2h=1,52mm) 18 287,69 3,79 0,31 

Table 5-16: Results of the TCT models with a linear elastic interlayer. 

 

As expected, with increasing elastic modulus the steady state strain decreases since the 

interlayer behaves stiffer. 

 

For a better understanding of the results, some contour plots on the undeformed PVB 

interlayer are discussed for the TCTS model (with mesh c and E = 20 MPa for the interlayer). 

Further discussions and conclusions about these results can be found in the next chapter. As it 

can be seen in Table 5-16, the approximate steady state strain ԑ0 (=δ/amean) for this model is 

equal to 0,49 (amean = 10,21 mm). This is bigger than the theoretical value of 0,251 (see Table 

5-10). The delamination length is not uniform as opposed to the uniform approximation in the 

theoretical approach in section §4.3 (see Figure 5-18). 

 

The stress S11 (stress in the x-direction) varies over the length and width of the interlayer (see 

Figure 5-19). In this figure and the following contour plots, a plan view (xz-plane) is given. This 

stress is maximal in the middle, which is logical. The maximum stress S11max=8,7 MPa. This 

stress decreases towards the edges. The minimum value at the edges is equal to 5,78 MPa. The 

stress is positive, thus it is a tensile stress. 

 

 
Figure 5-19: S11 of the interlayer, for the TCTS model (mesh c, E=20 MPa). 

 

The stress S22 (the stress perpendicular to the plane of the sample) is much lower than the 

stress S11 (see Figure 5-20). The stresses in the delaminated PVB vary between 0 and 0,0083 

MPa (compressive stresses occur locally at some places). A peak value of 0,28 MPa is reached 

along the delamination front. As expected, the stresses S22 are negligible in comparison with 

the stresses S11. 
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Figure 5-20: S22 of the interlayer, for the TCTS model (mesh c, E=20 MPa). 

 

The stress S33 (stress in the width-direction) is negative towards the crack in the middle of the 

glass plates and becomes positive around the delamination front line. The minimum negative 

(compression) stresses are -0,202 MPa, which is significantly lower than the tensile stresses 

S11. The maximum stress S33 along the delamination front is 2,74 MPa. 

 

 
Figure 5-21: S33 of the interlayer, for the TCTS model (mesh c, E=20 MPa). 

 

The shear stress S12, the stress along the x-direction and in the xz-plane, corresponds to the 

traction t0 in the cohesive zone (see Figure 5-22). The maximum shear stress is S12max=0,93 

MPa, and the traction t0=1 MPa (see Table 5-7). This was expected, since failure in a TCT-test 

can be approximated by a pure mode II failure. 

 

 
Figure 5-22: S12 of the interlayer, for the TCTS model (mesh c, E=20 MPa). 
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The strain LE11, equal to ln(1+NE11), is maximum in the middle of the sample (see Figure 

5-23). This maximum is equal to LE11max=0,429. At the edges this value decreases to a 

minimum value LE11min=0,286 

 

 
Figure 5-23: LE11 of the interlayer, for the TCTS model (mesh c, E=20 MPa). 

 

The strains LE22 are negative, which means that PVB is compressed in the thickness direction. 

This is a logical result since delaminated PVB is stretched in the length direction. These strains 

vary between -0,263 and -0,153 in the delaminated PVB interlayer. 

 

 
Figure 5-24: LE22 of the interlayer, for the TCTS model (mesh c, E=20 MPa). 

 

The strains LE33 (in the width-direction) are considered as negligible in the theoretical 

approach in section §4.3. This is not the case for the numerical results. In this case, they vary 

between -0,2 and -0,116 in the stretched PVB which is in the same order of magnitude as LE11 

and LE22. 

 

 
Figure 5-25: LE33 of the interlayer, for the TCTS model (mesh c, E=20 MPa). 
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The fact that LE33 is not negligible is logical since PVB deforms significantly in the z-direction 

(see Figure 5-26). It can be concluded that the plane-strain assumption in the theoretical 

approach is not valid for the numerical results. In Figure 5-26, it can be seen that the 

deformation in the z-direction becomes constant towards the middle (x=0) of the TCT sample. 

 

 
Figure 5-26: Deformation of the interlayer, for the TCTS model (mesh c, E=20 MPa). 

 

Lastly, a comparison is made between the 1/8 TCTS model and the 1/2 TCTS model for an 

interlayer with E=18 MPa (see Figure 5-27). It can be concluded that the boundary conditions 

have negligible influence on the results. 

 

a) 

 

b)  

 
Figure 5-27: Deformation of the interlayer for the a) 1/2 and b) 1/8 TCTS model with E=18 MPa. 

 

5.4.3 Hyperelastic PVB interlayer 

For the TCTS models, also a hyperelastic interlayer is used. A second-order reduced polynomial 

(see Figure 5-8) is used. The second-order polynomial model (described on p.46 in §5.3.4) is 

not considered. Mesh c from Table 5-4 is used, the properties of the cohesive elements are 

given in Table 5-7. The obtained results are given in Table 5-17. The steady state strain ԑ0 is 

determined as explained in the previous section on p.53. 

 

Model 
Material 

constants 
P0 (N) σ0 (MPa) ԑ0 (-) 

TCTS (mesh c) 
C10 = 1,23 MPa 

C20 = 0,0361 MPa 
66,72 3,51 0,70 

Table 5-17: Results of the TCTS models with a hyperelastic interlayer. 

 

P0 = 96,3 N P0 = 95,5 N 

19,7 mm 19,6 mm 

20,9 mm 

10,4 mm 
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As it can be seen, there is a big difference in the results of the simulations with different 

material models for the interlayer. A comparison is made between the force-displacement 

curves  of the second-order reduced polynomial model and the linear elastic model (with E = 

18 MPa) in Figure 5-28. 

 

 
Figure 5-28: Force-displacement curves of the TCTS models with a hyperelastic and a linear elastic 

interlayer. 

 

The model with a second-order reduced polynomial model did not converge. However, a 

steady state was reached. The peak force of the reduced polynomial model is lower than the 

peak force of the linear elastic model. Furthermore, the maximum occurs at a larger 

displacement for the reduced polynomial model. In experimental results (as shown in section 

§4.4), it is observed that the peak force is reached at small displacements. Furthermore, high 

maximum forces could not be reached with this material model. This model is actually a good 

model since the results are in good agreement with the theoretical results (see chapter 6). 

However, it is not applicable for the experimental TCT tests from [17] since it is based on the 

planar test data from TCT tests with a different interlayer and different test conditions (see 

section §2.3.2). 

 

5.4.4 Viscoelastic PVB interlayer 

The linear elastic model and the hyperelastic model are not appropriate for comparisons with 

the available test results. Therefore, a viscoelastic model needed to be used in order to 

achieve a realistic behaviour of the interlayer, where time-dependency is taken into account. 

 

The results for the TCTS model (mesh c), with cohesive zone properties given in Table 5-7, are 

given in Table 5-18. Steady state is not reached for all models. Therefore, the peak force Pmax 

and the displacement at this peak force 2δmax are given instead of P0 and σ0. The values of the 

strains in this table are determined as described in section §5.4.2. However, these values 

cannot be considered as steady state values since steady state is not achieved in these models. 
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Displacement 

velocity (mm/min) 
Pmax (N) 2δmax (mm) ԑ (-) 

1 78,76 0,6417 2,16 

5 118,64 0,7083 2,19 

10 141,55 0,9167 2,77 

300 283,49 1,0232 0,41 

Table 5-18: Results of the TCTS model with a viscoelastic interlayer. 

 

The force-displacement curves of the TCTS models with a viscoelastic material model are given 

in Figure 5-29. 

 

 
Figure 5-29: Force-displacement curves of the TCTS models with a viscoelastic interlayer. 

 

In Figure 5-29, it can be seen that the maximum force and the displacement (at this maximum 

force) increase with displacement velocity. The force keeps decreasing after reaching a 

maximum. This could be explained by the creep and relaxation phenomena that occur in a 

viscoelastic material. In Figure 5-30, it can be seen that the energy dissipation by viscoelasticity 

(or creep dissipation) is large in comparison with the external work (only the values at the end 

of the step time are displayed in these figures). This could be the main reason why steady state 

is not reached as opposed to the linear elastic models where there is no creep dissipation. 

 

  
Figure 5-30: Comparison of the energies for a viscoelastic and an elastic PVB layer. 

 

The same behaviour is also observed for the TCTL models. In order to match the peak values 

with the peak values from the experimental results and in order to study the influence of the 

0

50

100

150

200

250

300

0 5 10 15 20

R
e

ac
ti

o
n

 F
o

rc
e

 (
N

) 

Displacement (mm) 

1mm/min

5mm/min

10mm/min

5mm/s

0,00

0,05

0,10

0,15

0,20

0,25

0 0,2 0,4 0,6 0,8 1

En
e

rg
y 

(J
) 

Step time (s) 

Elastic PVB 
Creep dissipation

Damage dissipation

External work

Strain energy

0,00

0,15

0,30

0,45

0,60

0,75

0,90

0 5 10

En
e

rg
y 

(J
) 

Step time (s) 

Viscoelastic PVB 



Chapter 5. Numerical modelling of the TCT-test 

60 

cohesive zone parameters, different properties for the cohesive elements are considered (see 

Table 5-8). The results are given in Figure 5-31. In the legend of this figure the first number is 1 

if 2h = 0,76 mm and 2 if 2h = 1,52 mm, the second number is the case number from Table 5-8. 

 

 
Figure 5-31: Force-displacement curves of the TCTL models with a viscoelastic interlayer. 

 

From Figure 5-31, it can be seen that a more stable behaviour is achieved for lower velocities 

(which is in accordance with the theory), but a steady state is non-existent. The peak force 

corresponds with very small displacements, which is in accordance with test results. The peak 

force is higher for the models with a thicker interlayer. A more stable behaviour is achieved 

when the stiffness of the cohesive elements is lower (see orange curve and light-blue curve). 

 

a) 

 
b) 

 
Figure 5-32: LE33 of the viscoelastic interlayer in case of cohesive elements with a) K = 1,00E+10 N/m³ 

and b) K = 1,50E+11 N/m³. 
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A higher value of K (and consequently, smaller values for δ0 and δf), for the same fracture 

toughness Γ0, results in a more unstable behaviour with quite large and irregular deformations 

in the width direction which is far from reality (see Figure 5-32). The results from Figure 5-32 

can be understand better by looking at the STATUS output of the cohesive elements, see 

Figure 5-33. The delamination length is lower for the model with a high stiffness than the 

model with a low value of K, despite the fact that the step time is lower for the low-stiffness 

model. Therefore, unrealistic deformations occur for the high-stiffness model. In case of this 

model, it can be concluded that high values of K lead to unrealistic results (probably due to 

numerical issues). 

 

a) 

 

b) 

 
Figure 5-33: STATUS of the cohesive elements of the TCTL model with a) K = 1,00E+10 N/m³ (step time 

= 30 s) and b) K = 1,50E+11 N/m³ (step time = 60 s). 

 

From these results, it is obvious that the properties of the cohesive elements have a large 

influence on the achieved results. Therefore, the force-displacement curves for the TCTL 

model (with a displacement velocity of 125 mm/min) for different cohesive zone properties 

(from Table 5-8) are compared in more detail (see Figure 5-34). 

 

 
Figure 5-34: Comparison of the TCTL models (v=125 mm/min) for the different cohesive zone 

properties from Table 5-8. 

 

The most stable results are achieved for case 1 (K=1E+10 N/m³) and case 6 (K = 9E+09 N/m³). 

The peak forces are in the same order of magnitude as the experiments. The displacements 

where these maxima occur are comparable with the experimental values. However, the 

sudden decrease in the forces cannot be avoided for this material model. Only for very slow 

displacement velocities, steady state can be reached; e.g. for the TCTS model a steady state 

force of 64,3 N was reached for a displacement velocity of 0,5 mm/min. It can be concluded 

that decreasing the stiffness K will not solve the problem. 
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In order to match the peak forces of the experimental results of T2, T3, T8 and T9 from Table 

4-2 (see section §4.4), the following cohesive zone properties were used (taking the previous 

observations into account): 

 

Case δ0 (mm) δf (mm) K (N/m³) Γ0 (J/m²) t0 (MPa) 

A 0,1 0,2 3E+10 300 3 

B 0,1 0,2 3,5E+10 350 3,5 

Table 5-19: Used cohesive zone properties in order to match the experimental peak forces. 

 

Since the experiments exhibit a rather large scatter in the results, an approximate match is 

sufficient. Using the cohesive zone properties from Table 5-19, the following peak forces and 

the corresponding displacements are obtained: 

 

Sample 2h (mm) Case v (mm/min) Pmax (N/m) 2δmax (mm) 

T2 0,76 B 25 420,06 0,35 

T3 0,76 A 125 530,68 0,37 

T8 1,52 B 25 616,19 0,38 

T9 1,52 B 125 826,13 0,40 

Table 5-20: Results of the TCTL models with cohesive zone properties from Table 5-19. 

 

5.5 Conclusion 

It can be concluded that the most stable results are achieved for the linear elastic material 

model. For these models, steady state is reached after a certain peak force. This is in 

accordance with theoretical and experimental results. Furthermore, the linear elastic model is 

an appropriate model since small strains occur and from section §2.3 it is known that PVB 

behaves more or less linear for small strains. However, high reaction forces (such as the ones 

in the experimental results) cannot be achieved when a linear elastic interlayer is used. This is 

mainly due to convergence problems which arise when a high value for K is used. This problem 

could not be solved by introducing viscous effects as done in the numerical models of the peel 

test (see chapter 8) or by refining the mesh. Furthermore, time-dependency cannot be taken 

into account when a linear elastic model is used. 

 

There is a good accordance with theoretical results for the second-order reduced polynomial 

hyperelastic material model, but the reaction forces are too low in comparison with the 

experimental results. This model is simply not appropriate for comparison with available 

experimental results due to the fact that it is based on planar test data from TCT tests with a 

different interlayer and specific test conditions. 

 

The maximum peak force and the corresponding displacement are in accordance with the 

experimental results, when a viscoelastic interlayer is used. However, steady state is not 

reached when this material model is used. 

 

Further comparisons and conclusions are made in the following chapter. 
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6. Comparison of the TCT results and conclusions 
 

 

In this chapter comparisons of the numerical results with the theoretical and experimental 

results are made. Lastly, conclusions are given for the numerical models of the TCT-test. 

 

6.1 Comparison numerical model – theory 

Comparisons are made respectively for the models with a linear elastic and a hyperelastic PVB 

interlayer. A viscoelastic PVB interlayer is not considered, because no theoretical formulas 

were considered for this case. For the hyperelastic PVB interlayer, only the results of the TCTS 

models are considered. 

 

6.1.1 Linear elastic PVB interlayer 

When the theoretical results (computed with formula (4-22) and (4-23)) from Table 5-10 and 

Table 5-11 are compared with the numerical results from Table 5-16 (ε0,model is the 

approximate steady state strain, which is determined as described in section §5.4.2): 

 

P0 theory (N) 92,61 103,54 113,42 119,56 133,67 226,85 320,81 

P0 model (N) 73,79 85,48 95,33 101,81 116,04 193,02 287,69 

ԑ0 theory (-) 0,324 0,29 0,264 0,251 0,224 0,264 0,187 

ԑ0 model (-) 0,7 0,59 0,52 0,49 0,42 0,46 0,31 

 

It can be concluded that there are notable differences, which are in an acceptable range for 

the TCTS models. For the TCTL models large deviations are observed. In section §5.4.2, it was 

observed that there is no plane-strain conditions (e.g. see Figure 5-25) and that the 

delamination length is not uniform. In the theoretical approach, plane-strain conditions and a 

uniform delamination length were assumed. This might explain the observed differences in the 

theoretical and numerical results. 

 

6.1.2 Hyperelastic PVB interlayer 

When comparing the theoretical results from Table 5-12 with the numerical results from table 

Table 5-17 for the second-order polynomial models: 

 

P0 theory (N) P0 model (N) ԑ0 theory (-) ԑ0 model (-) 

63 66,72 0,6 0,7 

 

It is observed that the results are in good agreement for the second-order reduced polynomial 

model. The fact that the results for the reduced polynomial model are in good agreement is 

understandable, since this model is determined based on P0 and ԑ0 obtained from TCT tests. 

(see section §2.3.2 and §5.3.4).  
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6.2 Comparison numerical model – experiment 

High reaction forces could not be achieved with the TCT models where a linear elastic 

interlayer is used. Using higher values for K (and consequently lower values for δ0 and δf) 

resulted into convergence problems. Furthermore, it was concluded that the hyperelastic 

model is valid for specific test conditions and could not be used in the comparison with 

available experimental results. Therefore, the comparison with experimental values is only 

made with the models where a viscoelastic interlayer is used. However, a steady state could 

not be reached in these models. Therefore, only a comparison is made based on the maximum 

reaction force, the displacement at this maximum force and the deformed geometry of the 

PVB interlayer. The considered deformed geometry parameters are indicated in Figure 6-1. 

The variable nleft is the necking in the middle of the PVB interlayer on the left-side. In the 

models, nleft is equal to nright (necking on the right-side). However, this is not always the case 

for the experiments. Also the mean value of the delamination length is compared to 

experimental results. The deformed geometry of a T9 sample (see Table 4-2) is given in Figure 

6-1, it can be seen that the deformed geometry is comparable with the numerical results. 

These parameters are time-dependent. Therefore, the comparison must be made for the same 

value of δ (or at the same time).  

 

a) 

 

b) 

 
Figure 6-1: Deformed geometry of a) the numerical TCT model and b) the TCT experiment (sample T9 

from Table 4-2).  

 

First, the results from Table 5-20 are compared respectively with the results of T2, T3, T8 and 

T9 test samples from Table 4-2: 

 

Sample 
2h 

(mm) 

v 

(mm/min) 

Pmax, model 

(N/m) 

2δmax, model 

(mm) 

Pmax, experiment 

(N/m) 

2δmax, experiment 

(mm) 

T2 0,76 25 420,06 0,35 492,48 0,18 

T3 0,76 125 530,68 0,37 501,46 0,22 

T8 1,52 25 616,19 0,38 610,14 0,23 

T9 1,52 125 826,13 0,40 822,05 0,36 

Table 6-1: Comparison of the TCTL models from Table 5-20 with the experimental results. 
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The experimental values in Table 6-1 are not the mean values, but the values of one specific 

sample whose results are closest to the respective numerical results. It can be seen that the 

results in Table 6-1 are in good agreement with each other, especially the results of the T8 and 

T9 samples. 

 

Now, a more detailed comparison is made for the T8 and T9 samples from Table 6-1 (these 

samples exhibit the best agreement between the theoretical and experimental values). The 

theoretical and experimental force-displacement curves of the T8 and T9 samples are 

respectively displayed in Figure 6-2 and Figure 6-3. 

 

 
Figure 6-2: Comparison of the numerical and the experimental force-displacement curves for a T8 

sample. 

 

 
Figure 6-3: Comparison of the numerical and the experimental force-displacement curves for a T9 

sample. 

 

The curves from Figure 6-3 are in better agreement than the curves in Figure 6-2.  

0

100

200

300

400

500

600

700

0 5 10 15 20

R
e

ac
ti

o
n

 f
o

rc
e 

(N
) 

Displacement (mm) 

Comparison for a T8 sample 

Experiment

Numerical model

0

100

200

300

400

500

600

700

800

900

0 5 10 15 20

R
e

ac
ti

o
n

 f
o

rc
e 

(N
) 

Displacement (mm) 

Comparison for a T9 sample 

Experiment

Numerical model



Chapter 6. Comparison of the TCT results 

66 

The decrease in the reaction forces is less for the T9 model. The comparison of the deformed 

geometry parameters for the T3 and T9 samples are given in Table 6-2 (the results of the T2, 

T8 and T9 samples were not available). 

 

 T3 – Model T3 – Experiment T9 – Model T9 – Experiment 

2δ (mm) 25,00 24,74 15,70 15,90 

at time (s) 12,00 13,00 7,518 8,20 

nleft (mm) 7,90 3,08 5,08 4,36 

nright (mm) 7,90 3,30 5,08 3,96 

2amiddle (mm) 16,76 23,70 21,52 17,13 

Table 6-2: Comparison of the deformed geometry parameters for the T3 and T9 samples. 

 

The values from Table 6-2 are in the same order of magnitude. For the T9 sample, it can be 

said that the numerical and experimental values are in good agreement. This cannot be said 

for the T3 sample, this could mean that the cohesive elements are still too stiff in this model. 

The experimental values of nleft and nright were not always correct, because of a program fault 

during the processing of these results [17]. This might also explain some deviations in the 

values of nleft and nright. 

 

It can be concluded that the experimental deformed geometry, the maximum reaction force 

Pmax and the displacement at this maximum force 2δmax of the T9 sample are in good 

agreement with the numerical results. For the other samples, only the numerical and 

experimental values of Pmax and 2δmax were in good agreement. 

 

6.3 Conclusions 

The TCT models with a linear elastic PVB interlayer result in the expected theoretical force-

displacement curves; curves where a steady state force is reached after a certain peak force. 

These models show some differences with the theoretical results. This could be explained by 

the absence of plane-strain conditions and a uniform delamination length in the numerical 

models as opposed to the experimental results. 

 

The hyperelastic model with the reduced second-order polynomial model (from section §5.3.5) 

is in good agreement with the theoretical results. However, this model is based on planar test 

data from the TCT tests of Seshadri. Therefore, it is only valid for that specific PVB and for 

those test conditions. Thus, it is not appropriate for comparisons with the available 

experimental results. However, it can be concluded that a hyperelastic model, where the 

material constants are determined by fitting a polynomial model to some planar test data, 

could be used in the numerical modelling of TCT tests. 

 

It was concluded that the experimental results could not be validated with the models where a 

linear elastic and hyperelastic interlayer were used. This was mainly due to convergence 

problems (e.g. when K is increased), these problems could not be solved by refinement of the 
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mesh or using viscous regularization. Therefore, a viscoelastic model needed to be used in 

order to achieve more realistic solutions. 

 

For the models where a viscoelastic interlayer is used, steady state could not be achieved. This 

was mainly due to creep and relaxation effects. The reaction forces decrease until they almost 

become non-existent. It was observed that a more stable behaviour could be achieved when 

cohesive elements with a lower stiffness K were used. However, the problem could not be 

solved by only decreasing the stiffness, besides, very low values of K (consequently, high 

values of δ0 and δf) are not common for numerical models. 

 

It was also observed that the displacement velocity is an important parameter. A more stable 

behaviour is achieved for very high and very low velocities. The most stable result was 

achieved for the TCTL model with 2h = 1,52 mm (T9 sample from Table 4-2), δ0 = 0,1 mm, δf = 

0,2 mm, K = 3,5E+10 N/m³, Γ0 = 350 J/m² and v = 125 mm/min. It can be concluded that 

steady state could not be achieved mainly due to the creep and relaxation effects. However, 

further investigation in this matter is required. 

 

It is also important to indicate that temperature effects were not taken into account, because 

the measured temperatures in the experiments were always around 20°C. 

 

For the comparison with the experimental results, only the deformed geometry, the maximum 

reaction force Pmax and the displacement 2δmax were considered. In general, it can be said that 

the numerical and experimental results of these parameters are in good agreement (taking the 

scatter in the experiments into account). The best agreement was obtained for the T9 sample 

(see Table 6-1 and Table 6-2). 

 

Despite the fact that steady state is not reached in the viscoelastic models, it can be said that 

these models resulted in the best agreement with the experimental results in comparison with 

the models where a linear elastic and a hyperelastic PVB interlayer is used. Eventually, it can 

be concluded that the fracture toughness in the TCT samples from [17] is around 300 J/m², 

which is in agreement with the typical values obtained in TCT-tests.  
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7. Peel test 
 

 

7.1 Introduction 

In this chapter, the Peel test is described theoretically. Moreover, some experimental results 

obtained by the company Solutia Ghent are presented (now, Solutia is a subsidiary of Eastman 

Chemical Company). This chapter is based on the information in [12, 19-26]. 

 

The peel test is a quasi-static test to assess the adhesion strength between the PVB interlayer 

and the glass plate. In general, the peel test is used to determine the adhesion between soft 

(e.g. adhesives, PVB) and hard (e.g. glass, fiberboard, steel and liner material) materials. An 

example is pressure-sensitive adhesives, in which the elastic moduli are typically less than 1 

MPa, another example is peel-apart imaging films [21]. In this thesis the soft material is PVB 

and the hard material is glass. Two major types of peel tests exist, depending on the peel 

angle, namely 90° and 180° peel tests. The peel angle is the angle between the interface 

direction and the direction of the peel force. Another type is the T-peel test, where there are 2 

peel arms. See Figure 7-1 for the geometry of a 90° peel test and the T-peel test. 

 

 

 

Figure 7-1: Geometry of the 90° peel test (left) and the T-peel test (right).[20] 

 

The peel edge can propagate in the adhesive (as indicated in Figure 7-1). In case of a strong 

adhesive, the peel edge often propagates by a process of cavitation and fibrillation (see Figure 

7-2) [21]. In case of a PVB layer on a glass substrate, the peel edge will be located at the 

interface of the PVB layer and the rigid glass substrate. 

 

 
Figure 7-2: Peel edge propagates with a fibrillation process.[21] 
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Since adhesion has a decisive role with regard to durability and safety performance of 

laminated safety glass, it is important to model this test and calibrate it with experimental 

data. This way, a better insight in the adhesion between a PVB interlayer and glass can be 

achieved (both qualitatively and quantitatively). Firstly, the Peel test (as performed by Solutia 

Ghent) will be described in this chapter. Then, the adhesive failure in the peel test is discussed 

theoretically. In the next chapter, numerical models in Abaqus are developed. Eventually, the 

results of the numerical models are validated with the experimental results in chapter 9. 

 

7.2 Description of the Peel test 

A test specimen in a peel test consists of a thin layer of adhesive (with thickness h) sandwiched 

between a cover sheet (with thickness hs) and a rigid substrate (with a thickness hg). The width 

of a test sample is denoted by b. In case of this thesis and the test specimens made in Solutia 

Ghent, a PVB layer is sandwiched between an Aluminium cover sheet and a rigid glass 

substrate. A two dimensional view of the peel test is given in Figure 7-3. In the peel test 

specimens of Solutia, a glass plate is also adhered to the peel arm (a part of this glass plate is 

also displayed in Figure 7-3). This is due to the way the test specimens are manufactured and 

because this whole peel arm will be clamped in a tensile testing machine. 

 

 
Figure 7-3: Two dimensional view of the peel test. 

 

In a peel test, an adhesive is peeled off from a rigid substrate by subjecting the peel arm of the 

adhesive to a displacement with constant speed. The force needed to peel the adhesive is 

measured. The measured force is expressed in N per unit width and represents the adhesion 

between the adhesive and the substrate. This force is also called the peel force P (see Figure 

7-3). In the underlying sections, the manufacturing of the test specimens (section §7.2.1) and 

test procedure (section §7.2.2) as performed by Solutia Ghent are discussed. 
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7.2.1 Manufacturing of the test specimens  

In this section, the manufacturing of the test specimens, as performed by Solutia Ghent, is 

described. Only the main steps will be described without going too much into the details. 

 

There are strict requirements for peel test samples as for the care that has to be taken while 

manufacturing test samples and while performing the test itself. This is mainly due to the 

sensibility of the test, the test depends on several factors: 

 Treatment of the PVB film 

 The humidity of the PVB film 

 The preparation of the glass 

 The preparation of the samples 

 Etc. 

 

All these factors have an impact on the adhesion properties, because the adhesion between 

glass and the PVB layer depends on the moisture content in PVB, the smoothness of the 

surface of the glass plate and the quality of the wash water (as described in section §2.4) 

 

First, glass plates are cut in sizes of 15,8 cm x 17,6 cm. The glass plates need to be washed, 

dried and stored with care. The post-treatment of the glass plates after washing is really 

important to guarantee the quality of the test results. Therefore, the washed plates must be 

stored separately (during 30 min) in an adjusted shelf in the conditioning room. The PVB film is 

stored in an air conditioning room. A moisture content of 0,43 0,05% after lamination is 

aimed. The aluminium cover sheet is cut in sizes of 15,8 cm x 17,6 cm. One side of this 

aluminium foil is equipped with an adhesive layer. Touching of the coated layer of the 

aluminium and contact of this layer with dust must be avoided as much as possible. Scratches 

on the not-coated side of the aluminium layer can influence the results of the peel test. 

Furthermore, this aluminium foil is stored in an appropriate shelf in the conditioning room, for 

at least 30 min. After these treatments, the different components are laid up on each other. 

The produced sandwiches are prepressed with the use of prepress-rolls. The samples are then 

brought in an IR-tunnel. At the end of the tunnel they need to have a minimum temperature of 

70 °C. Eventually, the peel samples are laminated in an air autoclave. The peel samples are cut 

in 3 equal pieces as shown in Figure 7-4.  

 

 
Figure 7-4: Cutting of 3 peel samples out of 1 laminate 15,8 cm x 17,7 cm (measurements in cm). 
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In each sample, the glass plate is cut at a position of 11,5 cm over the whole width of the 

sample (see also Figure 7-4). Also cuts are made in the aluminium foil and the PVB film at a 

position of 0,95 cm from the edges of a peel sample (these cuts are displayed in Figure 7-4 as 

dashed lines). The end result is shown in Figure 7-5. 

 

 
Figure 7-5: 90° Peel test sample manufactured by Solutia Ghent. 

 

7.2.2 Test procedure 

The tests are conducted with an Instron 5564 tensile testing machine with a 500 N-range load 

cell. The rigid glass substrate must be clamped and while the peel arm is moving upwards, the 

glass plate should move horizontally. Therefore, the testing machine was adjusted for 

determining the adhesion level of a PVB film with the peel method. This is realized by using a 

pulley system, this way the clamped substrate moves horizontally while the peel arm moves 

upwards. See Figure 7-6. 

 

 
Figure 7-6: Peel test conducted in an adjusted Instron tensile testing machine. 

 

The direction in which the substrate moves is indicated with an arrow in Figure 7-6. In this 

figure, vp is the peeling speed and vch is the crosshead speed of the tensile testing machine. 

vch 

vp 
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If the PVB-film exhibits no significant extension, the following relationship between vp and vch 

for a certain peel angle θ is valid [24, 25]: 

 

 
  

   
 

 

      
  (7-1) 

 

It can be assumed that vp is approximately equal to vch for a 90° peel test. The test is speed 

dependent since PVB is a viscoelastic material. Therefore, it is important to know the velocity. 

In case of the experiments conducted by Solutia Ghent the speed is 127 mm/min. However, in 

[22] it is suggested that this rate dependency is less pronounced for higher speeds. In case of 

the tests conducted in [22], it was found that there was almost no rate-dependency after 100 

mm/min. This was observed for polyethylene/isotactic polybutene-1 films, so it might not be 

the case for a PVB interlayer. In the numerical models, a speed dependency is observed (see 

chapter 8). 

 

The temperature at the time of testing plays a very important role in the obtained results. 

Therefore, the adhesion samples that need to be tested are stored in a conditioning room at a 

temperature of 23 °C ± 2 °C, for at least 30 min, before starting the peel test. The test 

temperature of individual peel samples must be equal to the agreed values. Deviations in the 

order of 1 °C will result in an adhesion shift of 3 to 4 N/cm. Therefore, the temperature of the 

testing room must be verified every day. 

 

Force and crosshead displacement are recorded during the test by the controlling software of 

the tensile testing machine. The peel force can be plotted in function of the crosshead 

displacement or in function of the peel path. The peel path can be determined from the peel 

velocity vp, and vp can be determined from equation (7-1) knowing vch. An example of a force-

peel path curve, obtained from a PET-film peel test, is given in Figure 7-7. Such a force-

displacement curve shows an initial steep rise in the force followed by a quasi-constant force 

for the rest of the test (an average peel-force can be calculated from this part). 

 

 
Figure 7-7: Peel force in function of the peel path for a PET-film peel test.[24] 
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7.3 Theoretical approach 

In this section, the mechanics of the peel test are discussed theoretically. A relation between 

the peel force and the fracture toughness is derived. The peel test geometry in Figure 7-3 is 

considered. Reference is made to the theoretical formulas and descriptions in [12, 19, 23, 25]. 

 

An energy balance for an incremental crack advance da can be written for the entire peel 

system. The energies that need to be considered are: the elastic energy stored in the peel arm, 

dWe, the work expended as dissipation in the peel arm, dWv, the energy released as the crack 

extends a distance da, dWc, and the external work done by the loading dWext. The energy 

balance can be written as follows: 

 

                    (7-2) 

 

Since the fracture energy Γ0 is the amount of energy a bond releases per change in unit crack 

growth per unit depth, dWc can be written as follows: 

 

            (7-3) 

 

In order to determine the external force done by the loading P, Figure 7-8 is considered. When 

delaminating over a length da (=|  ⃗⃗⃗⃗  ⃗|), point A moves to point B. 

 

 
Figure 7-8: Peeling of an inextensible, flexible film from a rigid substrate with a peel force P and with a 

peel angle θ. [25] 

 

Thus, the work done by the loading P can be calculated as follows: 

 

 
       ⃗⃗    ⃗⃗⃗⃗  ⃗    |  ⃗⃗⃗⃗  ⃗|     

   

 
           

 

 
    

 

 
               

 (7-4) 

 

In (7-4), (.) denotes the scalar product of the two vectors  ⃗⃗  and   ⃗⃗⃗⃗  ⃗. Using (7-3) and (7-4), the 

energy balance (7-2) can be written as follows: 

 

                              (7-5) 

 

da 



Chapter 7. Peel test 

74 

If a steady state exists, there is no change in the shape of the peel arm in an incremental sense 

[12]. In a peel test, steady state is obtained by using a stiff cover sheet (such as aluminium). 

Therefore, the elastic energy dWe can be neglected. As a result the work done by the external 

loads on the peel system is equal to the experimentally measured fracture energy Γ: 

 

   
 

 
             

   

   
  (7-6) 

 

In other words, the external work is equal to the sum of the fracture toughness of the interface 

and the energy dissipated in the peel arm. If the peel arm consists of a linear viscoelastic 

material and assuming a constant bulk modulus, then the peel process can be characterized by 

the following parameters [12]: 

 

 Viscoelastic material properties:   ,    and    

 Fracture parameters: Γ0 and δcr (critical opening displacement, see section §3.3) 

 Geometrical and loading parameters: h, vp (peel velocity), P/b and θ 

 

According to [12], a dimensional analysis reveals that the experimentally measured fracture 

energy Γ (is equal to the external work done by the loading) is related to a combination of 

dimensionless parameters. In functional form f(), this can be written as follows: 
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)  (7-7) 

 

In this formula,       characterizes the viscoelastic rheology of the peel arm material, the 

parameter        can be seen as the ratio of the relaxation to the time required to propagate 

the crack tip along the interface by a distance equal to the peel thickness. 

 

In the following sections, formulas are determined in order to calculate the peel force P for an 

elastically deforming peel test (see section §7.3.1) and a plastically deforming peel test (see 

section §7.3.2).  

 

7.3.1 Elastically deforming peel test 

Formula (7-6) can be idealized for a peel arm which is an infinitely rigid string defined by an 

infinite membrane stiffness and zero bending stiffness [19]. In other words, when the peel arm 

is considered infinitely stiff in tension and infinitely flexible in bending, then (7-6) can be 

written as follows: 

 

 
 

 
 

  
      

  (7-8) 

 

According to formula (7-8), the peel force per unit width is independent of the geometry of the 

peel sample. This was not the case for the TCT-test. In reality, for most peel systems, formula 

(7-8) will not hold true and there will be changes in the internal energy of the peel arm. These 
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changes in internal energy will occur due to elastic and inelastic stretching of the peel arm, 

inelastic bending of the peel arm as portions of the PVB layer continuously advance from 

bonded to unbounded status and inelastic deformations in the peel arm around the crack tip 

due to a complex non-uniform stress state (including shear) [19]. Including these additional 

energy changes leads to very complex analytical formulations that do not lend themselves to 

simplistic closed-form formulas. 

 

If the material of the peel arm is considered linear elastic, with an elastic modulus E, rather 

than inextensible, then the internal energy must be included. The relation between P and Gc 

for an elastic material becomes [25]: 

 

            
 

 
 

  

      
  (7-9) 

 

If Gc is known, P can be calculated with (7-9). The peeling force P is the positive square root 

solution of this quadratic equation. The second term in (7-9) is the elastic energy release rate 

in the peel arm. The second term is negligible for an aluminium cover sheet with a high 

stiffness. In the numerical models with a linear elastic material model for the aluminium cover 

sheet and PVB layer, it is observed that the peel force is in accordance with formula (7-8) and 

(7-9), see chapter 8 for the results. Which suggests that the peel force for an elastic peel arm is 

practically independent of the geometry of the peel samples (which is in accordance with the 

theory). However, this also depends on the cohesive zone parameters δ0 or tmax, K and δf (see 

section §3.3). 

 

7.3.2 Plastically deforming peel test 

The reader is reminded that the PVB layer takes the role of the adhesive layer and that the 

aluminium cover sheet takes the role of the peel arm. Furthermore, the peel test geometry in 

Figure 7-3 is considered. In this section, a theoretical relation between P and Γ0 for a plastically 

deforming Peel test will be determined as done in [26]. A reference is made to [23] for more 

information. 

 

In reality, aluminium is an elastic-plastic material which yields at a stress σy and a strain ԑy. In 

this case, the experimentally measured Γ from (7-7) consists of the fracture toughness Γ0 and 

the increase of energy release rate caused by plastic dissipation Γp. Formula (7-7) can be 

rewritten as follows: 

 

           
 

 
        (7-10) 

 

There is no plastic dissipation when the peel arm is deforming elastically, so that Γ=Γ0 and 

equation (7-10) is reduced to equation (7-8). However, in many cases, there is a complex 

bending and unbending process in the peel arm. Such a behaviour is shown in Figure 7-9. In 
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this figure, it can be seen that the peeling arm is initially bent and then gradually straightened 

as peeling proceeds. 

 

 
Figure 7-9: Plastic deformation in the peel arm.[26] 

 

In Figure 7-9, also the bending moment per unit width M/b in function of the curvature 1/R is 

displayed. The area under this curve represents the plastic energy dissipated in bending. If no 

hardening is taken into account in the material model, then the moment tends to the fully 

plastic moment Mp: 

 

 
  

 
 

    
 

 
  (7-11) 

 

For large values of the plastic energy, the following equation is valid [26]: 

 

    
  

 
 
 

 
 

    

  
  (7-12) 

 

Another important parameter is the root rotation θ0. This rotation is due to stretching of the 

substrate peeling arm before it debonds (see Figure 7-10). The root rotation causes a 

reduction of the plastic work. Consequently, for a 90° peel test and assuming that θ0 is small, Γp 

can be written as follows [26]: 

 

    
 

 
        (7-13) 

 

Furthermore, the fracture toughness Γ0 is approximately equal to the sum of (Γ-Γp) and the 

elastic release rate from the “beam” at M = Mp [26]: 

 

        
  
  

  
  (7-14) 
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Figure 7-10: Root rotation θ0 [26] 

 

The root rotation θ0 can be determined by the characteristic length of the deformation, Δ (see 

Figure 7-10) and is given by the following equation: 

 

    
 

 
  (7-15) 

 

Using (7-10), (7-12), (7-14) and (7-15) and knowing that θ = 90°, a relation can be written 

between the fracture toughness and the peel force: 
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  (7-16) 

 

In order to determine Δ, the peel arm can be considered as a beam on a linear elastic 

foundation with a stiffness k (see Figure 7-11). In Figure 7-11, the tractions in the cohesive 

zone are denoted by t and the displacements by δ. Taking this assumption into account, the 

following equation is valid [26]: 
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)  (7-17) 

 

For a peel arm with thickness hs/2 and an adhesive layer of thickness h, the combined stiffness 

can be calculated as follows: 

 

 
 

 
 

  

  
 

 

  
  (7-18) 
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In equation (7-18), E is the elastic modulus of the cover sheet and Ea is the stiffness of the 

adhesive layer. Furthermore, this equation is valid for an isotropic cover sheet, which is the 

case for aluminium. 

 

 
Figure 7-11: Peel arm as a beam on a linear elastic foundation.[26] 

 

Using equations (7-16), (7-17) and (7-18), the following formula can be used in order to 

determine the peel force (per unit width) in case of plastic bending: 
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  (7-19) 

 

In contrast to equation (7-8), the peel force P calculated with equation (7-19) depends on 

geometrical parameters of the peel sample, namely hs and h. 

 

However, the PVB layer in the peel test, as described in section §7.2, does not behave as a 

common adhesive. Thus, the theory described in this section will not be perfectly in 

accordance with the numerical results. However, plastic bending also occurs in the numerical 

models and the value of the peel force does not differ too much from the value calculated with 

(7-19), see chapter 8 for the results of the numerical models. 

 

7.4 Experimental results 

The experimental Peel test results, obtained by the company Solutia Ghent, are used in the 

validation of the numerical models. The tests were conducted with a universal Instron tensile 

testing machine (see Figure 7-6). In this section, some of these results are presented. 

 

The measurement of a peel sample in plan-view are given in Figure 7-4. The length of the 

substrate is equal to 11,5 cm (=L1) and the length of the initial peel arm is 4,3 cm (=L2). 

δ 
hs 

h 

t 

Ea 

E E 
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However, according to equations (7-8) and (7-19), the peel force is independent of L1 and L2. 

Therefore, these measurements are less important and don’t need to be the same in the 

numerical models. The remaining measurements of the peel samples of Solutia, according to 

the labelling conventions in Figure 7-3, are given in Table 7-1. 

 

h 0,76 mm 

hs 0,13 mm 

hg Approximately 2 mm 

b 40 mm 

Table 7-1: Peel test specimen measurements. 

 

The glass thickness hg is also not given in formulas (7-8) and (7-19), and thus it can be chosen 

freely in the numerical models. 

 

The peel velocity vp and crosshead velocity vch in the test are equal to 127 mm/min. In the 

linear elastic models, this peel velocity will not have an effect in the results. However, when a 

viscoelastic model is used, the peel speed will have an effect on the achieved peel force. 

 

In the results obtained by Solutia Ghent, the peel force varies around 32,9 N/cm for a control 

peel sample with a Saflex RC PVB layer. Some examples of force-displacement curves are given 

in Figure 7-12. 

 

 

 
Figure 7-12: Force-displacement curves obtained from Peel tests by Solutia Ghent. 
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In Figure 7-13, a deformed peeled sample is displayed. As expected from the theoretical 

approach, plastic deformations occur in the aluminium sheet cover. In the numerical models 

were the plasticity of aluminium is not taken into account, stresses high above the yield stress 

of common aluminium alloys are observed. In conclusion, plasticity of the aluminium alloys 

must be taken into account in order to obtain realistic results. 

 

 
Figure 7-13: A peel sample after peeling of the PVB layer. 

 

Bending and unbending of the peel arm, which causes plastic dissipation, is not explicitly 

visible in the experiments. However, zones in the peel arm subjected to bending and 

unbending are distinguishable when the peel sample is carefully observed during the test (see 

Figure 7-14). In the numerical models, this process of bending and unbending during peeling is 

clearly visible. 

 

 
Figure 7-14: Bending and unbending in the Peel arm during the test. 

 

  

Bending 

Unbending 
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7.5 Conclusion 

In this chapter, a theoretical approach of the delamination behaviour of the interlayer during a 

Peel-test was given. After an initial steep rise in the peel force, a steady state is reached 

(constant peel force P). The adhesion between the PVB layer and the rigid glass substrate is 

quantified with the fracture toughness Γ0. 

 

A theoretical relation between the fracture toughness Γ0 in the interface and the peel force P 

was derived for an elastic peel arm and an elastic-plastic peel arm. For elastic peeling, the 

elastic energy release rate is negligible. The following equations, respectively for elastic and 

plastic peeling, were determined: 
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  (7-19) 

 

Using these equations, the peel force P can be determined if the fracture toughness Γ0 is 

known. Equation (7-19) was determined in the assumption that the PVB layer acts as an 

adhesive while the aluminium cover sheet acts as the peel arm. That is why equation (7-19) 

probably will not be perfectly in accordance with the results of the numerical models. 

 

In case of a plastic peel arm, plastic dissipation occurs. This is caused by bending and 

unbending of the peel arm while the peel front moves. This bending and unbending process is 

not so obvious in the experimental results. However, in the numerical models this 

phenomenon is clearly visible. This is discussed further in chapters 8 and 9. 

 

From equations (7-14) and (7-15), it can be concluded that the curvature radius R will decrease 

with increasing fracture toughness Γ0. Furthermore, it can be concluded that the peel force is 

independent of the geometry parameters if a linear elastic material model is used for the 

aluminium cover sheet and the PVB layer. 

 

In chapter 9, the values calculated with equations (7-8) and (7-19) will be compared 

respectively with the peel forces achieved in the elastic and plastic numerical models. 

Furthermore, also the experimental results will be compared with the results achieved in the 

numerical models. 
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8. Numerical modelling of the peel test 
 

 

8.1 Introduction 

In this chapter, the Peel test is simulated in the finite element program Abaqus. The material 

parameters will be calibrated, taking the experimental results into account. For the labelling 

convention and units see section §5.2. 

 

The peel test is simulated in the Abaqus/CAE interface using Abaqus/Standard since the Peel 

test can be considered as quasi-static to some extent. Different numerical models are made 

using different material models for the aluminium cover sheet and the PVB layer. An elastic 

and plastic material model are considered for the aluminium cover sheet. A linear elastic and 

viscoelastic material model, as described in section §2.3, are used For the PVB layer. The 

adhesion in the interface is modelled with cohesive elements. The cohesive zone model is 

described in section §3.3. In literature, the used cohesive zone parameters (fracture toughness 

Γ0, initiation displacement δ0, displacement at failure δf and stiffness K) differ from case to 

case. Therefore, different values must be considered. The radius of the curvature R in the peel 

test and the achieved steady state peel force P are very sensitive regarding the values of the 

initiation displacement δ0, the displacement at failure δf and the stiffness K, even if the 

calculated fracture toughness Γ0 stays the same. Furthermore, a model is made where the 

adhesion in the interface is modelled with the VCCT-technique. The VCCT-technique is 

described in section §3.4. 

 

In case of the peel tests conducted by Solutia Ghent, the peel force P is rather large (32,9 

N/cm). In order to achieve this peel force in the numerical models, it is expected that a large 

fracture toughness will be needed. However, using lower values for δ0 and δf and a higher 

value for K, for the same fracture toughness, increases the peel force significantly. Also if a 

plastic material model is used for the cover sheet, the peel force will increase significantly. 

However, using a higher value for the stiffness of the cohesive elements and taking the 

plasticity of the cover sheet into account, results into convergence problems. Therefore, the 

convergence problems and solutions for these problems are discussed in this chapter. 

 

First, the geometry of the model is described. Then, the element types, the mesh, the selected 

material models and the boundary conditions are discussed. Eventually, a summary of the 

different models and their results is given. Also a convergence study is made. 

 

In chapter 9, the results will be compared to the experimental results (obtained by Solutia 

Ghent) and the theoretical results obtained with the formulas from chapter 7. 
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8.2 Model 

In this section, the geometry, the element types, the mesh, the material properties and the 

boundary conditions of a Peel test model are discussed. A plane-strain two dimensional model 

is considered. Some of the measurements of the geometry do not have an influence on the 

achieved results, as described in chapter 7. Therefore, some of the measurements might not 

be in correspondence with the measurements of the peel samples from Solutia Ghent (see 

section §7.4). 

 

8.2.1 Geometry 

A peel sample is modelled without the glass plate that is attached on the peel arm, like the 

samples from Solutia Ghent (see Figure 7-5). This piece of glass attached on the peel arm is 

present, because of manufacturing reasons and because whole this peel arm is clamped in the 

tensile testing machine. However, this piece of glass has no (or negligible) influence on the 

achieved results. Therefore, only the aluminium cover sheet, the PVB layer and the rigid glass 

substrate are modelled. In fact, the rigid glass substrate is also of lesser importance when it 

comes to the achieved results.  

 

Models such as the one in Figure 8-1(a), where the peel arm is perpendicular to the rigid glass 

substrate, are physically not correct since it is assumed that there are no stresses in the start 

position. Therefore, it was decided to model the peel test as in Figure 8-1(b), where the peel 

arm is parallel with the rigid glass substrate. 

 

a) 

 

b) 

 
Figure 8-1: 2D model of a peel sample with a peel arm a) perpendicular to the glass substrate and b) 

parallel with the glass substrate. 

 



Chapter 8. Numerical modelling of the peel test 

84 

When a peel test is modelled with a peel arm parallel with the substrate, peeling will start 

when the peel arm is perpendicular to the substrate and when the fracture toughness in the 

PVB-glass interface has been exceeded. However, the peel arm needs to be subjected to a 

displacement in the y-direction in order to have the same behaviour as the 90° peel test (see 

section §8.2.5). 

 

The measurements of the peel model are given in Table 8-1. In this table, the length of the PVB 

and the aluminium layer is the length of the substrate L1 + the length of the peel arm L2. Thus, 

the length of the peel arm is 0,04 m. It can be seen that the length measurements and the 

thickness of the glass plate do not correspond with the measurements of the peel samples 

from Solutia Ghent (section §7.4). However, as indicated before, these measurements will not 

influence the results. The length of the peel arm is chosen sufficiently long. 

 

Part 
X-direction 

Length (mm) 

Y-direction 

Thickness (mm) 

Glass substrate 60 6 or 2 

PVB layer 100 0,76 

Aluminium sheet cover 100 0,13 

Table 8-1: measurements of the numerical peel models. 

 

Such a model can be made in Abaqus/CAE by creating 2D shell parts. Two parts were made: a 

part for the rigid glass substrate and a part for the aluminium cover sheet and the PVB layer. 

The second part was partitioned into an aluminium cover sheet and a PVB layer. The following 

sets are created (see Figure 8-2): 

 

 Top surface of the rigid glass substrate (Glass-top) 

 Bottom surface of the PVB layer (PVB-bot) 

 A node set on the end of the peel arm which is needed for the displacement boundary 

condition (NPull) 

 

The PVB-aluminium part and the glass part are displayed separately in Figure 8-2 in order to 

indicate the surfaces. For a peel test with a peel arm parallel with the substrate, penetration of 

PVB elements in the glass substrate can occur while the peel arm is pulled upwards. In order to 

prevent this, an interaction between the bottom surface of the PVB layer and the top surface 

of the glass substrate is defined. In order to define this contact, geometric properties are 

defined (the default values are assumed) in the interaction properties toolbox. 

 

 
Figure 8-2: Structure of the geometry of a numerical peel model. 

PVB-bot 

Glass-top 

Cohesive elements 

h hs 

NPull 
hg 
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During the initiation of peeling, one node on the edge will be pulled if contact is defined over 

the whole length of the glass substrate. This can cause convergence problems or instable crack 

growth. Therefore, it is interesting to define an initial crack. An initial crack can be defined by 

not defining any contact properties between the rigid glass substrate and the PVB layer over a 

certain length and by not using cohesive elements over this length. An initial crack length of     

3 mm is used In the numerical models. 

 

In order to model the adhesion between the PVB layer and the glass substrate, cohesive 

elements must be placed in between as shown in Figure 8-2. In order to this, a 2D shell part is 

created with a random thickness. This shell part is meshed with only one element in the 

thickness direction (y-direction). Then, a set is made for the nodes on the top surface and for 

the nodes on the bottom surface. Next, a mesh part is created. The top nodes on this mesh 

part are translated in the y direction so that they coincide with the bottom nodes. This can be 

done in the mesh → edit nodes toolbox. The result is a “zero thickness” cohesive layer, see also 

Figure 8-3.  

 

 
Figure 8-3: Creating a zero thickness cohesive layer. 

 

The created cohesive layer is placed in the interface of the rigid glass substrate and the PVB 

layer. Lastly, the top nodes of this cohesive layer must be tied as slave nodes to the bottom 

surface of the PVB layer and the bottom nodes must be tied to the rigid glass substrate (again 

as slave nodes). For these ties, in the edit constraint toolbox, a node to surface discretization 

method is selected, default options are used for the rest. 

 

As said in the introduction, also a virtual crack closure technique (VCCT) is used to model 

failure in the interface. There is no need for a cohesive layer, when VCCT is used. Instead, an 

interaction is defined between the two interfaces. For this model a frictionless behaviour in the 

interface, default geometric properties and a VCCT fracture criterion is selected in the 

interaction properties module of Abaqus/CAE. The BK law model is used as fracture criterion, 

only energy release rates need to be defined (see section §3.4). However, according to [13] 

VCCT is more appropriate for brittle fracture. As indicated before, the values of the parameters 

δ0, δf and K have significant influence in the results, therefore, defining only a critical energy 

release rate will not be enough to capture the real behaviour of a peel test. In conclusion, a 

cohesive zone model is probably a better way to model the adhesion. See section §8.2.4 for 

the values of the BK law parameters used in some peel models and section §8.3 for a 

comparison between VCCT and the cohesive zone model. 

= 
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8.2.2 Element type 

In this section, the selected elements for the different material parts are discussed. For more 

information a reference is made to section §5.3.2 and to [13] 

 

For numerical models of the peel test, two dimensional plane-strain continuum elements are 

used (see Figure 8-4). Plane strain elements can be used, when it can be assumed that the 

strains in a loaded body or domain are functions of planar coordinates alone and the out-of-

plane normal and shear strains are equal to zero. 

 

 
Figure 8-4: 4-node and 8-node quadrilateral elements.[13] 

 

For glass, CPE4 elements, 4-node bilinear plane strain quadrilateral elements (nodes on each 

corner), are used. These elements use linear interpolation in each direction, they are often 

called linear elements or first-order elements. See Figure 8-4. 

 

As described before, bending and unbending will occur while the peel front propagates. 

Therefore, second-order elements are more appropriate for the aluminium cover sheet and 

the PVB layer. Second-order elements provide higher accuracy in Abaqus/Standard than first-

order elements for “smooth” problems that do not involve severe element distortions. They 

capture stress concentrations more effectively and are better for modelling geometric 

features: they can model a curved surface with fewer elements. Finally, second-order 

elements are very effective in bending-dominated problems [13]. Therefore, for the PVB layer 

and the aluminium cover sheet, CPE8, 8-node biquadratic plane strain quadrilateral elements 

(nodes on each corner and midside nodes), are used (see Figure 8-4). 

 

For the aluminium cover sheet, also shell elements were used. Shell elements can be used to 

model structures in which one dimension (the thickness) is significantly smaller than the other 

dimensions. However, using these elements induced convergence problems that could not be 

solved.  
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For the cohesive layer COH2D4, 4-node two-dimensional cohesive elements, are used. As 

described in section §5.3.2, the thickness direction of these cohesive elements must 

correspond with the y-direction. Otherwise, node numbering problems may arise and the 

desired cohesive behaviour will not be achieved. 

 

In the models where the VCCT technique is used, a 4-node element needs to be used for the 

PVB layer. Otherwise, kinematic problems may arise as described in section §3.4. In this case, 

the aluminium cover sheet is made as a separate part and tied to the PVB layer, otherwise, 

incompatibilities between the 4-node and the 8-node elements arise. However, 4-node 

elements are not good in bending. Therefore, CPE4I elements (plane-strain 4-node elements 

with incompatible modes) are used for the PVB layer in order to improve its bending 

behaviour. 

 

In summary, the following element types are used in the peel models: 

 

Rigid glass substrate CPE4 

PVB layer CPE8 (or CPE4I when VCCT is used) 

Aluminium cover sheet  CPE8 

Cohesive elements COH2D4 

Table 8-2: element types used in the peel models. 

 

8.2.3 Mesh 

Since bending will occur around the peel front, a sufficiently fine mesh is needed in that 

region. However, towards the ends a slightly coarser mesh can be used. Therefore 3 partitions 

are made in the PVB-aluminium part: a fine mesh is used in the middle zone (0,045 m long) 

and a slightly coarse mesh is used in the edges zones (edge zone I is 0,03 m long and edge zone 

II is 0,025 m long). See Figure 8-5. All parts, except the cohesive elements, have the same mesh 

size in the length direction. The mesh size in the length direction of the cohesive elements is 

twice as small as the mesh size of the other parts. Finer cohesive elements ensure a more 

accurate result and a more stable crack growth. 

 

 

 
Figure 8-5: Meshing method of a peel model. 
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A Structured meshing technique is used to generate the mesh. The mesh is defined the same 

way as in section §5.3.2. First, seeds along the edges are defined. Then, the mesh is generated 

automatically. The seeds in the length direction, for the edge zones, are defined using a Bias. 

This method is also used for the elements in the thickness direction of the glass substrate, so 

that the aspect ratio of the elements along the interface is reasonable (see Figure 8-5). An 

element size (in the length-direction) is defined for the middle zone. The other seeds are 

determined by defining the number of elements. 

 

In order to study the convergence of the results, several mesh sizes are taken into account. 

The following mesh sizes are considered: 

 

 Mesh 1 Mesh 2 Mesh 3 Mesh 4 

lmin [mm] and lmax [mm] in 

the x-dir. (edge zones) 
0,5-0,7 0,3-0,5 0,1-0,3 0,05-0,1 

Element size [mm] in the x-

dir. (middle zone) 
0,5 0,3 0,1 0,05 

lmin [mm] and lmax [mm] in 

the y-dir. (glass) 
0,5-1 0,3-1 0,2-1 0,1-1 

# in the y-dir. (PVB) 8 10 12 12 

# in the y-dir. (Al) 4 5 6 6 

Total # 3585 6969 21290 49954 

Table 8-3: Mesh sizes considered in the Peel models. 

 

In Table 8-3, # denotes the number of elements, lmin is the minimum element size, lmax is the 

maximum element size and dir. is short for “direction”. In the total number of elements, also 

the cohesive elements are taken into account (1 element in the y-direction). 

 

8.2.4 Material properties 

Just like in the TCT-test models, Solid Homogeneous sections are defined for glass, the 

aluminium cover sheet and the PVB layer. For the cohesive elements, a Cohesive Section with 

an initial thickness equal to unity is defined. In this section, the material models used for Glass, 

the PVB layer, the cohesive elements and the aluminium cover sheet are discussed. 

 

Rigid glass plate  

For glass, a linear elastic material model is used. In Abaqus/Standard, only the elastic modulus 

E and Poisson’s ratio ν are defined. The material parameters used for glass are given in Table 

5-6. 

 

Cohesive elements 

The parameters needed to define the cohesive behaviour were discussed in section §3.3. In 

the Peel models, a traction separation law with a Maxs damage initiation criterion is used. In 

this criterion, the stress ratios between a given stress value and the peak nominal stress value 
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in each of three directions (t0,I, t0,II and t0,III) are evaluated. The Maxs criterion is based on the 

maximum value of the three ratios. The Damage Evolution is defined with the displacement at 

failure δf or the fracture toughness Γ0, the softening is determined as linear. In conclusion, the 

parameter t0, δf or Γ0, and K must be determined and inserted in Abaqus. Mode mix is not 

taken into account. For a Peel test, only relative displacements along the mode I and II 

directions will occur (this is displayed in terms of cohesive elements in Figure 8-6).  

 

 
Figure 8-6: Undeformed (left) and deformed (right) cohesive zone element, respective to the local x-y 

coordinate system. 

 

The inserted parameters for the cohesive elements have physical consequences for the crack 

growth. For example, in [24] a failure displacement δf around 0,068 mm is in accordance with 

the experiments. Consequently, these parameters have a big influence on the achieved results 

(this is discussed further in section §8.3). Therefore, several values were used. The cohesive 

zone properties used in the Peel models are given in Table 8-4 

 

Case δ0 (mm) δf (mm) t0 (MPa) K (N/m³) Γ0 (J/m²) μ (-) 

1 0,2 0,6 1 5E+09 300 0/0,0001/0,0005 

2 0,2 0,6 2 8E+09 600 0,0001/0,001 

3 0,3 0,6 3 1E+10 900 0,0001/0,001 

4 0,35 0,7 3,15 9E+09 1102,5 0,0001/0,001 

5 0,04 0,08 8 2E+11 320 0,0004 

6 0,035 0,07 17,5 5E+11 612,5 0,0006 

7 0,03 0,06 22,5 7,5E+11 675 0,0004 

8 0,03 0,06 16,2 5,4E+11 486 0,0005 

Table 8-4: Used cohesive zone properties in the Peel models. 

 

The viscosity parameter μ in the last column of Table 8-4 is a parameter that ensures stable 

crack growth. Material models exhibiting softening behaviour and stiffness degradation often 

lead to severe convergence difficulties in Abaqus/Standard. Some of these convergence 

difficulties can be solved by using the viscous regularization, which causes the tangent stiffness 

matrix of the softening material to be positive for sufficiently small time increments [13]. This 

is done by replacing the damage variable, D, with a viscous stiffness degradation variable, Dv, 

which is defined by the following equation [13]: 

 

  ̇  
 

 
        (8-1) 

δII 

δI 
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Using viscous regularization with a small value of the viscosity parameter (small compared to 

the characteristic time increment) usually helps improve the rate of convergence of the model 

in the softening regime without compromising results. In Abaqus/Standard, the approximate 

amount of energy associated with viscous regularization over the whole model or over an 

element set is available using the output variable ALLCD.[13] 

 

A BK law model was used for VCCT, with GIC = GIIC = 300 J/m² (GIIIC = 0 J/m²), η = 2,284 and ftol = 

0,2. The value for η is not so important, since crack mode I is the most important mode for a 

Peel test (see section §3.4). 

 

PVB layer 

Two material models are considered for the PVB layer. One is the linear elastic material model 

as described in section §2.3 and the other one is the viscoelastic material model as described 

in section §2.3.1. 

 

Aluminium cover sheet 

Aluminium is an elastic-plastic material, it behaves linear elastically for small strains and yields 

at a strain ԑy (corresponding to the yield stress σy). The yield point is followed by strain 

hardening. In the first models, plasticity was not taken into account. However, soon it became 

obvious that the stresses are high above σy and that plasticity must be defined. An elastic-

perfectly plastic material model is defined (strain hardening is neglected) by inserting the yield 

stress σy in the Materials module in Abaqus/CAE. See Figure 8-7 for a stress-strain curve of this 

material model. 

 

 
Figure 8-7: Elastic-perfectly plastic material model. 

 

Since there was no exact data about the cover sheet, the material parameters in Table 8-5 are 

assumed (see section §9.4 for exact properties and the corresponding results). The value of σy 

is valid for the aluminium alloy AL6066-T4, most commonly used for aluminium foil: 

 

Elastic modulus E (GPa) Poisson’s ratio ν (-) Yield stress σy (MPa) 

66 0,35 207 

Table 8-5: Material properties of the aluminium cover sheet. 
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8.2.5 Boundary conditions 

Lastly, the boundary conditions are defined. All bottom nodes of the rigid glass plates are 

constrained in the y-direction. The bottom node in the left corner is also constrained in the x-

direction. See Figure 8-8 for these boundary conditions. 

 

 
Figure 8-8: Boundary conditions on the rigid glass plate: U2=0 for all bottom nodes, for the left bottom 

node also U1=0. 

 

The node set at the end of the peel arm, which contains PVB and Aluminium nodes (this node 

set is called NPull, see Figure 8-2), is connected to a reference point. This can be done by using 

a Kinematic Coupling Constraint in which U1 is constrained, for one node also U2 is 

constrained. In some models, also a surface-based coupling is used in order to avoid local 

effects (in this case, U1 and U2 are constrained for the whole surface). On this reference point, 

a displacement boundary condition is defined in which only one degree of freedom is 

determined, namely, the displacement U2 (displacement in the y-direction). The reference 

point is defined on the PVB-aluminium interface. See also Figure 8-9. The displacement U2 is 

equal to 75 mm and propagates linearly over a Static Step with a duration of 1 s. In case of a 

viscoelastic PVB layer also a displacement of 60 mm, during a Visco Step with a duration of     

28 s, is considered (this corresponds to the peel rate of 127 mm/min used in the experiments 

of Solutia Ghent). This way, rate dependency of the test can be checked. 

 

 
Figure 8-9: Boundary conditions on the reference point at the end of the peel arm. 

 

Under these boundary conditions, the desired behaviour of the peel test is achieved. In Figure 

8-10 the undeformed and deformed geometry of a peel model are displayed. 

 

 

 
Figure 8-10: Undeformed (a) and deformed (b) geometry of the peel test in Abaqus. 

a) b) 
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8.3 Results 

8.3.1 Introduction 

In this section, an overview of the results, achieved from the numerical peel models, is given. 

The two dimensional model is compared to a 3D model (with Z-symmetry boundary 

conditions) in order to confirm that the peel test is mostly a two dimensional problem. 

Furthermore, a convergence study is made. 

 

Three different cases are considered: 

 

 Linear elastic PVB layer and aluminium cover sheet 

 Linear elastic PVB layer and elastic-perfectly plastic aluminium cover sheet 

 Viscoelastic PVB layer and elastic-perfectly plastic aluminium cover sheet 

 

The results are discussed respectively for these three cases. The convergence study is 

discussed for the models from the first case. 

 

8.3.2 Linear elastic PVB layer and linear elastic cover sheet 

For the peel model with cohesive zone properties of case 1 from Table 8-4, a peel force of     

309,6 N/m is achieved for mesh 2 from Table 8-3. Before studying the influence of several 

parameters, a convergence study is made for this model. The peel force is used as an 

indication for the convergence. 

 

The results of this model for the different meshes from Table 8-3 are given in Figure 8-11. The 

simulation did not converge for the first mesh from Table 8-3, because this mesh is too coarse. 

Therefore, only the results for mesh 2, 3 and 4 are displayed in Figure 8-11.  

 

 
Figure 8-11: Peel force of the models (with linear elastic PVB layer and cover sheet) for the different 

meshes from Table 8-3, and with cohesive zone properties of case 1 from Table 8-4. 
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From Figure 8-11, it can be seen that convergence occurs for mesh 3 (from Table 8-3) with 

21290 elements. In this case, the peel force P is equal to 309 N/m. 

 

The force-displacement curves (for mesh 3), for the cohesive zone properties of case 1 to 4 

from Table 8-4, are given in Figure 8-12. In this graph, the viscosity coefficient μ is equal to 

zero for case 1 and 0,0001 for case 2 to 4. It is obvious that these peel forces are in accordance 

with the theoretical formulas. 

 

 
Figure 8-12: Force-displacement curves of the models (with linear elastic PVB layer and cover sheet) 

for cohesive zone properties of case 1 to 4 from Table 8-4 and for VCCT. 

 

Also the force-displacement curve of the model with the VCCT-technique is displayed in Figure 

8-12. This curve exhibits a large amount of oscillations. Therefore, only a mean value of the 

peel force can be determined (in this case, the mean peel force P=472 N/m). These oscillations 

can be understood as follows: the force increases and decreases each time a node is released. 

Furthermore, the fact that these oscillation are rather large is due to a coarse mesh. A coarse 

mesh was needed because a fine mesh resulted into convergence problems. From various 

simulations with the VCCT technique, it was concluded that high peel forces, such as the ones 

in the experiments of Solutia Ghent, could not be achieved with this modelling technique. 

 

Another important parameter is the radius of the curvature R. However, it is not possible to 

determine this value in Abaqus. Therefore, another (self-defined) variable r is used in order to 

have an idea about this curvature. This variable is the horizontal distance between the peel 

front and the straight end of the peel arm (as indicated in Figure 8-13). It is not evident to 

determine the peel front, however, the influence of different parameters on R can be 

determined by using the variable r.  
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Figure 8-13: Self-defined variable r in order to characterize R.  

 

The results for the models with a linear elastic PVB layer and a linear elastic aluminium cover 

sheet are summarized in the underlying table. 

 

Cohesive zone 

properties / VCCT 
μ (-) 

Peel force P 

(N/m) 
r (mm) 

Maximum, max. in-

plane principal 

stress (MPa) 

Case 1 0,0001 309 12,20 724 

Case 2 0,0001 612 8,94 970 

Case 2 0,001 716 8,55 1032 

Case 3 0,001 1101 6,94 1222 

Case 4 0,0001 1113 6,82 1228 

VCCT - 472 9,11 955 

Table 8-6: Results of the peel models with a linear elastic PVB layer and a linear elastic aluminium 

cover sheet. 

 

Looking at the values in this table, it can be concluded that the value of r decreases with 

increasing peel force which is in accordance with the theory. Only the VCCT technique forms 

an exception to this rule, which is yet another reason why VCCT is not an appropriate 

modelling technique for the peel test. For case 2 in Table 8-6, it can be seen that the viscosity 

parameter has a big influence on the achieved results. A higher peel force is obtained when a 

high value is used for μ. This is not in accordance with the theoretical formula (7-8). In order to 

determine the largest value of μ at which the influence on the peel force is rather small, the 

results for case 1 are investigated in more detail: 

 

Cohesive zone properties μ (-) Peel force P (N/m) 

Case 1 0 309 

Case 1 0,0001 309 

Case 1 0,0005 327 

Table 8-7: Influence of the viscosity parameter μ.  

 

It can be concluded that the influence of μ is rather small up until a value of 0,0005. 

r 
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In Table 8-3, also the maximum max. in-plane stress in the aluminium cover sheet is given. This 

is the stress in the principal plane at any point (the principal plane is the plane where the shear 

stresses are zero). These values are quite large around the curvature (see Figure 8-14). From 

this figure, it can be seen that the aluminium cover sheet is bending with tension towards the 

PVB layer and compression stresses in the upper half. The PVB layer is also in bending, but is 

completely situated in the tension zone. These large tension stresses in the cover sheet are 

high above the yield strength of a regular aluminium alloy. This is a strong indication that the 

aluminium cover sheet deforms plastically. This is also observed in the experimental tests 

conducted by Solutia Ghent. 

 

 
Figure 8-14: S, Max. In-Plane Principal (Abs) for the peel model with cohesive zone properties of case 

2 from Table 8-4. 

 

In Figure 8-15, the max. in-plane principal true strains are displayed. The highest strains occur 

in the PVB layer at the position where it is peeled from the rigid glass substrate. 

 

 
Figure 8-15: LE, Max. In-Plane Principal (Abs) for the peel model with cohesive zone properties of case 

2 from Table 8-4. 
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The maximum value of this strain is 0,23 for the cohesive zone properties of case 2 from Table 

8-4. Therefore, it is justified to use a linear elastic model for PVB. These strains are maximal in 

a zone close to the peel front, and are negligible outside this zone. The PVB layer is stretched 

in this zone since the strain is positive. The maximum value of this strain increases with 

increasing peel force, but stays in the same order of magnitude for all the models considered 

in this section. 

 

The damage variable (SDEG) of the cohesive elements is plotted in Figure 8-16. The zone 

where damage initiation has started, is rather large. The cohesive zone properties determine 

the size of this zone and consequently the radius of the curvature. In Table 8-7, it can be seen 

that this radius is quite large in comparison with the experimental results. Therefore, higher 

values for K and smaller values for δ0 and δf need to be used. This is not done for these models, 

since the cover sheet must be modelled as an elastic-plastic material. 

 

 
Figure 8-16: SDEG for the peel model with cohesive zone properties of case 2 from Table 8-4. 

 

Lastly, a comparison is made with a three dimensional model (see Figure 8-17) in order to 

confirm that a 2D plane-strain model is a good assumption. 

 

 
Figure 8-17: Three dimensional Peel model. 
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The 3D model has a width of 1 mm, with Z-symmetry boundary conditions on the nodes of 

both end faces. The mesh of this model is a little coarser in comparison with the 2D models (in 

order to reduce the calculation time). This model with the cohesive zone properties of case 1 

from Table 8-4 results in a total peel force of 0,3093 N. After dividing this value by the width, 

the same peel force (per unit width) is obtained as in the 2D model with the same cohesive 

zone properties (see Table 8-7). 

 

In conclusion, if these material models are used, a fracture toughness around 3000 J/m² is 

needed in order to achieve the same high peel forces obtained by Solutia Ghent. However, the 

aluminium cover sheet deforms plastically and the radius of the curvature is rather large in 

comparison with the experiments. Therefore, a model with a linear elastic cover sheet and a 

linear elastic PVB layer is not a valid model for calibration of the fracture toughness Γ0. 

 

8.3.3 Linear elastic PVB layer and elastic-perfectly plastic cover sheet 

Convergence problems occur when an elastic-perfectly plastic aluminium cover sheet is used 

(see Table 8-5 for the used properties). Excessive distortions occur and the following warning is 

given: “The strain increment has exceeded fifty times the strain to cause first yield at a certain 

number of points”. The warning is given, when the time increments are too large. These 

problems can be solved partly by using smaller time increments.  

 

Only for the cohesive zone properties from case 1 in Table 8-4, a converging result was 

obtained (see Figure 8-18). 

 

 
Figure 8-18: Force-displacement curve of the model with a linear elastic PVB layer and an elastic-

perfectly plastic cover sheet for the cohesive zone properties of case 1 from Table 8-4. 

 

In this case, a peel force of 572 N/m is obtained. Furthermore, the value of r is 7,42 mm for 

this model. The peel force of the plastic model is higher than the peel force of the elastic 

model. This was expected, since a plastically deforming peel arm exhibits zones with bending 

and unbending. This behaviour results in an additional plastic dissipation Γp and consequently 

in a higher peel force (as described in chapter 7). The zones with bending and unbending are 

clearly visible in this model (see Figure 8-19). 
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Figure 8-19: Bending and unbending in the peel arm of the model with a plastically deforming cover 

sheet.  

 

These zones with bending and unbending can be distinguished by looking at the max. in-plane 

principal stresses in the cover sheet (see Figure 8-20). The lower half of the cover sheet is in 

tension in the bending zone. This zone is followed by a transition zone, where the compression 

and tension stresses are decreasing. The unbending zone, where the upper half of the cover 

sheet is in tension, follows after the transition zone. The maximum value of this stress is 252 

MPa, which indicates that yielding has occurred . 

 

 
Figure 8-20: S, Max. In-Plane Principal (Abs) in the cover sheet of a plastically deforming peel arm. 

 

In order to study the origin of the convergence problems and the influence of the cohesive 

zone properties, some models were made without the PVB layer and with different cohesive 

zone parameters. The results are given in the underlying figure. 

 

δ0=0,2 mm, δf=0,6 mm, Γ0=300 

J/m², K=5E+9 N/m³ 

 
r = 5,5 mm 

δ0=0,04 mm, δf=0,08 mm, 

Γ0=320 J/m², K=2E+11 N/m³ 

 
r = 1,87 mm 

δ0=0,03 mm, δf=0,06 mm, 

Γ0=360 J/m², K=4E+11 N/m³ 

 
r = 0,9 mm 

Figure 8-21: Influence of the cohesive zone parameters on peel models without PVB. 
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Only the third model in Figure 8-21 did not converge completely. From these observations, it 

can be concluded that decreasing the displacements δ0 and δf and increasing the stiffness K, 

significantly decreases the radius of the curvature. From a physical point of view and 

considering the experimental results, it can be concluded that a high value for K and small 

values for δ0 and δf (in the order of 10 micron) are more realistic. However, the origin of the 

convergence problems could not be determined. These convergence problems could only be 

solved by using a viscoelastic material model for the PVB layer (see following section). 

 

8.3.4 Viscoelastic PVB layer and elastic-perfectly plastic cover sheet 

The convergence problems (mentioned in the previous section) do not occur, if a viscoelastic 

material model (model of D’Haene) is used for the PVB layer. Furthermore, high peel forces 

such as the ones in the experiments of Solutia Ghent are obtained. This is due to the effects of 

plastic dissipation in the cover sheet and viscoelastic dissipation in the PVB layer [12]. 

However, viscoelastic dissipation has a larger contribution when stable crack growth starts 

(see Figure 8-22). In this figure, viscoelastic (and plastic) dissipation is equal to 42% (and 25%) 

of the external work at a step time of 21,7s (the differences between these energies increase 

with increasing time). The energies in this figure correspond with the results from Table 8-9. 

 

 
Figure 8-22: Viscoelastic dissipation and plastic dissipation compared to the external work. 

 

For a peel velocity of 4200 mm/min, the following results are obtained: 

 

Cohesive zone properties Peel force P (N/m) r (mm) 

Case 5 1141 9,16 

Case 6 2749 5,89 

Case 7 3053 5,39 

Table 8-8: Results for peel models with a viscoelastic PVB layer and an elastic-perfectly plastic cover 

sheet, for a peel velocity of 4200 mm/min. 

 

The peel force obtained with the cohesive zone properties of case 7 from Table 8-4 is closest to 

the experimental value, but the value of r is still big in comparison with the experiments (see 

third row in Table 8-8). For a peel velocity of 127 mm/min and with the cohesive zone 

properties of case 8, the following results are obtained: 
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Cohesive zone properties Peel force P (N/m) r (mm) 

Case 8 3116 3,66 

Table 8-9: Results for peel model with a viscoelastic PVB layer and an elastic-perfectly plastic cover 

sheet, for a peel velocity of 127 mm/min. 

 

This result suggests that the fracture toughness in the peel samples of Solutia Ghent is around 

the value of 486 J/m². However, the curvature is still not in accordance with the experiments. 

The influence of the peel velocity on the peel force is investigated in detail for the cohesive 

zone properties of case 8. See Table 8-10 and Figure 8-23. 

 

v (mm/min) P (N/m) r (mm) v (mm/min) P (N/m) r (mm) 

10 3399 2,48 150 3087 3,74 

50 3268 3,18 180 3034 3,85 

80 3256 3,39 1200 2213 5,64 

100 3236 3,48 3600 2083 6,37 

120 3176 3,60 4200 2091 6,43 

Table 8-10: Influence of the peel velocity on the viscoelastic peel models with the cohesive zone 

properties of case 8. 

 

The results in Table 8-10 are plotted in Figure 8-23. It can be seen that the peel force becomes 

constant at very high peel velocities. This can be understood as follows: for very high velocities 

the PVB layer is stiff and behaves elastically as it is unrelaxed at G0. The same behaviour, also 

for very low velocities, was found in [12]. 
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Figure 8-23: Peel force in function of the peel velocity for the viscoelastic model with the 

cohesive zone properties of case 8 (and comparison with the behaviour in [12]). 
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From the previous observations, it is known that the cohesive zone parameters strongly 

influence the achieved results. Therefore, the influence of δ0, δf and K, for the same fracture 

toughness of 486 J/m², is investigated. This is done for both an elastic-plastic and a linear 

elastic cover sheet. See Figure 8-11. 

 

δ0 (mm) δf (mm) K (N/m³) Aluminium P (N/m) r (mm) 

0,03 0,06 5,4E+11 Elast./Plast. 1628/3116 5,87/3,66 

0,02 0,04 1,22E+12 Elast./Plast. 1846/3572 5,64/3,34 

0,01 0,02 4,86E+12 Elast./Plast. 2335/4231 5,00/2,99 

0,008 0,016 7,59E+12 Elast./Plast. 2689/4413 4,57/2,84 

Table 8-11: Influence of δ0, δf and K, for the same fracture toughness of 486 J/m². 

 

The results for the elastic-perfectly plastic cover sheet are plotted in Figure 8-24 and the 

results for the linear elastic cover sheet are plotted in Figure 8-25. 

 

 
Figure 8-24: Influence of δ0, δf and K (Γ0 = 486 J/m²) for the viscoelastic peel model with an elastic-

perfectly plastic cover sheet. 

 

 
Figure 8-25: : Influence of δ0, δf and K (Γ0 = 486 J/m²) for the viscoelastic peel model with a linear 

elastic cover sheet. 
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From these results, it can be seen that a higher peel force can be achieved for the same 

fracture toughness by simply increasing the value of K. Thus, it can be concluded that the value 

of the fracture toughness of the peel samples from Solutia Ghent cannot be determined with 

certainty. However, it seems that the peel force will become constant at very high values of K 

(see Figure 8-24 and Figure 8-25).  

 

From Table 8-11, it can be seen that the value of r is mostly depending on the value of P and 

not directly on the values of δ0, δf and K. Therefore, for this model the value of r will be 

approximately 3-4 mm for a peel force between 3000-4000 N/m. 

 

Lastly, also a comparison is made between the model from Table 8-9 and a model where the 

adhesion is modelled with Surface-based cohesive behaviour. In this case, instead of cohesive 

elements an interaction is defined between the “PVB-bot”-surface and “Glass-top”-surface 

from Figure 8-2.  

 

The same parameters, used for the cohesive elements, are also used in surface-based cohesive 

behaviour. The results are similar with the results of the models where cohesive elements are 

used (see Figure 8-26). The surface-based cohesive behaviour exhibits small ripples in the 

force-displacement diagram. This is due to a coarse mesh as opposed to the models with 

cohesive elements.  

 

 
Figure 8-26: Force-displacement diagram of the peel model with surface-based cohesive behaviour 

and cohesive elements (with the cohesive zone parameters of case 8). 

 

In conclusion, knowing that the fracture toughness of the TCT-test is typically 300 J/m², it is 

reasonable to assume that the fracture toughness of the peel samples (from Solutia Ghent) will 

be somewhere in between 300-500 J/m². Only the strong curvature from the experiments 

could not be simulated with this peel model, as it can be seen in Figure 8-27. In this figure, the 

deformed geometry of the peel model from Table 8-9 is given. 
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Figure 8-27: Deformed geometry of the peel model from Table 8-9. 

 

8.4 Conclusion 

The models with a linear elastic PVB layer and a linear elastic (or elastic-perfectly plastic 

aluminium) aluminium cover sheet are in good accordance with theoretical descriptions. 

However, high peel forces could not be reached with these models. The models with an  

elastic-perfectly plastic aluminium cover sheet resulted in convergence problems, when a 

higher value for K (or Γ0) was used. These convergence problems were solved by using a 

viscoelastic PVB. 

 

It was observed that the peel force is rate-dependent when viscoelasticity of the PVB layer is 

taken into account. However, the peel force became constant when the displacement velocity 

was very high. Furthermore, it was concluded that the peel force is strongly influenced by the 

cohesive zone parameters. Using a higher value of K, for the same fracture energy, resulted in 

higher peel forces. However, it was observed that these differences were lower for very high 

values of K.  

 

It can be concluded that the most realistic model is the peel model with a viscoelastic PVB 

layer and an elastic-perfectly plastic aluminium cover sheet. This model takes various effects 

into account and results in peel forces which are in the same order of magnitude as the 

experiments. 

 

Further comparisons and conclusions are made in the next chapter. 
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9. Comparison of the peel test results and conclusions 
 

 

In this chapter, a comparison of the numerical results with theoretical and experimental 

results is made. Lastly, conclusions are given for the numerical models of the Peel test. 

 

9.1 Comparison numerical model – theory 

Comparisons are made respectively for the models with a linear elastic and an elastic-perfectly 

plastic aluminium cover sheet. Only the linear elastic PVB layer is considered, because 

theoretical formulas, that take viscoelastic effects into account, were not considered. 

 

9.1.1 Linear elastic cover sheet 

From the theoretical approach, described in section §7.3.1, it is known that the peel force is 

equal to the fracture toughness at the PVB-glass interface (see formula (7-8) and (7-9)). This 

theoretical behaviour is also observed for all the models with a linear elastic cover sheet and 

PVB layer, except for the model where VCCT is used (see Figure 8-12). It is also observed, that 

the peel force does not depend on geometrical parameters. However, the deviation from the 

theoretical values is rather large when the viscosity parameter μ is bigger than 0,0005, but this 

was expected since μ introduces artificial viscous effects in order to maintain a stable crack 

growth.  

 

It can be concluded that the results of the numerical models (with a linear elastic cover sheet 

and a linear elastic PVB layer) and the theoretical formulas are in good agreement. 

 

9.1.2 Elastic-perfectly plastic cover sheet 

Also here, only the peel model with a linear elastic PVB layer is considered. Formula (7-19) 

from section §7.3.2 is used in order to determine the theoretical value of the peel force for the 

peel model from section §8.3.3. The peel force, calculated with this formula, is equal to        

614 N/m, whereas the numerically determined peel force is equal to 572 N/m. These values 

are not so different from each other. However, the difference might be explained by the 

presence of the PVB layer which is not completely the same as an adhesive (as considered in 

formula (7-19)). Furthermore, bending and unbending, as described in section §7.3.2, is also 

observed in the numerical models. 

 

It can be concluded that the theoretical and numerical behaviour are in good agreement. 

 

9.2 Comparison numerical model – experiment 

In this section, only a comparison is made with the peel models with a viscoelastic PVB layer 

since the other models resulted in convergence problems. 
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For the model with the cohesive zone properties of case 8 from Table 8-4, a peel force of   

3116 N/m is obtained for a peel velocity of 127 mm/min. This value is in good agreement with 

the experimental results of Solutia Ghent. In this case, the fracture toughness is 486 J/m². 

However, it was also observed that higher peel forces could be obtained, for the same value of 

Γ0, by increasing the stiffness of the cohesive elements K (see Figure 8-24 and Figure 8-25). 

However, it is reasonable to assume that the peel force is ranging between 300-500 J/m² for 

the peel samples of Solutia Ghent. Only the curvature is not in accordance with the 

experiments (see Figure 9-1), but the differences are not that big. 

 

a) 

 

b) 

 
Figure 9-1: Comparison of a) the numerical- with b) the experimental curvature in the peel arm. 

 

9.3 Conclusions 

The linear elastic peel models and the models with an elastic-perfectly plastic cover sheet are 

in good agreement with the theory. From the numerical models, it is concluded that VCCT is 

not an appropriate technique for peel models. Furthermore, it is confirmed that the peel test is 

mainly a 2D problem since the comparison with a 3D model gave the exact same result.  

 

From the linear elastic models, it was observed that the cover sheet deforms plastically. 

However, convergence problems occurred when a plastic material model was used. The 

convergence problems with plastically deforming peel models, could only be solved by using a 

viscoelastic PVB layer. Only with these models similar peel forces, as the ones in the 

experiments, could be achieved. However, it is important to remind that the aluminium 

properties were chosen since the exact properties were not known. Therefore, some 

deviations are possible (see §9.4 for exact properties). For these models, it was observed that 

the peel force became constant for very high peel velocities. Furthermore, a higher peel force 

could be obtained for the same fracture toughness by increasing the value of K and decreasing 

the values of δ0 and δf. Therefore, the fracture toughness could not be calibrated with 

certainty. However, it is reasonable to say that the fracture toughness varies between 300-500 

J/m². Viscoelastic models with surface-based cohesive behaviour delivered similar results as 

the models with cohesive elements. Only the strong curvature in the experiments could not be 

obtained in the numerical models. In general, it can be concluded that the numerical, 

theoretical and experimental results of the peel test are in good agreement. 
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9.4 Addendum: models with an AL1145-O cover sheet 

The material properties of the aluminium cover sheet (see Table 9-1), used in the peel tests of 

Solutia Ghent, were available at the last moment. Therefore, the results of these models are 

presented as an addendum. An aluminium alloy AL1145-O is used. 

 

Elastic modulus E (GPa) Poisson’s ratio ν (-) Yield stress σy (MPa) 

69 0,33 35 

Table 9-1: Properties of the aluminium alloy AL1145-O. 

 

The results of the model with a viscoelastic PVB layer and an AL1145-O cover sheet are 

comparable with the previous results from Table 8-9, as it can be seen in Table 9-2 and Figure 

9-2. The results for the different cohesive zone properties are compared in Table 9-2. Also 

comparable values for the variable r, are obtained. 

 

Al alloy δ0 (mm) δf (mm) K (N/m³) Γ0 (J/m²) P (N/m) 

AL1145-O 0,03 0,06 5,4E+11 486 3053 

AL1145-O 0,03 0,06 5,0E+11 450 2810 

AL1145-O 0,01 0,02 3,5E+12 350 2856 

AL6066-T4 0,03 0,06 5,4E+11 486 3116 

Table 9-2: Results of the models with an AL1145-O cover sheet and comparison with the model where 

an AL6066-T4 cover sheet is used.  

 

The deformed peel arm and the max. in plane principal stresses for the first model from Table 

9-2 are given in Figure 9-2.  

 

  
Figure 9-2: Deformed geometry and the max. in-plane principal stress of the first case from Table 9-2. 

 

The same conclusions, as in chapters 8 and 9, can be made. Furthermore, it can be said that 

the yield stress of the cover sheet has a negligible influence on the achieved results. 
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10. General conclusions 
 

 

In this thesis, the adhesive failure in a Through Cracked Tension test (TCT-test) and a Peel test 

was studied using the finite-element software AbaqusTM. The cohesive zone model was used in 

order to simulate this adhesive failure. Both tests are well known in a theoretical and 

experimental sense. However, numerical modelling of these tests was not yet widely 

investigated. 

 

First, theoretical explanations of the used material models, the TCT-test and the Peel test were 

given. The main problem was the determination of the cohesive zone properties and the PVB 

material properties. Therefore, different properties were used for the cohesive elements and 

different material models for PVB were considered. In case of the peel test, also VCCT and 

surface-based cohesive behaviour were used for the simulation of the adhesion at the PVB-

glass interface. 

 

Next, the numerical models were described and the results of the analysis were presented for 

both the TCT-test and the Peel test. Reaction forces, stresses, deformations and strains were 

studies, and compared with experimental results. For the TCT-models, a comparison was made 

with the test results from [17]. For the peel models, a comparison was made with the test 

results from Solutia Ghent. Furthermore, a comparison was made with theoretical formulas. 

 

Linear elastic, hyperelastic and viscoeleastic PVB interlayers were considered for the numerical 

models of the TCT test. The TCT models with a linear elastic PVB interlayer resulted in the 

expected theoretical force-displacement curves; curves where a steady state force is reached 

after a certain peak force. However, some deviations from the theoretical values were 

observed. This was explained by confirming that the numerical models did not result in a 

plane-strain condition where the delamination length is uniformly distributed along the width, 

as opposed to what was assumed in the theoretical approach. Furthermore, the linear elastic 

models could not be used in the comparisons with the experimental results, because the 

reaction forces were too low and using cohesive elements with a higher fracture toughness Γ0 

(or higher stiffens K) resulted in convergence problems. The hyperelastic model with the 

reduced 2nd-order polynomial model (from section §5.3.5) was in good agreement with the 

theoretical results. Also with this material model, high reaction forces could not be reached 

with. The hyperelastic model is actually a good model since the results are in good agreement 

with the theoretical results. However, it is not applicable for the experimental TCT tests from 

[17] since it is based on the planar test data from TCT-tests with a different interlayer and 

different test conditions. It was concluded that a hyperelastic model, where the material 

constants are determined by fitting a polynomial model to some planar test data, could be 

used in the numerical modelling of TCT tests. Because of these observations and conclusions, a 

viscoelastic PVB interlayer needed to be used in order to achieve realistic solutions 

comparable to experimental results.  
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For the TCT models, where a viscoelastic interlayer is used, steady state could not be achieved. 

It was observed that a more stable behaviour could be achieved when cohesive elements with 

a lower stiffness K were used. However, the problem could not be solved by only decreasing 

the stiffness. A more stable behaviour was achieved for very high and very low velocities. The 

most stable result was achieved for the TCTL model with 2h = 1,52 mm (T9 sample from Table 

4-2), δ0 = 0,1 mm, δf = 0,2 mm, K = 3,5E+10 N/m³, Γ0 = 350 J/m² and v = 125 mm/min. This 

model showed the best agreement with experimental results, in terms of the variables Pmax, 

2δmax and deformed geometry parameters. It was concluded, that steady state could not be 

achieved mainly due to the creep and relaxation effects. However, further investigation in this 

matter is required. Despite the fact that steady state is not reached in the viscoelastic models, 

it can be said that these models resulted in the best agreement with the experimental results. 

Eventually, it was concluded that the fracture toughness in the TCT samples from [17] is 

around 300 J/m², which is in agreement with the typical values obtained in TCT-tests.  

 

For the numerical models of the Peel test, linear elastic and viscoelastic PVB layers were 

considered. From the calculations of the linear elastic models, it was concluded that the cover 

sheet deforms plastically. Therefore, an elastic-perfectly plastic aluminium cover sheet was 

considered. The models where a linear elastic PVB layer was used, showed good agreement 

with theoretical results. However, when an elastic-perfectly plastic cover sheet is used, 

convergence problems arose. Furthermore, is was observed that VCCT is not a good technique 

for simulating the adhesive failure. Eventually, it was concluded that the peel models with 

linear elastic PVB layer and cover sheet were not appropriate for comparisons with the 

experiments. According to these models, the fracture toughness should be somewhere around 

3000 J/m², which is unrealistic. Therefore, plasticity of the cover sheet had to be incorporated. 

The convergence problems that occurred when plasticity was considered, were solved by using 

a viscoelastic PVB layer. Only with these models similar peel forces, as the ones in the 

experiments, could be achieved. These models are the most realistic ones, because plastic and 

viscoelastic dissipation is taken into account. A peel force of 3116 N/m was obtained for the 

model with the following parameters: 2h= 0,76 mm, δ0 = 0,03 mm, δf = 0,06 mm, K = 5,4E+11 

N/m³, Γ0 = 486 J/m² and v = 127 mm/min. Some deviations of reality could also be explained 

by the fact that the exact properties of the aluminium cover sheet were not known. Later, it 

was found that an aluminium alloy AL1145-O is used as cover sheet. The results of the models 

with the exact properties of the aluminium cover sheet were similar with the other results. 

 

For the viscoelastic peel models (with an elastic-perfectly plastic cover sheet), it was observed 

that the peel force increases with increasing peel velocity. However, the peel force becomes 

constant after a certain high value of the peel velocity. Furthermore, a higher peel force could 

be obtained for the same fracture toughness by increasing the value of K and decreasing the 

values of δ0 and δf. Therefore, the fracture toughness could not be calibrated with certainty. 

However, it is reasonable to state that the fracture toughness varies between 300-500 J/m². 

Only the strong curvature in the experiments could not be obtained in the numerical models. 

However, the deviation from the experimental curvature is not that big. In general, it was 

concluded that the numerical, theoretical and experimental results of the peel test are in good 

agreement.
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