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Zusammenfassung 
 
Horst Knoop 
 
Thema der Masterthesis  

Numerische Simulation des Versagens geklebter Faserverbundbauteile unter Benutzung 
der Cohesive Zone Methode 

 
Stichworte 

Faserverbundtechnologie, Klebefügung, Cohesive Zone Methode 
 

 
Kurzzusammenfassung 

Das Ziel der vorliegenden Arbeit ist es, das Versagen einer geklebten Verbindung aus 
Faserverbundbauteilen zu simulieren. Die Simulationen sind diesbezüglich unter 
Anwendung der Cohesive Zone Methode mit dem FEM-solver Nastran (SOL400) am 
Standort von Airbus Defence & Space in Manching durchgeführt worden. Im Rahmen 
einer Validierungspyramide werden unterschiedlich komplexe Strukturen nichtlinear 
analysiert und mit dem Verhalten getesteter Prüfkörper verglichen. Dabei wird die 
ingeneursmäßige Tauglichkeit der Methode unter anderem im Hinblick auf die 
benötigten Rechenzeiten und der Analysequalität untersucht.   

 
 

Abstract 
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Title of the paper 

Numerical Simulation of failure of adhesively bonded composite parts using the cohesive 
zone method 

 
Keywords 
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Abstract 

The present work aims in the proper simulation of failure of adhesive composite joints. In 
this regard, the simulations are executed using the cohesive zone method implemented 
in the FEM-solver Nastran at the site of Airbus Defence & Space in Manching. In the 
context of a validation pyramid, structures of different complexity are nonlinearly 
analyzed and afterwards compared with the behavior of tested specimen. In the process, 
the suitability of the method for the engineering sector is studied by evaluating amongst 
others the required computing costs and the quality of analysis.  
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Task: 

- Literature research to the calculation of adhesively bonding failure by cohesive 

zone elements (CZE) 
- Investigation on the Influences of material parameters: Which material 

parameters are necessary for cohesive zone elements? How are these 

parameters employed in the FE-model? Which tests can be performed to 

determine and adapt the material parameters? 
- Nonlinear FE-Analysis of coupons, substructures and component parts (EF-

airbrake) by cohesive zone elements 
- Description and evaluation of the FE-models (types of elements, meshing, model 

parameter) and of the nonlinear calculation processes 
- Visualisation and discussion of the simulation results 
- Comparison of the simulation results with the results of testing 
- Basic statements of failure behaviour of adhesively bonded composite parts 

- Supplementary notes to additional influences as temperature and fatigue loading 

The work of Mr. Knoop shall make a contribution to develop a reliable method of calculation 

and stress analysis of large adhesively bonded composite parts. 
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1 Introduction

1. Introduction

This work deals with the numerical simulation of adhesively bonded composites using the

Cohesive Zone Method (CZM).

For that purpose the work delivers at �rst an introductory overview of the current situation

before the contents and the objective of the work are presented.

1.1. Current Situation

Traditionally aircraft have been mainly manufactured out of metallic materials. Aluminum

and its various alloys have been a proper material to design aeronautical structures as a

good possibility of lightweight construction for decades.

On account of the rising requirements to the economic viability of aircraft, engineers

are willing to reduce the basic weight further. In respect thereof suitable materials for

aeronautical engineering have to combine a low density with good mechanical properties.

Carbon �ber composite (CFC) satis�es these two characteristics outstandingly. Chie�y

it has excellent strength properties and possesses in the same time a lower density than

aluminum alloys. Further bene�ts of CFC are the resistance to corrosion and the positive

fatigue performance during continuous loading.

Considering CFC as an orthotropic material, structural parts can be modeled the way

that the mechanical preference direction of the material points along the same direction

as the main loading path. This possibility leads at a proper dimensioning to a maximum

utilization of the installed materials.

Nowadays the named advantages of CFC result in an increasing use in the aeronautical

�eld. Nevertheless, the use of composites generates some new and almost unexplored

problems. Using carbon �ber reinforced plastics (CFRP) in aircraft structures, promises

of weight reduction of 20% to 30%, which have been given from the very �rst, are not

kept according to [7]. The reasons for that are various.

The inexperience in the optimal use of composites forces to thicken critical parts of the

aircraft structure to guarantee the necessary safety factors.

Apart of it, the anisotropy of composites requires generally high engineering and con-

structional e�orts and thus it leads to high expenses for the original equipment manu-

facturer (OEM).
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In the evaluation of the composite utilization the joining of parts gets a particular sig-

ni�cance. In general composite parts are manufactured most often using an integral

construction method, like for example the Co-curing method, where several adherends

are adhesively joined and cured together in an autoclave [32].

Anyhow there are plenty ambitions to apply the di�erential construction technique, be-

cause of the following reasons.

First the use of the di�erential construction method improves the e�ciency of mainte-

nance, because smaller parts can be exchanged. Secondly the manufacturing process

can be regulated more variable with the re�ned segmenting and can be outsourced more

easily. These two major reasons provide an important need of developing good joint

concepts for several interfaces.

The conventional method of joining in the aeronautical �eld is riveting. While metallic

materials, like aluminum cope quiet well with a perforated design of the joints, due to

their plasticity properties, composite materials like CFC are not appropriate for the riv-

eting method. The holes which would be needed for a riveted or a bolted joint, destroy

the high loaded �bers of the composite material. To obtain the necessary stability and

strength nonetheless, the composite parts at riveted or bolted interfaces have to be de-

signed much thicker than the rest of the composite structure, which would controvert

the aspired lightweight dimensioned joint.

Adhesive bonding represents a suitable alternative of joining composites in a lightweight

construction method [13]. That is the reason why its popularity rises enormously in re-

cent days. For example, in the A380, adhesive bonding methods are applied already in

nearly every part of the aircraft.
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Figure 1.1: Application of adhesive bonding technologies at the Airbus A380 (s. [6])

In contrast to the previously stated joint methods, adhesive bonding provides an approx-

imately continual load transmission. Thus, in present days there is high investigation

in searching suitable adhesive material and adhesive methods for the engineering sec-

tor. At the same time, the knowledge about adhesives is assembled, so that studies are

conducted to predict adhesive behavior more accurately. This is also the aim of this

thesis.
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1.2. Contents and Objective of this thesis

This thesis engages in the modeling and the simulation of adhesively bonded composite

parts, to contribute to the extensive present investigation on adhesive bonding.

The main task of the present work focuses on the veri�cation, if diverse adhesively

bonded composite parts can be accurately modeled on di�erent levels of complexity. At

the same time, the work shall provide information about the required computing costs in

order to determine the signi�cation and the reasonability of simulating large components

using the cohesive zone method.

In the process, the components to be studied are parts of a validation pyramid shown

in �gure 1.2. It uses an iterative validation process to �nally validate a large complex

adhesively bonded structural component at the example of an airbrake.

The pyramid has been established within the project �HAP1000: Structural Adhesive

Bonding Technologies and Demonstrator� in the superordinated project �Advanced Aero-

nautic Structures� at Airbus Defence & Space in Manching. The greater project includes

studies in modern and promising structural technologies of the aeronautical �eld for up-

coming design requirements.

Figure 1.2: Method of validating complex adhesively bonded CFC-structures

Horst Knoop - HAW Hamburg 4



1 Introduction

The main vertical division of the pyramid represents the di�erence of a basis of real ex-

perimental tests on the blue left hand side and a basis of analysis, delivering the virtual

reproduction via a model using the �nite element method (FEM) on the red right hand

side.

This comparison of virtual simulation and the real component behavior during testing is

absolutely necessary for the certi�cation of structural parts. In the CS-25.307 the EASA

speci�es for large airplanes that �structural analysis may be used only if the structure

conforms to that for which experience has shown this method to be reliable� according

to [29]. Furthermore it indicates that �in other cases substantiating tests must be made

to load levels that are su�cient to verify structural behavior up to loads speci�ed in CS

25.305�.

Corresponding to this statement, tests for validating components are unavoidable to ob-

tain the necessary experience of their structural behavior. But on the other side it is

reasonable to develop a reliable validated structural model, so that later on experimental

testing expenses can be reduced by having a structural model, which is able to accurately

simulate also the behavior of slightly modi�cated components[28].

This work promises correspondingly to verify the created virtual analyzed models by check-

ing their results as often as possible against results of experimentally tested equivalent

specimens.

From the bottom to the top of the imaged validation pyramid, the complexity of the

structural parts rises level wise simultaneously for both sides. It is up to the employed

executing team to determine which and how many necessary sub-steps and sub-levels to

complete to su�ciently validate the �nal component at the top of the validation pyramid.

In this process the pyramid arranges four di�erent levels from coupon level to full scale

level. Once a level is completed, the following higher level can be studied.

The coupon level at the basis of the validation pyramid deals with pure material aware-

ness. This means that all necessary material data needed for the �nal component is

gathered independently of any structural geometry. On the one hand side, this stage

includes material tests which give characteristic information about a material, on the

other hand these characteristic material information must further on be prepared for the
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application in the computer based models.

Once all necessary material information are available, the element level of the pyramid

can be focused. In this level geometrically small and simple models are created on which

the gained material information are implemented. Basic model parameters are set and

de�ned for the following steps of the pyramid, while all relevant model parameter are

evaluated critically. If the parallel executed experimental tests verify these models, the

detail level can be focused.

In this higher level of the pyramid more complex structures are analyzed and this level

thus forms an intermediate step to the full scale level at the tip of the pyramid. Funda-

mental for this step is, among other things, the evaluation of the analysis size, because

in the related proportion �rst estimations of the size of the �nal model can be done.

At the tip of the pyramid an entire complex structural component is validated by the

presented method. In the studies of adhesive joint analysis within the project HAP1000

an adhesively secondary bonded airbrake represents the �nal structural component.

Figure 1.3: Present di�erential riveted hybrid airbrake model (CFC & metal) (s. [32])
(left) / Proposal of a fully adhesively bonded CFC-airbrake-model in dif-
ferential construction method (s. [32]) (right)

Figure 1.3 maps the graphical model of the existing and integrated airbrake on the left

hand side while on the right hand side a simple proposal for a fully adhesively bonded

CFC-airbrake-model using the di�erential construction method is presented.

The proposal of the fully adhesively bonded CFC-airbrake-model is also named the �a-

model� where the structural concept of the serial produced airbrake remains unchanged

and where only materials already certi�ed for the aircraft industry are used [32].
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The material information are given via several tests of speci�ed cooperating partners and

previous investigations on the adhesive joint project, within this thesis. Thus, after a

theoretical introduction in the subject is given, this work starts with the implementation

of the material data into numerical FEM-models. Subsequently the primary focus of

this work stays on the simulation of models on the element and the detail level of the

validation pyramid.

In the end of the thesis the results shall be summarized and critically discussed.

In this work only the solver MSC Nastran V2014 R1 is used. This version of MSC

Nastran o�ers the possibility of cohesive zone modeling (CZM) as well as advanced con-

tact modeling methods, which both form essential conditions for the creation of the

adhesively bonded component-models in this work.

Additionally MSC Nastran is presently according to their own statement [3] the worldwide

most used FE-solver for structure analysis in the areas statics, dynamics and acoustic.

The pre- and post-processing of the virtual models is performed with Hyperworks 13.0

and to some extend with Patran 2014.
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First of all, the related theory to the subject is explained. All theory and literature review

of this thesis which is necessary to understand the adhesive behavior and its modeling is

�tted in this section.

As this work is exclusively about the mechanical loading of adhesively bonded joints,

the �rst subchapter 2.1 describes these. Especially simpli�ed analytical approaches of

adhesive dimensioning is stated in the subsection 2.1.3.

The analytical equations of theory have due to their stress stress nonlinearity and for

a suitable use in complex structures to be transformed into a numerical model. The

numerical model is established and analyzed by the method of �nite elements and thus

the following subchapter 2.2 presents the Finite Element Analysis (FEA). The FEA is the

most frequently used engineering tool to analyze complex solid structure components.

Since the FEA is realized by the solver MSC Nastran V2014 R1, this subchapter exclu-

sively shows the herein available methods of adhesive modeling.

Additionally to the local discretization implemented by the FEA, a temporal discretization

in a structure simulation is necessary, if it comes to nonlinear structural e�ects, as they

appear in failing adhesively bonded components. For this purpose an overview about lin-

ear and nonlinear mechanical structure analysis is attached to this thesis in the appendix

A.2.

2.1. Adhesive joints

Adhesive joints are playing an evermore important role in the �eld of lightweight con-

struction. Most of all, the use of composites bene�ts the structural adhesive bonding

technology bringing up an increasing investigation in adhesive joining in present days.

While on the one hand, the weight of mechanic fastener and additional necessary mate-

rial doubler at a joint position can be saved, on the other hand few potential spots for

damage initiation exist using an adhesively bonded joint. The breadth-wise homogeneous

load transfer is the reason for this.

As a permanent bonding method, we di�erentiate adhesive joints according to their ge-

ometrical appearance.
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2.1.1. Design of adhesive joints

Since a light weight design bene�ts generally the use of thin planar sheets, the most

common geometrical con�gurations of adhesively joining thin sheets are imaged in �gure

2.1.

Figure 2.1: Con�gurations of adhesive joints (s. [11])

The presented basic con�gurations of adhesive joints do all have an important position in

the adhesive joining technology, because each con�guration shows up its own particular

qualities.

While the single- and the double-lap joint comparably show a low e�ort in �tting and

pre-treatment, the scarf and the stepped-lap joint persuade with much better strength

properties, as the Hart-Smith-diagram (s. [8]) demonstrates in the appendix A.2.

In the diagram the adhesive joint strength is plotted over the adherends thickness. Fur-

thermore, the diagram gives an idea of which part of adhesive and adherend is the critical

part of the joint.

The failure types of adhesive joints are hence discussed in the following section.

2.1.2. Failure types of adhesive joints

The typical kind of failure for each joint con�guration is named in the Hart-Smith-

diagram. Proper dimensioned scarf joints tend to bring up such a high strength that

the failure occurs mostly in the adherends next to the joint area. According to [43] this

is explained by the stress distribution in the adhesive. At a large scarf angle the normal

adhesive stresses �n are transferred into shear stresses �shear proposing the ideal loading

condition of an adhesive joint. In general the peeling caused by normal stresses, counts
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namely as the critical loading of an adhesive joint according to [40] and [43].

Thus, adhesive joints should be preferably designed for shear loading and design solutions

should be respected to avoid any peeling behavior.

The possible failure modes of an adhesive joint at the example of a single-lap joint are

simpli�ed depicted in �gure 2.2.

Figure 2.2: Di�erentiation of failure modes of an adhesive joint

A possible way for adherend failure, as it is usual for scarf joints, is illustrated at position

(c).

If the joint itself is the critical part, the failure may basically occur in form of cohesive (a)

or adhesive (b) failure. Cohesion describes the chemical bonding forces of atoms within

one material. It is signi�cant for a cohesive failure that the crack propagates through

the adhesive layer. Thus, the material parameter of the adhesive forms the problem.

Adhesion in contrast de�nes the contact forces between molecules of two di�erent sur-

faces. The adherend separates directly at the interface to the adhesive layer when an

adhesive failure occurs. By the use of proper surface pre-treatment of the adherends the

adhesion properties of the joint can be improved.
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2.1.3. Analytical approach of cohesive stress determination in lap joints

The analytical approach of describing an adhesive joint is presented herein to show that

its precise determination can raise already at very basic geometrical structures to a

vast challenge. In this way, this chapter promotes already the nowadays suitable use

of the numerical approach via Finite Element Method (FEM) even for the analysis of a

geometrical simple adhesive joint.

There are various analytical approaches to analyze the stress and strain distribution in an

adhesive layer. The most basic approaches are mentioned in the following subsections

2.1.3.1 to 2.1.3.3. The type of the adhesive joint geometries, the multiple possible loading

conditions and the variety of di�erent materials for adhesive and adherends in�uence the

adhesive behavior crucially.

The majority of analytical adhesive models in the literature are two dimensional [17]. The

appendix A.1 lists a variety of analysis approaches for adhesive models of two-dimensional

single- and double-lap joints. Corresponding to [17] the challenge of some listed models

increase so far that no analytical closed-form solution exists yet, though all models are

two-dimensional simpli�cations. In those cases, a numerical solution has to be pursued.

Figure 2.3: Simpli�ed deformation models of a single-lap joint: rigid adherends (a)
according to [17], elastic adherends (b) according to [17] and model re-
specting the eccentric load, with elastic adherends (c) according to [11]
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2.1.3.1. Rigid adherend stress analysis

If a lap joint is loaded on tensile forces P only, as it is shown in �gure 2.3, the simplest

linear elastic approach of two-dimensional stress analysis models according to [17] is to

pretend that both adherends are rigid and that the adhesive deforms only in shear (model

a).

This would result in a constant averaged shear stress �r igidadherend along the overlap

length ljoint and the width b of the adhesive layer along the equation (1).

�r igidadherend =
P

b � ljoint
(1)

Indeed, this analysis is a simpli�cation, which is just appropriate, if the adherends can be

considered as rigid.

In other cases a di�erent analytical approach should be chosen to determine the stress

distribution in the adhesive layer. Though, the equation (1) can still be used in all cases

to determine the mean shear stress in an adhesive layer.

2.1.3.2. Volkersen's analysis

A further analytical approach of adhesive dimensioning under the same loading conditions

shall be presented next. The approach is an elasto-static analysis of an adhesive lap joint

along Volkersen according to [13]. In contrast to the just stated approach, Volkersen

respects the elasticity of the adherends in length direction (x-direction) in his analysis

(�gure 2.3 b).

In order to develop the shear stress distribution the equations of the balance of forces,

the kinematic relations and the law of elasticity form together a homogeneous di�erential

equation of second order, which has the following solution:

�V olkersen(x)

�r igidadherend
=
�

2
�

cosh( ��x
ljoint

)

sinh( �
2
)

�
(1�  ) � sinh( ��x

ljoint
)

(1 +  ) � cosh( �
2
)

 (2)

� de�nes a characteristic adhesive factor and  de�nes the sti�ness relation of both

adherends. The e�ect of Volkersen's analysis is, that the shear stresses in the adhesive

are dependent on the length variable x of the adhesive layer and they increase strongly

towards the adhesive edges. These stress peaks at the edges x = ljoint=2 shall be named

�i ;max .

A corresponding shear distribution over the adhesive overlap length is mapped in �gure
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2.4.

Figure 2.4: Shear stress distribution in a bonded single-lap joint resulting out of Volk-
ersens analytical approach pursuant to [11]

With the two simpli�cations that both adherends have the same material and geometric

properties and that the joint length exceeds a critical value ljoint;cr it , the following equation

o�ers to calculate the maximum shear stresses �V olkersen;max at the adhesive edges:

�V olkersen;max =
P

b
�

√
Gadhesive

2 � Eadherend � tadherend � tadhesive
(3)

This is possible because if a certain overlap length is exceeded, the stress maxima at

the adhesive edges don't decrease anymore and stay at a constant level with a further

increasing overlap length. Thus equation (3) becomes independent of the overlap length
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ljoint and is valid if ljoint > ljoint;cr it , with:

ljoint;cr it =
5√

Gadhesive �2

Eadherend �tadherend �tadhesive

(4)

The main restriction for Volkersen's analysis model is that the eccentric load path of

a SLJ (image c in �gure 2.3) is not considered, meaning a disregard of the occurring

peel-stresses in the adhesive layer. Thus, Volkersen's theory is mainly appropriate for

DLJ models according to [13].

An eccentricity of the load path leads at the example of the SLJ to a de�ections of the

adherends. In the wake of this bending e�ect at the adhesive joint, peel stresses are

caused corresponding to [43].

According to [9] and as the Hart-Smith-diagram demonstrates, the peel stresses form

a main problem in SLJ failures and should thus be considered, by choosing a di�erent

analytical approach for the proper description of SLJs.

2.1.3.3. Further two-dimensional analysis

J.W. van Ingen and A. Vlot wrote a report about further two-dimensional stress analysis

theories of adhesively bonded single-lap joints (s. [12]) in which the eccentricity of the

load path is respected (�gure 2.3 c). Theories thereby considering the peel stress dis-

tributions in the adhesive layer are for instance the Goland/Reissner approach and the

Hart-Smith approach. The di�erential equation for shear and peel stress of these theories

are solved in [12] and shall just be referred to in this way.

Finally, the peel stress distribution in an adhesive lap joint possesses stress maxima at

the adhesive edges due to the elasticity and the eccentricity of the adherends according

to [13].

In contrast, advanced theories of adhesive stress determination on lap joints determine

that the shear stresses at the adhesive edges are equal to zero pursuant to �gure A.3 in

the appendix. Anyway, also the advanced consideration of the shear stress distribution

depicts the shear stress maxima of the adhesive layer close to the adhesive edge. Thus it

reveals that the shear stress distribution has high stress gradients close to the adhesive

edge, analog to the peel stress distribution.

In the end it has to be summarized that there has not been found an ultimate approach
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yet to completely determine the adhesive stress consideration for any adhesive lap joint.

Thus, the basic analytical approaches presented (mean stress determination (equation

(1)), Volkersen analysis) are often employed in practice.

A possible analysis of scarf and stepped-lap joints is proposed by the ESA in [9].
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2.2. Finite Element Analysis (FEA)

In cases where the analytical approaches of structure analysis are not existent or su�cient

anymore, the Finite Element Analysis (FEA) is often suitable. Advantages of the FEA are

its universal utilisability on diverse complex structures and its ability to show graphically

excellent results and to help the user to understand complex problems.

2.2.1. Background of the FEA

In practice we try to reproduce reality as accurate as possible. Virtual models often help

in this regard using modern computing power to approximately reproduce real situations.

In favor several steps of model creation have to be completed one after another (s. [18]).

In all the mentioned steps of model creation in image 2.5 the model becomes more inexact

by accepting inevitable model faults. These faults should be kept as small as possible

and have to be taken into account by judging �nal results of modeling.

Figure 2.5: Process of model creation: reproducing the reality via a virtual model

The �rst step is the creation of the physical model where the user has to de�ne all

physical relevant in�uences which are taking e�ect on the regarded structure (de�nition

of mechanical or thermal problem or both, etc). The user himself has to decide which

physical factors are relevant for his model and which physical factors may be negligible

small from case to case. It often makes sense to reduce the real occurrence in the �rst

step already in order to facilitate the model and thus, to save engineering costs.
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In a following second step, the user formulates analytical equations out of the physi-

cal factors which are in�uencing the model. The previous chapter (2.1.3) shows basic

approaches for this purpose. Thus, the reality is reduced to an analytical model. De-

pendent on the kind of problem, the type of analytical equation may di�er. Nonlinear

problems, as we have got with the elastic-plastic deformation of an adhesive, are often

described by dint of di�erential equations.

The next step of modeling is to discretize the analytical equations and to form a nu-

merical model. For solid bodies the discretization is commonly processed by the �nite

element method (FEM), for �uids (liquid and gases) by the computational �uid dynamics

method (CFD).

The FEM represents a physical problem by splitting an arbitrary structural solid body into

several sections, the �nite elements. This splitting can be executed in two di�erent ways

leading to two di�erent kind of element meshes. On the one hand, a structured Carte-

sian mesh can be build up (�gure 2.6), dividing the solid body into multiple rectangle or

cuboid elements. On the other hand, the solid body can be meshed unstructured by using

triangular elements, tetrahedron elements or combinations of di�erent element forms.

Figure 2.6: Di�erent types of mesh structures for FEM and CFD; structured mesh
(left), unstructured mesh (right) according to [45]

In addition to the elements nodal points, the gridpoints, are created automatically within

a FEA, whereat each of these two objects has its proper meaning for the analysis.

The constitutive discretized equations are solved within an FEA corresponding to [18]

at the nodal points situated at the corners or edges of the �nite elements. In a three-

dimensional model there are six equations for each nodal point (one for each translational
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and one for each rotational degree of freedom). Summarizing up, the amount of nodes

and with it the amount of degrees of freedom de�ne the number of equations having to

be solved for a FE-model.

The �nite element, its kind, its property and its material is de�ning the kind of equation

solved between the nodal points. In the following sections the most important element

types for composite and adhesive modeling are presented. The explanation of the ele-

ments is based on the FE-library of MSC Nastran 2014 (s. [2]).

The local discretization is dependent on the element type. It represents local linear ap-

proximations of the constitutive equation for linear elements, which are used exclusively

in this thesis. Thus, the element size should be adapted appropriately to the original ana-

lytical constitutive equations. In those local areas where the gradients of the constitutive

equation change much, a �ne element mesh is needed according to [18]

In reference to the constitutive equation of the adhesive stresses (s. �gure 2) this would

signify that the FEM-mesh over the adhesive layer has to be re�ned particularly at the

edges where local stress singularities are expected.

2.2.2. Composite Modeling

Composites are conventionally modeled mostly out of shell elements. The shell elements

correlate well with the commonly used planar analytical approach for composite analysis,

the classical Laminate Theory (CLT).

If thick laminates are modeled or a three dimensional load path is existent, MSC Nastran

recommends to use solid composite elements (s. [4]). Those solid elements are more

appropriate to re�ect the three-dimensional state of stress occurring in the laminate.

For the purpose of this thesis the composites are thus modeled by linear solid elements

(CHEXA) with eight gridpoints at the element corners. For the composite modeling in

Nastran a PCOMPLS-property card and the MATORT-material card are used.

Because solid elements generally tend to have an excessive bending sti�ness, a certain

amount of solid elements in elemental thickness direction is needed to predict the bending

behavior of the composite correctly. This would unfortunately lead to a large increase of

elements and gridpoints in the FEM-model and thereby to a crucial increase of computing

costs.

For this reason MSC Nastran o�ers the possibility of solid shell composite modeling (s.

[4]) where assumed strain functions correct the overly sti� bending behavior of the solid
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elements. Hence, thick composites can be modeled with this technique by using only few

composite elements in laminate thickness direction.

The solid shell composite elements represent the used element form to model composite

layers within this thesis.

2.2.3. Adhesive Modeling

MSC Nastran o�ers several methods to model delamination of adhesive joints. One

of the most promising methods is the Cohesive Zone Method (CZM) presented in this

subsection.

Further approaches for adhesive modeling with the ability for delamination modeling are

provided by the Virtual Crack Closure Technique (VCCT) and the Breaking Glue contact

algorithm. The bene�ts and disadvantages of every method are listed within this section in

order to understand why the CZM has �nally been chosen as the most suitable approach.

2.2.3.1. Virtual Crack Closure Technique (VCCT)

The VCCT originates from an energy based approach of Linear Fracture Mechanics

(LFM). It can be traced back to Gri�th' concept who stated that �for crack propagation,

the rate of elastic energy release should at least equal the rate of energy needed for

creation of a new crack surface� according to [1]. This means that the necessary work

to create a crack is compared with the existing strain energy in a structure.

In the VCCT the local nodal energy release rate is calculated by multiplying the forces

which keep the crack tip together with the crack opening in a speci�c distance behind

the crack tip.

This results in one major drawback of the VCCT. Corresponding to the stated concept,

the crack propagation is calculated with the need of an existing crack opening so that

there is no possibility to model the creation of new cracks according to [27]. Another

drawback of this method is that problems arise if multiple delaminations interact in the

same time (s. [19]).

Otherwise, positive experiences with the VCCT could be gained corresponding to the

literature in the accurate prediction of adhesive failure. For instance Song et al. compare

in [44] numerical methods to predict adhesive failure at mixed-mode bending specimens.

The result of their comparison is that the numerical VCCT-method re�ects the analytical

approach of the adhesive failure very well.
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2.2.3.2. Breaking Glue

A further possibility to model delamination within MSC Nastran is the Breaking Glue

contact method. While the VCCT did use an energy based approach, the Breaking Glue

algorithm bases on a simple stress criterion.

(
�shear

�max;shear

)expshear + (
�n

�max;n

)expn � 1 (5)

By using this approach, contact constraints are created between two adherends. Ac-

cording to [1] and [2], the contact constraints base on the Node-to-Segment contact

algorithm in which the nodes of one adherend are constrained to the nodes of the other

bonded adherend. The contact constraints are modeled in form of multi-point constraints

(MPCs), which restrict the displacements of the touching adherends by de�ning addi-

tional equation in the constitutive equation of the models.

The relative simplicity of this approach leads to a fast computing time of the nonlinear

analysis. Another advantage of the Breaking Glue method in MSC Nastran is that the

user can de�ne the exponents in the stress criterion so that the speci�c in�uence of

normal and shear stresses can be varied.

A disadvantage is that the Breaking Glue algorithm does not permit to model the soft-

ening of the adhesive, which occurs in the highly loaded areas of adhesives according to

[9]. A corresponding analytical approach, which takes the material nonlinearity of the

adhesive into account is for instance the Hart-Smith's analysis according to [17]. An ap-

propriate numerical model, which takes the material nonlinearity into account is supplied

in MSC Nastran by the subsequently presented Cohesive Zone Method.

2.2.3.3. Cohesive Zone Method (CZM)

Corresponding to [27], the concept of the cohesive zone method bases on Damage Me-

chanics. Its origins go back to Dugdale, Barenblatt and Hillerborg. Hillerborg introduced

a tensile strength concept into his model allowing existing cracks to grow and even new

cracks to arise. This is the most important improvement towards the VCCT-method. In

addition the CZM combines a similar stress criterion as used in the Breaking Glue algo-

rithm with an energy based approach allowing to model an adhesive damage behavior.

Cohesive Zone length and cohesive element size

The Cohesive Zone Method describes the use of interface elements, also called cohesive
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zone elements (CZE) modeled between two surfaces at places where a delamination may

arise. Delaminations may occur for instance between two adhesively bonded parts or

inside a composite laminate. The delamination process of the CZM bases on a softening

placticity zone, also called cohesive zone (CZ) as shown in �gure 2.7.

Figure 2.7: The cohesive zone is situated between the crack tip and the point of
maximum traction in the interface layer (s. [25])

In this cohesive zone the interface elements deform plastically, while the rest of the

interface elements outside of the cohesive zone deform elastically. The cohesive zone

interface elements in MSC Nastran can be modeled three-dimensionally as well as pla-

nar with zero-thickness. Since only three-dimensional cohesive zone interface elements

(CIFHEX-elements) are used for the modeling in this work, an equivalent element is

shown in �gure 2.8.

Figure 2.8: Three-dimensional cohesive zone ele-
ment, with normal (n) and shear (s,t)
directions

�n = un;top � un;bottom (6)

�s = us;top � us;bottom (7)

�t = ut;top � ut;bottom (8)

�res =
√
h�2ni+ �

2
s + �

2
t (9)
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The zero-thickness element has the same behavior as the three-dimensional interface

element, with the di�erent that the initial thickness in normal direction n is zero. This

makes it handy to insert the CZE in large existing FEM models which did not consider

adhesive delaminations before.

As mentioned in the advanced analytical approaches in subsection 2.1.3.3, the elas-

ticity and the eccentricity of the adherends lead to shear and peel stress maxima close

to the edges of an adhesive layer in the cohesive zone. Hence, both stress distributions

exhibit high stress gradients in this area. These high stress gradients require a minimum

cohesive zone element length to predict the structural behavior accurately.

Previous studies according to A. Turon et al. (s. [25]) form an approach to determine

the greatest possible cohesive zone element length lCZE by the length of the cohesive

zone lCZ to still obtain accurate results.

lCZ = M � E �
GIC

�2max

(10)

In this context, E is the transverse modulus of elasticity of the adhesive, GC the critical

energy release rate, �max the maximum interfacial strength and M is a factor varying

between 0,21 and 1, depending on the chosen approach of cohesive zone length estimation

corresponding to [25]. For the most common approaches M is close or equal to M=1.

According to [24], the given approach can be chosen for determining the cohesive zone

length for either pure normal or shear loading.

For the case of pure shear loading, the critical normal energy release rate GIC and the

maximum normal interface strength �max are just exchanged by the critical shear energy

release rate GIIC and the maximum shear interface strength �max;shear .

[25] recommends to place at least 3 CZE in the cohesive zone to predict the delamination

behavior accurately, so that:

lCZE =
lCZ
3

= M � E �
GC

�2max � 3
(11)

Pursuant to [25], the resultant cohesive mesh size should for the modeling of typical

graphite-epoxy composite adherends be smaller than 0,5mm. This would result to prac-

tical intractable problems for large structures.

In order to decrease computing costs and thus the amount of elements in an analysis,

[25] presents a complementary approach to coarse the CZE-mesh further. It bases on
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equation (11) and proposes to increase the CZE length lCZE by reducing arti�cially its

critical maximum traction �max .

However, if pure shear loading (Mode II, Mode III) is present, [25] and [44] detect an in-

sensitivity of the CZE-mesh towards the strength of the simulated adhesive joint. Hence,

the increase of the CZE-size primarily has an e�ect on the delamination, if the CZEs are

loaded on peel conditions (Mode I).

Material law for CZE

In general, a cohesive zone interface element relates its interface stresses � to the el-

emental opening displacements � in form of traction-displacement laws. The opening

displacement of a CZE can be determined by subtracting the displacement of two op-

posed element surfaces along equation (6) to (8).

There exist several kinds of the traction-displacement laws, as for instance a bilinear,

an exponential or a linear-exponential. The most widely used traction-displacement law

is the bilinear one which is the used adhesive material law in this work and thus presented

in �gure 2.9.

The relevant material values for a CZE are named in the depicted bilinear-traction-

displacement law.

Horst Knoop - HAW Hamburg 23



2.2 Finite Element Analysis (FEA)

Figure 2.9: The bilinear traction-displacement law

The bilinear-traction law of a CZE is divided into two linear parts.

The �rst part represents the linear-elastic material behavior of the adhesive, while the

second one describes the plastic material behavior. Therefore the elastic material behavior

occurs up to a maximum traction �max in the CZE. At this point the CZE has a critical

opening displacement �c . A further element opening than �c initiates the plastic material

behavior.

Next to the stresses and the element opening displacements, the element sti�ness K

is described in the material law. If a point on the bi-linear traction law represents the

present stress state of a CZE, the straight line connection to the point of origin shows

its present sti�ness Kt
pl .

Kt
pl =

Et

thCZE
� � = (1� d t) �Kel (12)

The element sti�ness remains constant at Kel as long as the present state does not

exceed the failure onset criterion at a maximum resultant traction �max .
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Once the failure onset criterion is exceeded, the plastic deformation starts and the el-

ement sti�ness reduces. The initial thickness of the CZE thCZE determines the CZE-

sti�ness with the relevant modulus of elasticity Et . A. Turon et al. propose this equa-

tion introducing the sti�ness factor � = 50. This sti�ness factor serves to provide a

reasonable element sti�ness without running into numerical problems (e. g. spurious

oscillations) according to their investigation (s. [25]).

The zero-thickness cohesive zone interface element would theoretically condition an

in�nite initial element sti�ness along equation (12) leading to the same numerical prob-

lems. Thus, a di�erent sti�ness estimation should be used for these two-dimensional

interface elements corresponding to [19].

Furthermore the critical energy release rate GC, also called fracture toughness, is de-

scribed by the surface underneath the traction-displacement-curve, and can thus be de-

scribed using the bi-linear material law as:

GC =
�max � �max

2
(13)

Once the stresses in the adhesive layer reach the critical stress level �max , the CZEs start

to dissipate energy and the adhesive deforms plastically. The dissipated energy at the

load increment t of the applied nonlinear analysis is demonstrated by the hatched area

in �gure 2.9. The remaining critical energy release rate reduces to the unhatched area.

The details for the executed numerical nonlinear analysis are explained in the appendix

in section A.2.2.

The above mentioned relevant material parameter for de�ning the material law of a

CZE are summarized in the table below:

Table 1: Relevant material parameter for a Cohesive Zone Interface Element (CZE)

Name Parameter Unit
modulus of elasticity (normal direction) E MPa
shear modulus G MPa
maximal stress in normal direction �max MPa
maximal stress in shear direction �max;s , �max;t MPa
critical energy release rate in normal direction GIC N/mm
critical energy release rate in shear direction GIIC N/mm
thickness of adhesive layer thCZE mm
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They are entered in MSC Nastran in form of the MCOHE-material card which is con-

nected to the CIFHEX-CZEs by using the PCOHE-property card. Within the PCOHE-

property card of the elements, the Newton-Coates/Lobatto integration scheme has been

chosen for the numerical determination of the constitutive equation referred to the rec-

ommendation of MSC Nastran (s. [2]).

Mixed-Mode loading of CZE

In general, adhesive layers may be loaded by three di�erent modes all of presented in the

following image.

Figure 2.10: Load conditions and associated failure modes for an adhesive layer: ten-
sile (Mode I); shear (Mode II, Mode III) corresponding to [42]

As mentioned, adhesive joints are preferably designed to transfer shear loading according

to Mode II or Mode III. Adhesive joints are, however, always exposed to a combined

modal loading where the above depicted load paths interact.

This leads to the fact that a single critical stress �max in one load direction is not su�cient

anymore to determine the failure onset.

Thus, according to [26] a mixed-mode criterion must be established when shear and

tensile stresses interact in the adhesive. A failure-onset-criterion which satis�es the

consideration of mixed-mode loading conditions is in compliance with [27] the quadratic

interaction criterion (QIC). It is also known as �Ye's criterion� and it is very similar to
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the stress criterion of the Breaking Glue algorithm (s. equation (5)):

QIC = (
h�i

�max

)2 + (
�s

�max;s

)2 + (
�t

�max;t

)2 = 1 (14)

If the failure onset criterion is reached, the damage propagation of the CZEs starts.

The damage of a CZE is expressed in Nastran via the scalar damage value d . Until

the point of failure onset is reached, this scalar damage value logically is equal to d=0.

Exceeding this failure onset criterion in a CZE, its damage value d increases and can be

expressed by the element opening displacements along equation (15) according to [27]:

d =
�max � (�

t
res � �c)

�tres � (�max � �c)
(15)

If the maximum opening displacement �max is reached by a CZE, its scalar damage value

rises to its maximum d=1. At that point the cohesive element sti�ness Kt
pl is decreased to

zero (along with equation (12)) and the delamination of the tied adherends is completed.

The material values of adhesives which are needed to �ll the constitutive laws of the

CZEs vary according to the di�erent modal adhesive behavior in shear and normal di-

rection. Out of these, traction-displacement laws can be created in a �rst step for pure

mode loading.

Since in practice most adhesive layers are loaded in a mixed-mode condition, a resultant

traction-displacement law is essential. The resultant opening displacement of a CZE

in mixed mode loading �res (pursuant to equation (9)) is a combination of an element

opening in normal (n) and both shear directions (s,t). (In the elemental normal direction

only a positive opening displacement is reasonable for delamination modeling so that the

Macaulay brackets hi are used.) The resultant bilinear traction law is constructed depen-

dent on the speci�c mixed-mode ratio �MixedMode (according to [27]) over the resultant

opening displacement �res :

�MixedMode =

√
(�s)2 + (�t)2√

(�s)2 + (�t)2 + h�ni
(16)

The resultant bilinear traction law for mixed-mode is displayed in �gure 2.11.

Horst Knoop - HAW Hamburg 27



2.2 Finite Element Analysis (FEA)

Figure 2.11: Resultant bi-linear traction law for a speci�c mixed-mode ratio

Since the mixed-mode ratio may change during delamination growth (according to [27]

and [44]) it is not reasonable to present one speci�c traction-law for a certain mixed-mode

ratio at a given point of the simulation. Instead, it is common to just representatively

show the pure mode traction laws in normal and in shear direction, as they can be created

out of the material tests.

As the CZEs just di�er between shear and normal loading (but there are three modal

loading conditions (�gure 2.10)), both possible shear modes are merged to one resul-

tant shear in the adhesive. The shear stresses of Mode II �s and Mode III �t are hence

combined to a resultant occuring shear stress �res;shear :

�res;shear =
√
�2s + �2t (17)

The subsequent chapter investigates the correct creation and validation of the bilinear

cohesive material laws.
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3. Determination and validation of cohesive zone

material parameter

This chapter is dedicated to show how adhesive material parameter are entered to the

bilinear cohesive material law of the CZEs in a FEM-model.

Once the de�nition of the CZE-parameter is set, the behavior of the CZEs shall be

veri�ed in the second section of this chapter through a pure mode test in form of the

Single Lap Shear (SLS) test.

3.1. De�nition of cohesive zone material parameter

The choice of the adhesive material input data for the CZEs is done with the aid of

adhesive material tests. For pure Mode I (tensile-loading) as well as for pure Mode II

and Mode III (shear-loading), suitable tests have to be chosen to obtain the necessary

material input of table 1.

According to [35], a Tinius Olsen H5K-S UTM tensile machine and an MTS univer-

sal testing machine can be used for the determination of the fracture toughness GC in

tensile and shear mode. The fracture toughness for the relevant adhesives in this thesis

have been taken out of the speci�ed document (s. [35]).

Typical tests for the determination of the modulus of elasticity E and the maximum

normal stress �max;n are bone sample tests or �at-wise tensile strength tests, whereas

lap-shear-tests are most often used to determine the shear modulus G and the maximum

shear stress �max;s .

These tests, however, bring up the material speci�c stress-strain laws which do not

print out the precise required input-parameter for the CZE material law. Thus, the de-

termination of the bilinear CZE parameter shall be discussed below at the example of a

typical shear stress-strain law for an arbitrary adhesive material as shown in �gure 3.1.

The European Space Agency (ESA) de�nes the commonly used ultimate and limit loads

in the aeronautical sector for adhesive materials at the material speci�c stress-strain law

corresponding to [9]. In doing so, the nonlinear stress-strain output of a test is usually

approximated by two linear curves (dashed lines). The ESA proposes several methods to

create the approximation of the original testing curve by the named two-part division.
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Figure 3.1: Typical shear stress-strain behavior (continuous line), and linear approxi-
mation of the shear-stress-strain law (dashed line)

The recommended method pursuant to [10] is to take �rst the elastic gradient of the

stress-strain-curve for the �rst linear part to reproduce the material modulus correctly.

Secondly, the knee between both linear parts has to be determined. In this favor, the

recommendation for it is based on the strain recovery of the adhesive. Hence, the knee

represents the yield strength of the adhesive �y ield at the onset of unrecoverable defor-

mation.

According to [9], the limit load �l imit of the adhesive should be de�ned at this precise

point.

Ultimate load is reached at the highest possible stress on the curve, i. e. at the failure

stress �ultimate:

With reference to the used bilinear cohesive material law, the point of interest in

the approximated stress-strain-law is at the yielding strength �y ield , because at this point
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3 Determination and validation of cohesive zone material parameter

the unrecoverable plastic deformation starts. Thus, we de�ne the same point P(�c ,�max)

in the CZE-material law (s. �gure 2.9) for the onset of plastic deformation. The modulus

of elasticity E of the CZE-material is precisely de�ned by the gradient of the �rst part of

the linear-approximation.

Besides, the cohesive zone method respects a simple relation between the CZE-input

parameter corresponding to [36] for Mode I-:

GIC =
thadhesive � (�max)

2

2 � E
(18)

and for Mode II-loading:

GIIC =
thadhesive � (�max;s)

2

2 � G
(19)

Equation (18) and (19) consequently form a ratio of modulus E=G dependent on the

modal ratio of fracture toughness �2 = GIIC=GIC and on the modal stress ratio �1 =

�max;s=�max;n in the following way:

E

G
=
GIIC

GIC

�
(tmax;n)

2

(tmax;s)2
=

�2
(�1)2

(20)

On the one hand, MSC Nastran o�ers the input of only �ve CZE-material parameters at

the usage of the bilinear cohesive material law , so that the sixth one has to follow the

equation (20).

On the other hand, this relation o�ers a useful approach to verify the quality of the

chosen CZE-input parameters. The di�erent executed material tests of an adhesive

should thus result in a consistent solution of equation (20). If the executed material

tests do not conform in this regard, a selection of the CZE-parameters has to be found

which corresponds best to the real adhesive behavior.

Furthermore, it should be studied whether the numerical de�nition of the adhesive as it is

implemented in the CZM by equation (20), can also be determined for any real adhesive.
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3.2. Comparison of material tests and material simulation

The validation of the chosen material inputs for the CZM-models shall be done by com-

paring their stress-strain-curves with those of the material tests. Representative for a

typical pure-mode-model, the stress-strain-curve of the Single Lap Shear (SLS) speci-

men is analyzed. Some of the tests of the SLS have been executed at the university of

Landshut in cooperation with the Airbus Group (s. [34]).

Figure 3.2: The FEA model of a Single Lap Shear specimen according to [33] (the
loading of the model is done by the application of displacements in lon-
gitudinal direction); the cut out on the right shows a side view (xz) on
the adhesive layer; in the top left corner the test specimen of the SLS is
imaged

The upper depicted con�guration of the SLS-model (s. 3.2) is an adhesive single-mode-

model due to the following reasons. First, the adherends have a large thickness so that

their bending sti�ness is high. Secondly, the steel of the adherends has a much higher

modulus of elasticity than the adhesive. These two facts lead to the condition that the

model hardly shows any of the bending e�ects mentioned in �gure 2.3 (c). Additionally,

the relatively high tensile sti�ness of the adherends leads approximately to the model

simpli�cation of rigid adherents (a) in �gure 2.3.

Consequently, the shear stress distribution can be approximated by the analytical rigid

adherend model presented in subsection 2.1.3.1. In this approximation the shear stress

distribution �shear does not show any stress singularities at all, because the stress is esti-

mated as constant over the whole adhesive length ljoint .
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3 Determination and validation of cohesive zone material parameter

That there are no distinct stress maxima in the adhesive layer is numerically proven in a

FEM-model of the SLS with a re�ned adhesive mesh in the appendix B.1.

Thus, the adhesive shear stress can be approximated for the whole adhesive layer accord-

ing to equation (1).

The shear strain shear is equally averaged over the complete adhesive layer. The av-

eraged displacements u in longitudinal direction are for this purpose determined for the

adhesive top surface (utop) and for the adhesive bottom surface (ubottom). In consider-

ation of the thickness of the adhesive layer thadhesive, the averaged shear strain shear;xz

of the adhesive can be calculated as follows:

shear = arctan(
jubottom � utopj

thadhesive
) (21)

Within this section, two adhesive materials are presented, for which the suitability shall

be proven; the mixed EA9395-EA9396 paste adhesive, henceforth called �Mojo-Mix�, and

the EA9695 �lm adhesive. For both adhesives, material data is attached in the appendix

in table 7 and table 8 whereat the origins of the used material values are speci�ed.

These two adhesives have been chosen, because both will later be used in the testing and

simulation of larger components.

Their resultant bilinear-traction laws for tensile and shear mode are shown in the following

�gures:

Figure 3.3: Single mode bilinear traction-
laws of �Mojo-Mix� adhesive
on CLS-specimen

Figure 3.4: Single mode bilinear traction-
laws of Hysol EA9695 adhe-
sive on T-Stringer specimen

These bilinear-traction laws form the numerical material input for the CZEs in form of

Nastran MCOHE-cards in the models according to [2]. In this regard the used MCOHE-

cards for the representation of both adhesives are depicted in table 10 and 11 in the
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3.2 Comparison of material tests and material simulation

appendix. Also the applied PCOHE-property-card is speci�ed (s. 9).

The test and the simulation results of the SLS are subsequently presented for both

adhesives. In doing so the resultant stress-strain-curves are superposed to each other to

determine the suitability of the CZE-material input.

In �gure 3.5 and 3.6 the green colored stress-strain-curves represent the simulated re-

Figure 3.5: Shear-stress-strain-curve of
Mojomix (grey curves are
test results of SLS accord-
ing to [34]; green curve rep-
resents the FEM results)

Figure 3.6: Shear-stress-strain-curve of
Hysol EA 9695 (grey curves
are test results of SLS; green
curve represents the FEM re-
sults)

sult, while the gray curves represent the results obtained by the tests.

For both adhesives, the simulations provide good results for the elastic part of the ad-

hesive behavior. The elastic behavior represents a very important part in the aircraft

validation process of a structure, because in the daily operation a structure should not

exceed the end of its elastic deformation (limit load). The elastic shear modulus which

is proportional to the gradient of the curves in the linear elastic area �ts well to the test

curves and the CZEs start to gain damage at their implemented yield strength.

Looking at equation (12) it has to be stated that the recommended sti�ness factor �

= 50 does not satisfy the elastic behavior of the adhesive model. Instead, the 50-fold

sti�ness of the model would reduce the elastic strain deformation of the adhesive and

thus, the simulated CZE-stress-strain-curve would not �t to the test-curves anymore. If

the deformation of the SLS is scaled up by the graphical scale factor GSF=1000, the

di�erent behavior can be visually identi�ed:
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3 Determination and validation of cohesive zone material parameter

Figure 3.7: Sideview of deformed SLS-model (graphical scale factor GSF=1000): in-
�uence of sti�ness factor � (left: �=50, right: �=1)

Thus, the cohesive models in this work have an implemented sti�ness factor �=1, in

opposition to the recommendation of [25].

The plastic behavior in contrast to the elastic behavior can not adequately be repro-

duced. For both adhesives, the tests plastically deform more than their corresponding

FEM-model. This may have two reasons. First, the fracture toughness GC of both adhe-

sives having been determined in [35] may not match the tested SLS-specimen. According

to [42], an enlargement of the fracture toughness parameter would bring the CZM-results

closer to the test results. It would lead in this regard to an enlargement of the plastic

deformation behavior depicted in �gure 2.9.

Secondly, the simulation using a bilinear CZ-material law is not intended to perfectly

reproduce the test stress-strain-curves which do not show the bilinear characteristics.

Instead, it is rather important to precisely predict the accurate failure load of an adhesive

joint. Since the stress-plots of the SLS are created by equation (1) for the test curves

as well as for the simulation curve, the failure load of the tests and of the simulation

correlate with each other.
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(CLS)

The Cracked Lap Shear specimen (CLS) shall be analyzed next. It satis�es the element

level representing the second level of the validation pyramid in �gure 1.2. At �rst glance,

the CLS-model may geometrically not look more complex than the previously presented

SLS-specimen.

Indeed, the CLS-specimen is constructed out of thin composite plates which allows a

bending e�ect due to the load conditions of the specimen. Thus, its adhesive layer

should sustain a mixed-mode loading condition.

The CLS-specimen has been chosen in this thesis for the element level of the validation

pyramid, because there have been already some previous investigation in the Airbus Group

company on this model. Hence, several test results and analysis results do already exist.

After a brief presentation of the specimen including its geometry and the used mate-

rials, the focus of the CLS analysis is put back to the comparison of the simulated

FEM-results towards the test results.

4.1. Geometry

In general, the CLS-geometry is based on four di�erent components depicted in �gure

4.1. There is one bottom plate, the strap covering the full length of the sample having

a thickness of 3,0mm. On top of it on the right hand side another 3,0mm thick plate,

the lap, is being �xed. The lap is shorter than the strap. While both plates end �ushly

at the right end, the left end of the lap is limited on the top surface of the strap. The

�xing between both plates is done by an adhesive layer, the bondline, of 0,3mm thickness

thadhesive. These three components are representing the adhesive joint in which the

failure is going to be induced. To control the start of the failure, the bondline is formed

in a zigzag shape on its left edge (pursuant to �gure 4.1) called the trigger.
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4 Investigation on the Cracked Lap Shear specimen (CLS)

Figure 4.1: CLS-specimen of tests (top) / geometrical dimensions of the CLS-
specimen (bottom)

For a better �xation in the mounting, there is a quadratic plate called clamping doubler

bonded on top of the left strap side. The clamping doubler thickens the sample on the

left side of the CLS so that both ends have a similar form and opening distance in the

mounting.

The load implementation in the model is done by an applied displacement along the lon-

gitudinal axis of the component. While the right bracket of the mounting remains at a

�xed position, the left bracket moves to the left side.

The whole sample has a uniform width of 50mm. Strain gauges are positioned on the

surfaces of the lap and the strap as speci�ed in �gure 4.1.

4.2. Material Properties

All the plates in the CLS-sample are made out of similar CFC-laminates. One laminate

is fabricated out of 24 unidirectional prepreg-layers, while every layer has a thickness of
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0,125mm according to [23]. The unidirectional layers are build up on top of each other

with a rotational angle of 45�. This leads to the following stacking sequence:

[(0=45=90=135)]3S

The unidirectional (UD) layers of these composites are made out of the carbon �bres of

the type �IM7� and an epoxy resin called �Hexcel 8552�. A material data sheet for an

unidirectional layer is attached in the appendix 12. The extracted material properties of

each unidirectional layer are shown in table 2.

Table 2: Material parameter of Hexcel IM7/8552 UD-prepreg according to [23]

Parameter magnitude
E11 160000MPa
E22; E33 9000MPa
G12; G31 4500MPa
G23 3215MPa
�12; �13 0,32
�23 0,4

For the adhesive layer the paste adhesive �Mojo-Mix� is used as studied in the previous

chapter 3 at the example of the SLS-specimen.

4.3. Test results

The considered tests of the CLS-specimens have been run at the university of Augsburg.

Corresponding to [20] it has been observed that a small o�set in normal direction appeared

at the clamping doubler while loading. The model was loaded by the application of a

displacement in longitudinal direction at the side of the clamping doubler. The travel

speed of the moved clamping bracket has been 2mm/min.
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Figure 4.2: failed CLS-specimen after loading

The failure of the specimen appeared at a machine travel of about 7,5mm, representing

a tensional force of Ftest;cr it = 55kN. Figure 4.2 shows the cracked CLS-specimen. The

reported test results are shown in �gure 4.3. Additionally [20] speci�es the quality of

failure, saying that the failure arises in the bond line at the trigger and that it propagates

for about 20mm. Afterwards the failure shifts to the �rst 0�-ply of the strap composite

plate and �nally propagates through this ply.

(a) Strain results of the �xed strain gauges (b) Load-displacement-curve of CLS test

Figure 4.3: Test results of CLS under tensional loading condition

The load-displacement curve shows some non-linearities during the �rst phase of loading

to about 3mm. These non-linearities result from the geometric non-linearity of the CLS

and from slipping e�ects at the clamping brackets. Having reached 3mm of applied dis-
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placements the CLS-specimen reacts linear until the failure of the CLS occurs.

With the aid of strain gauges, strain measurements could be recorded which are pre-

sented in �gure 4.3(a). The strain at top face of the lap reports much smaller strains

than the strain gauges at the strap faces, because the CLS has a much higher sti�ness

at that place due to its higher thickness. Additionally, the strain at the lap decreases

abruptly to zero at the point of failure initiation. Since the load of the specimen is not

transferred anymore through the delaminated part of the lap, the strain behavior of the

lap can be explained.

The strains on both faces of the strap di�er from each other. While the load is increased

permanently, the CLS-specimen starts bending slightly thanks to its excentricity. The

bending causes higher strains on the strap top face than on the strap bottom face. After

the appearance of the failure, this e�ect is not witnessed anymore, which means that the

position of the strain gauges is not subjected to the bending e�ect any further.

The abrupt change of the measured strains and the measured load indicate that the

delamination of the CLS has quickly been proceeded.

4.4. Simulation

In this place the FEM-model of the CLS will be introduced. The cohesive zone model

presents the major part of the CLS-investigation. A CLS-model using the Breaking Glue

contact approach is created as well whereat its results are attached in the appendix C.2.

Additionally, a mesh study with di�erent meshes of the adherends and the adhesive has

been conducted so that the in�uence of the element size on cohesive elements can be

studied further. The cohesive modeling parameters in MSC Nastran have been varied to

get an impression about their in�uences on the simulation.

4.4.1. Model speci�cation

The basic model of the CLS-specimen has an average element edge size of lE = 2mm

for the composite elements and for the CZEs. All the composite plates, strap, lap

and clamping doubler are modeled by two elements in the thickness direction of the

component. The adhesive layer is modeled with respect to its thickness thadhesive =

0,3mm equally to the SLS-model by three-dimensional CIFHEX-CZEs. As shown in

�gure 4.4, each node of the cohesive elements is connected directly with a CHEXA
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element node of the adjacent congruent composite plate. The lap composite elements

have been masked partly in order to get a better view of the CZEs positioned between

strap and lap. All in all, the basic CLS-model consists out of 13723 elements and 18354

nodes. 2097 elements are CZE with the nonlinear MCOHE-material, the remaining ones

are CHEXA composite elements with a linear-elastic material behavior.

The black triangles represent the clamping conditions in the model. The red arrows at

the element nodes at the side of the clamping doubler represent an applied tensional force

which is used alternatively to the applied tensional displacement constraint. In z-direction

(normal-direction) the clamping brackets apply negative displacements of 0,0063mm,

which represents 1 promille of the undeformed part thickness. This negative displacement

simulates the pressure of the clamping brackets.

Figure 4.4: CLS model created via Hypermesh

The yellow marks show the positions between which a strain gauge is �xed on the test

specimen. On the backside of the strap the third strain gauge is positioned. The strains

"straingauge of the CLS-model at the speci�ed strain gauge positions are calculated by the

printed displacements ustraingauge of the strain gauge front and end points (equation 22).
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dstraingauge de�nes the undeformed strain gauge length.

"straingauge =
ustraingaugef ront � ustraingaugeend

dstraingauge
(22)

4.4.2. Failure

Analog with the test results, the simulation results are plotted and printed in �gure 4.5.

The deformation state at an applied displacement of 0,5mm is shown on the left side

with a graphical scale factor GSF=10 which means that the shown deformation is ten

times as high as the calculated real deformation. The fully damaged CZEs are masked.

On the right side of the image, the strain and load result curves are printed over the

applied displacements in longitudinal direction.

Figure 4.5: Simulation of the CLS-model using the CZM. The state of deformation
is kept at an applied tensional displacement of 0,5mm

The observed bending deformation of the CLS can be explained by the theory of the

bending line of the model. At the position of the trigger, the lap sti�ens the strap on

the upper surface. The neutral axis changes at this position from the center line of the

strap to the surface between the strap and the lap, i. e. the centerline of the adhesive

joint. Reducing the load ahead of the joint to a resultant force P at the center line of

the strap, the change of the neutral axis leads to an arising bending Moment My at the

position of the bondline start (s. �gure 4.6).
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Figure 4.6: Explanation of the bending e�ect of the CLS through induced bending
moment My and change of neutral axis

The simulation of the nonlinear analysis can be displayed in form of a video in Hyper-

view, putting all nonlinear results for each load step behind each other. This makes it

comfortable for the user to register modeling e�ects, by parameter changings. Instead

of a sudden crack, the delamination progresses comparably slowly in the simulation of

the FEM-model.

The damage initiation and the damage propagation is presented in tabular form in the

appendix 14. The shear and normal tensions are printed over the increments of the sim-

ulation, for one speci�c CZE in the trigger tip.

To understand the signi�cance of CZE-size changings, the following subchapter is im-

posed.

4.4.3. Variation of FEM-meshes on CLS-CZM-model

There are six di�erently meshed CLS-CZM-models created within this work, as it is shown

in �gure 4.7.

Not only the element size of the composite plates and the adhesive layer, but also the

element type for the composite modeling are being varied to study their in�uence on the

computing time. While model one to four create the composites out of solid elements,

model �ve and six use a shell formulation for this purpose.
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Figure 4.7: CZM-models with element size and element type variation

The study of the element size is realized in account of the requested minimal CZE-

size agreeable to equation (11). Correspondingly the minimal required CZE-edge-length

follows for pure mode loading to the speci�ed values in table 3.

Table 3: Minimal required CZE-edge-length for pure tensile-loading (left) and for pure
shear-loading (right) along equation 11

lCZE;ModeI;min lCZE;ModeII;min

0,1mm 0,55mm

The average CZE-edge-length, the average composite element-edge-length and the amount

of elements in each created CLS-model are speci�ed on top of each image in �gure 4.7.

Model number four represents the basic model of the CLS as described on the previous. It

is the only model consisting out of congruent meshes of the adhesive and the composite

plates.

All the other models are created by the use of the contact algorithm of MSC Nastran in

order to combine a coarser composite mesh with a more detailed CZE-mesh. The reason

behind it is that the implementation of a coarse composite mesh and an as coarse as

possible CZE-mesh reduces the amount of degrees of freedoms in the model. Thus, it
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also reduces the computing time of the nonlinear analysis and thus, larger structures can

be analyzed.

Since the CZE-mesh typically requires a very �ne mesh in compliance with [25] and table

3, a rating of the model sensitivity related to the contact algorithm and the element sizes

shall be given in this section.

In the used contact algorithm the nodes of the touching body are �xed to the surface

of the touched body and it is insured to have no relative tangential or normal displace-

ment underneath the nodes of the contact along with [1]. The chosen contact method

is the conventional node-to-segment contact algorithm in MSC Nastran. According to

this method, multi-point-constraints (MPCs) restrict the displacement of the contacting

bodies towards each other.

The load-displacement-curves of the six presented models are compared to each other

as listed in �gure 4.8.

In general, all models provide quite similar failure behavior meaning that the mesh size

Figure 4.8: load-displacement-curves of di�erent CZM-models

e�ect of the CLS-model under the given conditions is not signi�cant.

The attached CIFHEX stress-output table 14 for the CZE 469208 in the appendix pro-

vides a possible explanation of these similar simulation results. It shows that this CZE

fails mostly because of shear loading.

At the increment where the regarded CZE starts to fail (d �0,01), the resultant shear
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stress �res;shear determined after equation (17) is elevated to �res;shear=32,8MPa. This

value is close to the critical de�ned shear stress of the Mojo-Mix adhesive of �max;shear=35MPa.

As a repetition, the theory states that a mostly on shear loaded adhesive layer is not

very sensitive to the CZE-size variation, which might explain the negligible in�uence of

the executed mesh-size variation.

The sti�ness and the point of failure of the shell composite models diverges slightly

from the solid composite models. The di�erent sti�ness results from the di�erent kind

of clamping conditions. In the solid models only the nodes at the top and bottom face

of the lap and strap are constrained what properly re�ects the reality of the tests. In

contrast the constrained nodes of the shell composite models are arranged at the mid-

plane of the lap and the strap. A graphical augmented visualization of this phenomenon

is attached in the appendix C.8 by using a high graphical scale factor for the fully delam-

inated CLS-model.

The strain curves of all the six regarded CLS-CZM-models are also provided in the ap-

pendix C.7.

While the results of the six cohesive zone models appear to be similar to each other,

there are signi�cant di�erences in the computational e�orts of these models. The dura-

tion of analysis for each model is listed in the table 4.

Table 4: Simulation time of CZM-models

model
identi�-
cation

average
composite
element
edge size
[mm]

average
CZE edge
size [mm]

sti�ness
update
time [s]

iteration
time [s]

wall time
(1800 in-
crements)

critical
force
[kN]

1. Solid 8,33 0,5 3 4,5 13h33min 30
2. Solid 4,15 0,5 10 5,5 16h 29
3. Solid 8,33 4,15 0,3 1,5 1h15min 30
4. Solid 2 2 1 9 19h18min 29
5. Shell 2 0,5 3,5 3,5 15h26min 30
6. Shell 8,33 4,15 0,6 0,2 18min 30

All six simulations ful�ll the same amount of 1800 load increments during their implicit
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nonlinear analysis. Anyhow the wall times of the nonlinear analysis do vary in a range

from 18 minutes to 19 hours and 18minutes.

As assumed, the amount of elements is the most important factor in the duration of the

analysis. Additionally, the shell composite models run faster than the solid composite

models because of their fewer amount of gridpoints and thus on their fewer amount of

degrees of freedom.

4.5. Rating of FEM results

The CLS-simulations deliver qualitatively correct results with respect to the strain gauges.

If the strains of the strain gauges are compared to each other before the delamination is

initiated, the FEM model shows a similar sti�ness to the tested specimen at all the three

regarded strain gauges on the CLS.

Furthermore, the use of the CZM and the Breaking Glue algorithm lead to results, which

both simulate the delamination onset at a load level far beyond the tested CLS-specimen.

The results using the Breaking Glue algorithm, which are attached in the appendix C.2,

should theoretically just correlate to the point, of the �rst failure onset. Afterwards the

softening of the adhesive is not respected so the results should slightly vary to the results

of the CZM-models.

Anyhow, because the Breaking Glue algorithm should deliver good results unto the �rst

failure onset, it might be taken in future projects to de�ne limit loads of adhesive joints.

The critical force for the initiation of the delamination along the CZM-CLS-analysis in

this thesis is Fcr it �30kN. This result has been reached as well in a previous investigation

at Airbus Defence and Space by M. Bordogna (s. [21]). He evaluated the CLS-model

using the solver Marc of the MSC Software Corporation.

D. C. Noorman (s. [42]) also used the solver Marc of MSC Software Corporation.

Creating his CZM-CLS-model, with an average element-edge-length of 2,5mm his model

utilized the exponential traction material law. His model led to a failure at a critical load

of 28,65kN, which is close to the simulated result of this work.

Using the commercial FEM-tool Stress Check, M. Weiland (s. [22]) who previously in-

vestigated the CLS-model at Airbus Defence and Space, built up a CLS-model without

using any cohesive elements. Instead, he utilized interaction criteria to predict failure.
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His �Puck�-delamination criterion predicted an initiation of delamination at a load of 34kN.

In the end, there is no answer to the question why the critical load of 55kN of the

test at the university in Augsburg could not be simulated so far. For further investiga-

tions it might be helpful to enlarge the number of tested specimen. This might help by

�nally extracting a mean value out of several test results, because tests of adhesive joints

often tend to vary signi�cantly at their point of failure.

Possible reasons and studies, why the simulation did not reproduce the test situation

are summarized for a better overview in table 5.

Table 5: Reasons and studies for the explanation of the deviation of the simulations

Reason Comment
mesh size e�ects have been studied in a mesh-size study of the CZE-

and the composite-mesh in subsection 4.4.3

achievement of convergence has been studied in subsection C.3

test inaccuracy only one test-sample has been loaded; further tests
could help to de�ne a mean value

deviation of the exact assembly in
the tested specimen

the bracket at the clamping doubler did have a ver-
tical initial displacement in the test ( has already
been studied of M. Bordogna (s. [21])); further
deviations could have been present at the tested
sample (for instance inaccuracies at the sharp trig-
ger edges of the adhesive or thickness of adhesive)

problems with the determination
of the critical energy release rates
GCI, GCII

according to the executed parameter study in sub-
section C.1 the failure load can be simulated by
changing the CZE-MCOHE-input

test conditions did not match to
the simulations

the adhesive properties of the �Mojo-Mix� are in�u-
enced by the present temperatures and the speed
of displacement application according to [34]
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5. Investigation on critical details

Within this section, the critical details are being studied. These components are located

one level higher than the CLS specimen in the validation pyramid (s. 1.2). This level ge-

ometrically supposes an intermediate step between the element level investigation of the

CLS and the dimensioning of the �nal full scale component. Overall, the critical details

form composite T-stringers which are secondarily bonded on top of composite skin panels.

There are three types of critical details to be investigated: the T-Pull-, the T-Tension-

and the T-Shear-model. These three tests form the main loading conditions of sti�ened

skin panels in the aeronautical sector. The speci�ed tests have been restarted at Airbus

in line with the development of the A400M cargo door.

The previous investigation by M. Weiland (s. [22]) on the critical details could already

accurately model the sti�ness of the components. In the same time his studies identify

delamination to be one of the major failure types occuring in the critical detail models.

In this respect, this work exclusively focuses on the simulation of the predicted delami-

nation failure by the CZM.
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5.1. T-Pull

First, the T-Pull-model is presented, starting with

the explanation of its assembly and its integrated

materials. Afterward, the test results are revealed

and the simulation of the T-Pull-model follows. In

the end, the results of the simulation are evaluated

by a comparison with the test results.

The T-stringer is fabricated out of two com-

posite L-pro�les which are at their long arms mirror

invertedly placed to each other and adhesively

connected. A composite capping strip is adhesively

bonded to the bottom face of the short arms of

the L-pro�les. Due to the radial curvature of the

L-pro�les, an airy hole would arise in the center of

the named three parts which is �lled by a gusset.

The gusset itself consists out of a composite layup

of +/-45�-UD-layers of CFC. The hereby generated

T-stringer is �nally adhesively bonded on top of a

skin panel also called the base plate. The dimensions

and the stacking of the composites is attached in the

appendix D.1.

Both sides of the base plate are horizontally clamped by �xed steel brackets. The top of

the vertical T-stringer is clamped between a vertically movable bracket. To apply a load

on the model, this vertical bracket moves upwards and induces thus a tensional force on

the T-stringer.

The used composite material in all the skin panels of the T-stringer and for the gus-

set is again the �IM7 8552�. All the brackets �xing the component are made out of

structural steel.

For the adhesive material, the Loctite Hysol EA9695 is used having been presented

in the chapter 3. It is a low-�ow bonding �lm of the company Henkel especially used in
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aeronautical applications for the curing and the co-curing of composite laminates.

The three critical detail models to be studied use all the same composite and adhesive

materials as the T-Pull-specimen. Thus it su�ces to name their materials at this place.

5.1.1. Test results

The tests of the critical details are executed at the �Wehrwissenschaftliche Institut für

Werk- und Betriebssto�e� (WIWeB) in Erding in cooperation with Airbus Defence &

Space. Figure 5.1 demonstrates the occurring conditions of the T-Pull-test in an un-

loaded state.

Figure 5.1: T-Pull-specimen tested at WIWeB (left), schematic representation of the
loading conditions (right)

While the load is applied to the component, videos of the T-Pull-specimen are taken.

The evolution of the failures can not properly be shown in photographic sequences of

the video, because the failures occurred very abruptly. This is why the kind of test

failures are illustrated by photographic images of the specimen directly after the failure

appeared (s. �gure 5.2). Having completed 16 preliminary attempts of the T-Pull-test,

the examination of the photographic images shows three major failure types.
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1. Debonding between cap-
ping strip and base panel

2. Gusset failure 3. Delamination between
capping strip and rib foot

Figure 5.2: Three occurring failure types of preliminary testing of the T-Pull-specimen

Out of 14 analyzable pictures, the �rst failure type (s. �gure 5.2 (left)) occurred eight

times forming a percentage of 57%. For this type the initiation of the failure starts on

one rib foot edge, while the adhesive on the opposite rib foot edge does not fail. The

crack propagates up to the other side until the whole T-Stringer is delaminated.

The image in the middle depicts a failure arising around the gusset where the vertical

and the horizontal arms of the T-stringer join together in the radial transition area. The

gusset delaminates at the bottom face of the gusset and additionally on one side face.

Four tests and thus 29% failed similar to this imaged failure type.

The remaining two tests (14%) failed in a third manner. As it can be seen at the right

image in �gure 5.2, the rib foot fails simultaneously over the whole adhesive layer on the

upper side of the capping strip.

All the 16 tested T-Pull specimen failed in a range where the equivalent applied tensional

force was in between 7,2kN and 8,1kN. The average critical failure load of the tests

results to 7,7kN. The created load-displacement curves of the tests are presented within

the rating of the T-Pull-simulation in subchapter 5.1.3.

5.1.2. Simulation

This section presents the FEM-model of the T-Pull specimen and all considered simulation

aspects. First, the model is speci�ed and elementary model adjustments are explained.

Afterwards, the results of the simulation are presented. These are sub-classi�ed into a

general load-displacement analysis, a following damage and a �nal stress analysis.

5.1.2.1. Model speci�cation

Figure 5.3 illustrates the FEM-T-Pull model, naming its most important components.
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The model creation is based on the engineering drawing of the T-Pull-specimen (s.

appendix D.1).

Figure 5.3: T-Pull model created via Hypermesh

The basic coordinate system of the model is also plotted and shall subsequently be used

to reference areas of the model. The x-axis de�nes the width-, the y-axis the length- and

the z-axis de�nes the height-direction of the component.

The composition of the adhesive layers shall be clari�ed by depicting detailed view dis-

plays of the model. The elements of the adhesive layers are colored in light gray and

have again the CIFHEX-CZE-type as they have been implemented in the CLS- and the

SLS-specimen.

There is one adhesive layer modeled between the capping strip and the base plate, one

modeled between the capping strip and the rib foot and another one modeled between

both L-pro�les of the T-stringer. In the hole at the area of the radius of the L-pro�les, the

red colored elements of the gusset have been implemented between the adhesive layers of

CZE. At the areas where the gusset ends, respectively two adhesive layers join together.

Instead of continuing these two layers of CZEs on top of each other, they are replaced

by one thicker layer of CZEs. The progressive use of two layers of CZEs would lead to
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problems in relation with the critical opening distances of the elements, if no property

assignment of the elements was ful�lled. With no assignment of the CZE-properties, a

doubled layer of CZEs would allow a twice as high critical opening displacement �c as

the use of one CZE-layer.

Instead, the thicker CZE-layer which result at the position at the edge of the gusset

should just have a di�erent elastic element sti�ness due to its thickness according to

equation (12). Unfortunately, the modeling of the thus required two di�erent MCOHE-

cards is not yet possible to model by MSC Nastran V2014 R1 in combination with the

contact algorithm. In this reason the present work just uses one MCOHE-card for all

CZEs in the model, knowing that according to literature (s. [25]) the sti�ness of the

CZEs has no signi�cant in�uence on the quantity of failure load in a model.

Additionally the use of a double CZE-layer is not recommended, because if two CZEs

laying on top of each other would both completely damage (d=1,0), the CZE-nodes at

the interface of these two CZEs would not be constrained anymore in the model, leading

�nally to the break-o� of the analysis.

The present CZEs have a mean element edge length lCZE of 1-2mm and the composites

have an element edge length lE;Composite of 2-6mm. The element sizes remain equal for

all the three studied critical details.

Table 6: minimal required CZE-edge-length for pure tensile-loading (left) and for pure
shear-loading (right) along equation 11

lCZE;ModeI;min lCZE;ModeII;min

0,6mm 0,47mm

Pursuant to [25], the chosen element-size of the CZEs is again too big. The element

size for the composite elements and for the CZEs is in this way orientated at the combi-

nation of the coarsest CLS-mesh, because the coarse mesh of the CLS delivered similar

appropriate results to the �nest CLS-mesh.

A �ner mesh of the FEM-T-Pull-model would in contrast enlarge the size of the model

too much so that too high computing costs would be needed.

Thus, the created mesh leads to a total number of 61727 elements and 74387 nodes

of which 24675 elements are CZEs. The connection between the smaller CZEs and the

coarser composite elements is again created by the contact algorithm of MSC Nastran
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in the same way as at the mesh re�nements of the CLS-model.

Particular e�ort has been expended to the T-Pull-model to simulate the frictional ef-

fects at the horizontal clamping (pink and yellow colored). The a�ected surfaces are not

connected to the green colored base plate by congruent meshes. Instead, contact mod-

eling is applied on the touching surfaces. The frictional e�ects are in form of Coulomb's

friction. Common friction parameters for CFC and steel are used. The compression of

the horizontal brackets is simulated by compressive loaded ROD-elements demonstrated

in �gure 5.4. An initial force a�ects the ROD-elements and hence arranges for the

pressure on the surfaces of the base plate.

Figure 5.4: Compression of the horizontal clamping with ROD-elements (brown); el-
ements of the horizontal bracket have been masked to point out the
ROD-elements

The brown colored ROD-elements symbolize the screws of the real component loaded

by compressive forces to press the brackets towards each other. In this favor, the blue

colored rigid body elements connect the nodes of the ROD-elements to the surrounding

mesh of the brackets. Each of both horizontal brackets is held together by four of these

ROD-elements.

Di�erent friction parameters are simulated to correctly consider the e�ects of the hori-

zontal clamping and to get an impression of how sensitive the model becomes towards

the horizontal clamping conditions.
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All nonlinear settings of the simulation remain untouched to the previously chosen set-

tings of the CLS-model.

5.1.2.2. Load-displacement behavior and adhesive bondline failure

In this section, the general behavior of the FEM-simulation is introduced. While the

T-Stringer moves upwards for each load increment leaded by the vertical bracket, both

sides of the base plate are kept down at their initial position by the horizontal clamping.

It leads to an upwards bending of the base plate at the center of the component until

the component can not bear the deformation any further. At that moment, the adhesive

layer starts to fail and leads to the simulated failure mode depicted in �gure 5.5. It

Figure 5.5: Load step of the simulation showing the areas of delamination at the
T-Pull-model (graph. scale factor GSF = 5)

shows a delamination between the capping strip and the base plate starting at the right

edge (positive x-direction) of the rib foot. In a few amount of load increments of the

nonlinear analysis, the crack shifts along the surface of the base plate and �nally leads

to the complete delamination of the capping strip and the base plate.

Additionally, some CZEs delaminate on the upper side of the gusset opposite to the

side where the delamination underneath the capping strip initiated. Both regions where
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a delamination occurs are marked in the �gure. The complete failure progress of the

FEM-model will be explained in detail at the resultant load-displacement-curve of the

simulation.

With the load-displacement-curve (s. �gure 5.6) in mind, it shows an approximately

Figure 5.6: Load-displacement curve of the standard T-Pull model using the CZM

linear behavior of the component up to the load level around 7,7kN. This load is reached

at the point where a vertical displacement of 4,0mm is applied on the top arm of the

T-stringer. Since the gradient of the load-displacement-curve describes the sti�ness of

the examined component, there is no distinct sti�ness change up to this point. Increasing

the applied displacements in vertical direction further, the carried load decreases abruptly

underneath 7,5kN before it continues to increase again. This discontinuity is a �rst sign

of signi�cant sti�ness change of the model and will thus be regarded in detail.

When the applied displacements rise to 4,5mm, the load-displacement-curve shows the

next decrease. The highest load sustained by the component of Fsim;cr it =7,85kN is

reached at this point. This load is called the critical load of the component. After reach-

ing this point, the sustained load decreases in a short period to 0kN meaning that the

total failure has been arisen.

The area of the discontinuities is framed on the load-displacement curve. It will sub-

sequently be the regarded area for the damage and the stress analysis of the adhesive

bondlines.
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5.1.2.3. Damage analysis of the adhesive bondlines

Within the damage analysis of the adhesive bondlines, all of the modeled CZEs obtaining

any damage larger than 1% shall be traced. A CZE starts to damage, once its failure

onset criterion corresponding to 2.9 is reached. If a CZE possesses the damage value

d=1,0, its sti�ness is decreased to zero and thus, the adjacent components delaminate.

In �gure 5.7 the framed area of the load-displacement-curve is presented in detail.

Figure 5.7: Area of interest of the load-displacement-curve where the failure of the
adhesive bondlines occur in the FEM-T-Pull-model

Five Signi�cant points for the damage evolution are added with a marker on top of the

curve. An image showing the damage value of the CZEs in the bondlines is added in

�gure 5.8 for each of these �ve load points .

Undamaged CZEs are not plotted at all, whereas damaged elements are plotted and col-

ored along the quantity of damage they bear. Low damaged CZEs (0,01� d �0,1) are

colored in dark blue, high or even completely damaged CZEs (0,9� d �1,0) are colored

in dark red.

The �rst CZEs having a damage value d �0,01 start to fail at a sustained load of

5,8kN (at point 1.). As shown in the top left picture in �gure 5.8, these CZEs are

located on one side of the T-stringer, in between the L-pro�le and the gusset. It is
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Figure 5.8: Images of CZE-damage at the points of interest according to the load-
displacement curve shown at �gure 5.7

remarkable that the damage starts in the middle of the component and just few CZEs

fail at the front and the back side (y-direction). In the same load increment, a failure

exists also in the adhesive bondline between the capping strip and the base plate. Just

the complete outer row of CZEs situated on the left and the right side (x-direction) of

the model simultaneously has a damage value d �0,01.

In the load increment at point 2., the �rst CZEs are damaged completely d=1,0. Having

passed an equivalent applied load of 7,7kN, the left (negative x-direction) L-pro�le of the

T-stringer starts to delaminate of the gusset. It is the same side where the �rst CZE fail-

ure above the gusset had been discovered at point 1.. Additionally, the component starts

the delamination progress in the center of the length direction (y-direction) too, just like

the failure had been initiated. At the other side of the gusset (positive x-direction), none

of the CZEs damages more than 50% (d=0,5).

A possible reason for this unsymmetrical delamination might be the rotated composite

layup of 6� compared to the basic coordinate system of the component. This rotated

layup is demanded along the side view of the engineering drawing in the appendix D.1.
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In total, an amount of 114 CZEs damaged completely at the end of the load increment

at point 2.. The number of fully damaged CZEs during the simulation of the model is

plotted over the load-displacement-curve in the appendix D.2.

For the following load increments of the simulation, the delamination proceeds further

along the length direction of the model until it reaches the front and the back side of the

component. Before the capping strip starts to delaminate of the base plate at point 4.),

the speci�ed delamination covers nearly the whole radial area above the gusset. Until

point 4. is reached, the number of fully damaged CZEs rises up to 584 elements. After-

wards, the delamination between the capping strip and the base plate starts until these

two parts are fully delaminated of each other. Thus, the number of fully damaged CZEs

rapidly grows to 5397 elements in the end of the simulation.

With the load-displacement-curve in mind, it is remarkable that the one-sided delam-

ination above the gusset in�uences the sti�ness of the component which thereby, does

not loose its full bearing capacity. In contrast, the delamination of the whole capping

strip has a much higher in�uence on the sti�ness. This second delamination �nally leads

to the main failure of the component after which it can not sustain any loads anymore.

5.1.2.4. Stress analysis of the adhesive bondlines

In order to understand the damage behavior of the adhesive layers in the T-Pull-model

further, the stresses in all of the adhesive layers are reviewed. In this connection, the

stresses of the adhesive layers are separately imaged. The adhesive layers around the

gusset are separated the way it is shown in �gure 5.9.

Horst Knoop - HAW Hamburg 60



5 Investigation on critical details

Figure 5.9: Composition of the adhesive layers around the gusset

As it has been explained in chapter 2.2.3, the relevant stresses of the CZEs are dif-

ferentiated in peel and shear stresses corresponding to the di�erent adhesive material

properties in normal and in shear direction. Hence, the resultant shear stress is formed

along equation (17) and used for the shear stress evaluation.

A selection of peel- and shear-stress-distribution-plots of the adhesive layers around the

gusset and the adhesive layer underneath the capping strip is attached in the appendix

of the T-Pull-specimen D.3 to D.10.

The stress analysis is concentrated on the points of interest speci�ed at the load-

displacement-curve in �gure 5.7. Particularly, the load step of failure initiation is of

interest, because on the one hand the failure onset criterion reaches the value QIC=1,0

and on the other hand the damage value d starts to rise.

In order to give an example of the stress plots, the stress distribution of the adhesive

layer 1 (s. �gure 5.9) is illustrated in �gure 5.10 at an applied load of 5,8kN (point 1. s.

�gure 5.7).
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Figure 5.10: Stresses in adhesive layer 1 above the gusset at an applied displacement
of wappl ied = 2; 97mm; equiv load=5,8kN

Adjacent to the stress distributions in the adhesive layers, the quadratic interaction cri-

terion is calculated for all of the CZEs according to equation (14) and it is plotted at

the top right image of �gure 5.10.

At those elements where the combination of peel and shear stresses in form of the

quadratic interaction criterion rises to the value QIC=1,0, the CZEs start to damage.

For the purpose of giving a better overview of the analysis, the damage values of the

CZEs are plotted once more in the bottom right corner of the �gure.

Concerning the mapped adhesive failure above the gusset in �gure 5.10, it is important

to state that the regarded adhesive layer fails for the most part due to shear loading.

The adhesive shear stresses of those CZEs starting to fail at this increment are ele-

vated to �shear �35MPa. This, in turn, is close to the critical adhesive shear stress of

�max;shear= .

In contrast, the peel stresses elevate at these elements only at an average of 20MPa.
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The stress distribution in the adhesive layer between the capping strip and the base

plate is shown in �gure D.8 to D.10 in the appendix. When the delamination of this

adhesive layer starts at an applied displacement of 4,5mm, the stress distribution shows

a ratio of peel and shear stresses. Thus, the adhesive layer underneath the capping strip

primarily fails due to high shear stresses, too.

5.1.3. Rating of FEM results

The evaluation of the FEM-simulation is done in consideration of the test results. If the

load-displacement-curve of the simulation is put on top of the load-displacement-curves

of the preliminary tests, the proximity of all the curves is illustrated (s. �gure 5.11).

Apart of the nonlinear loading e�ects in the tests at the start of the load applica-

Figure 5.11: Load-displacement curves of 16 T-Pull specimen tests and of the FEM-
simulation of the standard T-Pull model

tion appearing up to approximately 1,5mm of machine travel, the curves of the simu-

lation and the tested curves conform well to each other. The curves possess the same

gradient expressing that the correct sti�ness could be reproduced in the FEM-model.

Furthermore, the critical force of the simulated FEM-model matches into the range of
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those of the tests. Nevertheless, the simulation brings up a little higher critical force

(Fsim;cr it=7,85kN) than the average value of the tests (Ftest;cr it=7,7kN).

As it has been forecited in the beginning of this chapter, M. Weiland (s. [22]) used

a Puck-failure-criterion to determine the failure to be expected. Corresponding to his

results, the delamination at the upper side of the gusset as it is also discovered in this

chapter is the critical failure for the T-Pull-model.

Indeed, the exact mode of delamination of the herein simulated FEM-model (a com-

bination of delamination above the gusset and underneath the capping strip) could not

be identi�ed at any test specimen. But, the delamination of the test occurred in case 1.

and case 2. according to �gure 5.2 at one of the simulated positions, either next to the

gusset or at one side underneath the capping strip.

Obviously, the T-Pull-model reacts very sensitive in reality. Since all the tested spec-

imen have been fabricated and tested in the same way, one kind of failure mode for all

the tests would be expected.

The reason for the varying test results must be based on slight, unavoidable inaccuracies

or minimal deviations in construction and setup.

While the component has been simulated several times under the in�uence of chang-

ing some model parameter, the sensitivity of the T-Pull-model can be demonstrated at

the FEM-model. The variation of the material input for the MCOHE-cards of the adhe-

sive as well as the variation of the clamping conditions of the horizontal brackets illustrate

the named sensitivity.

Both parameter variations are attached in the appendix of the T-Pull-model (s. �gure

D.11 and D.12).

The change of the material input at the MCOHE-cards of the adhesive refers to the

fact that no distinct material values for the adhesive Hysol EA9695 could be found along

literature and tests which respect in the same time equation (20). In this reason, the

values of the energy release rate have been kept �x according to [35] and a parameter

study of the remaining four MCOHE-parameter: E,G,�n,�shear has been ful�lled.

In the end, all of the chosen MCOHE-cards lead to a critical loading of the FEM-model
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around 7-8kN which is close to the test results. However, the chosen MCOHE-cards

implicate at the same time a qualitative change of the mode of failure expressed by the

images referring to the curves.

The most convenient MCOHE-card with respect to the maximal traction of the CZEs is

attached in the appendix 11. It is the used MCOHE-card for the presented T-Pull-model

of this section.

Besides, as it has been mentioned, the mode of the simulated failure could also be

in�uenced by varying the frictional clamping conditions at the horizontal brackets. The

clamping conditions considering a proposed friction coe�cient �=0,15 (s. [39]) and a

proposed clamping force of 6500N according to the test de�nition has been used in the

previous part of this work.

However, it can be stated that the clamping of the model is an important adjustment

of the model which has to be accurately arranged.

All in all, the chosen settings of the simulation lead to a wall time of tT�Pull �6h.

The settings of the nonlinear solution algorithm include a �xed incrementation scheme

with a number of nincr=93 increments. In addition, the recommended load-displacement

convergence criterion (UPV) pursuant to [1] is used. The speci�ed convergence tolerance

for mechanical load cases of ERRconv;UPV =0,1 is also chosen according to [1]. Further

nonlinear settings of the models can be read in the appendix A.2.2.

An increase of the number of increments to nincr=800 quantitatively reduces the critical

failure load Fcr it;sim about 3%. This more converged solution is achieved due to the

expense of a signi�cant increase of wall time to tT�Pull �34h.

A parallel re�nement of the CZE-mesh required according to table 6 would elevate the

wall time of the model drastically analog to the CLS-mesh-size evaluation and thus, it

would not provide a useful approach anymore.

In the future, there are new tests for the T-Pull-model planned. Particular e�ort should

be put in these on the clamping conditions and on the conditions of each adhesive layer

so that at its best just one failure mode results out of the tests.

Besides, a suitable visual recording system for the test failure could help to understand

the precise failure of the tests further.
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5.2. T-Tension

The second presented critical detail

is the T-Tension model.

Basically, the T-Tension-model re-

sembles strongly the T-Pull-model.

The assembly of L-pro�les, gusset,

adhesive layers, capping strip and

baseplate remains the same. Even

the stacking of all the composite

parts is identical.

A major di�erence which can al-

ready be detected by looking at the

�gure on the right is the length of

the component. Instead of 150mm,

the length of the T-Tension-sample

measures only 40mm.

Besides, the size of the base plate clamped between the horizontal mountings is longer

than the one of the T-Pull-specimen. As the T-Tension-specimen is loaded along this

direction, one horizontal bracket stays �x, while the other one is movable in the width

direction of the component. The red arrows symbolize the occurring loading conditions

in the �gure on the right.

Furthermore, the vertical clamping is not present anymore and the height of the T-stringer

is reduced to 82mm.

5.2.1. Test results

The preliminary tests of the T-Tension-specimen are also executed at the WIWeB in

Erding. Additional to the equivalent measured load, strains are measured at the surfaces

of the component. In this favor, three strain gauges are installed at the surfaces agreeable

to the engineering drawing D.13 in the appendix. Two of them are located on the upper

surfaces of both short arms of the T-Stringer, while the third one is placed in the center

of the lower surface of the base plate.

The failed T-Tension-specimen is photographically shown in �gure 5.12.
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Figure 5.12: Photographic image of the failed T-Tension-test-specimen

On closer examination, the crack of the component is identi�ed underneath the T-

stringer. But, instead of arising in one of the speci�ed bondlines, the crack begins directly

at the surface of the base plate. In general, the base plate consists out of a stacking of

20 UD-layers. At its center, however, it is thickened at its upper surface by a stepped

package of four additional CFC-layers in the stacking sequence of -45/+45/+45/-45�.

The T-stringer is adhesively bonded on top of this thickened part of the base plate. Re-

ferring to �gure 5.12, it looks like the crack arises between this stepped local thickness

increase of the base plate and thus, as if the layers of the base plate delaminate without

damaging any part of the bonded T-stringer.

The tested T-Tension-specimen starts to damage when an equivalent load of round about

30kN is applied. This failure is plotted on the load-strain-curves in the sub-chapter 5.2.3

in which they are compared with the result of the simulation. The simulation of the

T-Tension-model is subsequently presented.
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5.2.2. Simulation

The created FEM-model to reproduce the behavior of the T-Tension-tests is depicted

in �gure 5.13. Since the assembly of the component stays the same as at the T-Pull-

model, the previous chapter is referenced in this way to obtain a more detailed description.

Figure 5.13: T-Tension model created via Hypermesh

The FEM-model of the T-Tension-specimen includes 14122 elements of which 4540

elements have the type of a CZE. Since the chosen element sizes used in the T-Pull-

model-simulation have generated promising results, no change on the element size has

been introduced at the T-Tension-model.

The movement of one of the horizontal brackets shall extend the base plate and in-

duce a load in the component. In this reason, the frictional e�ects which would appear

at the horizontal clamping are neglected for the sake of convenience. Thus, the FEM-

meshes of the horizontal brackets and of the base plate are congruently modeled towards

each other.
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5.2.2.1. Load-displacement behavior and adhesive bondline failure

The incrementally increased, applied displacement in x-direction (s. �gure 5.13) leads

to a slight downwards bending at the position of the bonded T-stringer. This state of

deformation is presented using a graphical scale factor GSF=5 for an applied displacement

of 1,06mm (equivalent load of 30kN) in �gure 5.14.

Figure 5.14: T-Tension model at an applied load of 30kN in x-direction (graph. scale
factor GSF = 5)

The appearing downwards bending e�ect is the same e�ect which could be detected at

the CLS model. At the position of the stepwise thickened base plate and following at

the position where the T-stringer is bonded, the sti�ness at the upper side of the base

plate is increased. Thus, the base plate elastically lengthen more on its lower side than

on its upper side resulting in the bending e�ect.

For the entire simulation, the sustained load of the component is plotted over the applied

displacement in �gure 5.15
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Figure 5.15: Load-displacement-curve of FEM-T-Tension-model; the points of dam-
age initiation and of delamination initiation are marked on the curve

Within the simulation of the FEM-model, the �rst CZEs start to fail at an equivalent load

of 24kN. At this moment indicated by the green triangle on the load-displacement-curve,

the front left and the back right corner of the adhesive layer underneath the capping strip

start to damage.

Just as it could be recognized at the load-displacement-curve of the T-Pull-model, the

hereby initiated plasti�cation of the corresponding CZE doesn't a�ect the sti�ness of

the component signi�cantly. First, the start of the delamination which is indicated by

the red triangle on the load-displacement-curve at almost 40kN does a�ect the sti�ness.

The gradient of the load-displacement-curves slightly decreases at this position.

The progress of the delamination during the simulation is explained in the following

subchapter.

5.2.2.2. Damage analysis of the adhesive bondlines

Only the adhesive layer between the capping strip and the base plate takes any damage

during the simulation. No CZE damages at all in the other adhesive layers inside the

T-stringer.

The explanation is based on the fact that the primary loading of the component is inside

of the base plate, while the T-Stringer behaves just as a sti�ness increasing part at the
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upper surface of the base plate.

The delamination of the T-stringer from the base plate shown in �gure 5.16 progresses

relatively slow.

Figure 5.16: Damage evolution of the FEM-T-Tension-model (selection of load in-
crements during the progress of delamination)

The progress of delamination is traced again by looking at the number of delaminated

CZE over the simulation time (s. appendix D.14). It shows that the major part of the

CZEs delaminate in between the initiation of delamination at 39,4kN and an equivalent

load application of about 50kN. Approximately 1100 of the total 1280 CZEs underneath

the capping strip delaminate inside this margin. Having reached the load level of 50kN in

the simulation, the CZEs in the center underneath the capping strip exclusively are still

intact. They delaminate in a lower rate of spread when the load is further increased.

Additionally, it is conspicuous that the last failing CZEs are arranged in an angle of 45�

towards the loading direction (in x-direction). This e�ect results out of the stacking of

the base plate. The �ber orientation of the CFC-ply at the surface of the base plate

underneath the adhesive layer (135�-ply) points exactly in the same direction.
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In contrast to the T-Pull-simulation, the delamination of the T-stringer does not sig-

nify the break-down of the component, because the load can still be transferred through

the base plate.

However, the executed simulation does not respect the destruction of the composites.

On that account, it can just be stated that if the composites do endure a tensional

loading up to approximately 60kN without failing, the T-stringer delaminates completely.
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5.2.2.3. Stress analysis of the adhesive bondlines

Since the adhesive layers inside of the T-stringer do not see a distinct load, the stress

analysis exclusively focuses on the adhesive layer between the base plate and the capping

strip. The occurring stresses of the CZEs are mapped in �gure 5.17 for the point of

failure initiation (24,3kN).

Figure 5.17: State of stress at an applied displacement of 0,864mm, which corre-
sponds to a load of 24,3kN

The above image demonstrates the distribution of the peel stresses inside the adhesive

layer, while the image below presents the distribution of the resultant shear stresses cor-

responding to equation (17). As the peel stresses of all the CZEs clearly are beyond

the critical peel stress limit of the adhesive, the existing resultant shear stresses in the

adhesive rise up to their critical limit.
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At the chosen time step, the front left and the rear right CZE start failing. According to

�gure 5.16, their damage value rises for the �rst time over a damage value of d �0,01.

These two elements reach resultant shear stresses of up to 41,1MPa which is close to

the de�ned shear stress limit of tshear= of the Hysol EA9695 adhesive.

This result leads to the statement that the adhesive failure of the T-Tension-model

is nearly exclusively based on shear loading.

5.2.3. Rating of FEM results

The quality of the simulated results are discussed in this subsection. For that reason, the

strains and the loads of the preliminary tests and those of the simulation are compared

to each other. As it has been mentioned, three strain gauges have been attached to

the test-specimen. The strain results of the strain gauges are presented in the following,

as they are plotted over the equivalent applied load of the model. Figure 5.18 depicts

the strains of the tested T-Tension-specimen at the strain gauge 1. Its position on the

component is indicated on the top left image in the �gure.

Figure 5.18: Superposition of the strain measurement at the strain gauge 1 and of
the strain results of the simulated FEM-model
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The four preliminary tests having been executed at the WIWeB in Erding are named

TSRT-1 to TSRT-4.

Analog to the tests, the strains of the FEM-model have been evaluated at the correct

position and have been superposed in the same �gure. The orange curve represents in

this context the strain results of the FEM-model.

In doing so, the strains "FEM of the FEM-model have been calculated along equation:

"FEM =
julef t;Nodes � ur ight;Nodes j

dStraingauge
(23)

dStraingauge represents in this relation the undeformed strain gauge length. The four yel-

low marked nodes situated in the �gure 5.18 of the FEM-model at the bottom right

side represent the corners of the strain gauge position. The averaged displacement in

x-direction of both left corner nodes forms ulef t;Nodes and the averaged displacement in

x-direction of both right corner nodes forms ur ight;Nodes .

In exactly the same way, this procedure is done for the evaluation of the other two

strain gauges, strain gauge 2 and strain gauge 4 which are both located on the upper

surfaces of the short T-stringer arms. The load-strain results of these are printed in

�gure 5.19.
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Figure 5.19: Superposition of the strain measurement at the strain gauges 2 and 4
and of the strain results of the simulated FEM-model

Basically, the deformation at all the three strain gauges of the simulation correlates to

the tested models for a low loading condition up to 30kN. At a load level of 30kN, the

test-curves show sudden inconstancies at all of the strain measurements. These rep-

resent a �rst type of failure of the tested specimen. Moreover, it does not completely

destroy the specimen, because they can still sustain a further load increase afterwards.

When the equivalent load is subsequently increased, the strains measured at the strain

gauges approximately indicate the same gradients as before the �rst inconstancies have

appeared. Other inconstancies are detected at the curves of the tested specimen at an

equivalent load of about 40kN.

Finally, the simulation result correlates well with the test results. The predicted de-

lamination arising underneath the capping strip did not start at the predicted load level

of 39,4kN, because a di�erent type of failure already occurred before at an equivalent

load level of 30kN.
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Since a crack of the tested specimen is detected at the position of the stepwise in-

creased thickness of the base plate (s. �gure 5.12), a strain output of the composites is

generated to judge the occurring failure of the tests at this position.

Two �gures depicting the strains at the front of the T-Tension-model at the equivalent

loads of 24kN and 30kN are attached in the appendix D.16 and D.17. The �rst �gure

shows the load increment in which the simulation discovered the initiation of the soften-

ing of the adhesive layer between the capping strip and the base plate. On the contrary,

the second �gure depicts the state of strains where the tested specimen brought up their

�rst inconstancies on the load-strain-curve.

The strains are visualized by ROD-elements possessing a small sti�ness. They are posi-

tioned on the upper surface of the base plate and their sti�ness is chosen that small that

they are not a�ecting the sti�ness of the remaining component.

With the aid of the �gures, it can be determined that a local strain maximum is present

inside the thickness increase of the base plate. This strain maximum rises up to 8130

�m/m at the equivalent load of 30kN. Corresponding to [38], the failure strain of a

+/-45�-CFC under shear loading conditions conforms to 0,88% which is equal to 8800

�m/m. Thus, the simulated strain is at that position already close to its critical strain

and consequently, a failure at this position could be expected.

In future investigations on the T-Tension-model, additional two-dimensional CZEs could

be inserted in the FEM-model at the position where the failure of the test samples occurs.

These CZEs could for instance be inserted between the individually modeled plys of the

base plate in order to model interlaminar delaminations.

Then again it has to be discussed in the team of the project, how the model of the

T-Tension is furthermore going to be progressed, because the intend of the simulation

was to predict the failure of the speci�c adhesive in the speci�ed adhesive layers. Since

the failure did not occur in these adhesive layers, the geometry of the T-Tension-model

might also be adapted until one of the secondary bonded adhesive layers becomes the

critical part of the component.

At the T-Tension-model the material input for the MCOHE-card has been varied analog

to the T-Pull-model. In comparison to the T-Pull-model, the T-Tension-model does not

react sensitive to this change as it can be seen at the load-displacement-curves attached
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in the appendix D.15.

In general, the wall time of the T-Tension-simulation amounts to tT�Tension �3h. 378

increments have been solved within the realized T-Tension-simulation. The convergence

criterion and the size of the convergence tolerance remain the same as for the T-Pull-

model.

Due to the fewer amount of elements and thus a fewer amount of degrees of freedoms,

the T-Tension-simulation is computed faster than the T-Pull-simulation. Additionally the

neglect of frictional e�ects at the horizontal mounting comparably speeds up the time of

simulation, too.
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5.3. T-Shear

The last of the three presented crit-

ical details is the T-Shear-model.

As once again the assembly, the

stacking and the lay-up does not

show any di�erence in comparison

to the other two critical detail mod-

els, there are some necessary mod-

i�cation of the geometry.

A side view of the T-Shear-model is imaged at the top of this page in order to point up

the loading conditions of the model. The shear loading condition is introduced to the

component by �xing both sides of the base plate on one horizontal bracket. At the same

time, a displacement along the longitudinal axis of the component is applied on one end

of the vertical long T-stringer arm.

For the sake of preventing the clamped composite plates to rotate in the brackets, the

clamping is ful�lled by perforating the composites and using bolts to �x the composites

in the brackets. A precise side and top view of the clamped T-Shear-specimen can be

found in the engineering drawing in the appendix D.19.

The clamped composite parts are additionally thickened by CFC-plates in order to sta-

bilize the component in the metal brackets of the mounting. Their dimensions are also

attached in the appendix D.18.

5.3.1. Test results

Unfortunately, none of the T-Shear-specimen tests have been executed yet. Tests for

this model are already prepared at the WIWeB in Erding and they will be executed in

the beginning of the year 2016 so that they can not be referenced within this work.

Nevertheless the simulation is already completed in order to predict the adhesive failure

of the component. Thus, the simulation is going to be presented in the next subsection.
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5.3.2. Simulation

Pursuant to the engineering drawings, a three-dimensional model of the T-Shear-component

is created. The �gure 5.20 displays the clamped FEM-model. The adhesive layers are

hidden by the vertical clamping, but they have the same position as in the other two

critical detail models.

Figure 5.20: Side top view of the clamped undeformed T-Shear-model

A similar element size to the other critical detail models leads to a total amount of

45574 elements of which 10210 elements form the adhesive layers and thus have the CZE

character. Both, the vertical and the horizontal bracket are meshed by an unstructured

mesh using CTETRA-elements. Since the material of the brackets is isotropic, there is

no need to build up a structured mesh as it has been set up for the T-Shear-specimen.

In the same time, the applied tetra-meshing facilitates to accurately form the geometry

of the brackets.

For the sake of convenience, the connection between the component and the brackets is

modeled by �x contact constraints, without modeling the bolts. In this favor, the Node-

to-Segment-Algorithm of MSC-Nastran is applied another time to �x the incongruent

meshes of the brackets and the component.

No frictional e�ects are considered in the simulation.
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5.3.2.1. Load-displacement behavior and adhesive bondline failure

When a displacement is applied on the model, it starts to deform. While the horizontal

bracket stays �x, the vertical bracket moves in the negative y-direction according to �g-

ure 5.20.

The induced displacement leads to a downwards bending of the front side of the compo-

nent at the position where the T-stringer is bonded. The explanation for this downwards

bend is based on the lesson of technical mechanics. The �xation of the base plate on the

one hand and the displacement of the vertical bracket on the other hand acts like a pair

of forces inducing a torsional moment around the x-direction on the component. This

downwards bending increases until the cohesive failure starts inside of the CZEs and �-

nally until a delamination is provoked. The predicted delamination of the FEM-simulation

is demonstrated in �gure 5.21.

At the opposite side (at the backside of the model (y-direction)) the loading conditions

leads to a corresponding upwards bending e�ect of the base plate, due to the same

explanation.

Figure 5.21: Deformed T-Shear-model with a masked vertical bracket to view the
deformed CZEs in the component (state of deformation at an equivalent
applied load of 79,1kN); graph. scale factor GSF = 5

The deformation of the model leads to high stresses particularly in the adhesive layers be-

tween the gusset and both of the blue-colored L-pro�les, which form the T-stringer. This
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is the position, where the induced loads of the vertical T-stringer arm are transferred to

the horizontal part of the component. The two images mapped on the load-displacement-

curve (�gure 5.22) show that these CZEs start to fail and to delaminate �rst.

Figure 5.22: Load-displacement-curve of FEM-T-Shear-model; the points of failure
initiation and of delamination initiation are marked on the curve

Additionally the correspondent loads for damage initiation and delamination initiation

of the model are visible by the markers on the load-displacement-curve. If the curve

is compared to the ones of the other two critical details, it is remarkable, that the T-

Shear-model possesses a relative high sti�ness. The equivalent load of the model reaches

already high values at a comparably low applied displacement.

Furthermore, the point of delamination initiation (red marker) at about 74kN does not

lead to a major sti�ness in�uence in the model. The signi�cantly decreasing sti�ness of

the model starts at approximately 80kN and leads �nally to a fully delaminated model at

an applied displacement of 0,729mm.

The justi�cation of the curve shall be given with the aid of the following damage analysis

of the adhesive layers.

5.3.2.2. Damage analysis of the adhesive bondlines

In order to present the simulated damage progress of the model, images of load incre-
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ments with speci�c importance have been assembled in �gure 5.23. The blue colored

CZEs represent once more the elements possessing a low damage value of 0,01� d �

0,1 while the red colored CZEs represent the elements possessing a high damage value

of d �0,99. Thus, the red colored CZEs can be considered as fully delaminated.

Figure 5.23: Damage evolution of the FEM-T-Shear-model (selection of load incre-
ments during delamination progress)

Corresponding to the simualtion of the T-Shear-model the adhesive layers get their �rst

damage at an applied displacement of 0,495mm correlating with a load of 62kN. When

another 0,1mm of displacements are applied, the T-stringer begins to delaminate of the

gusset at the same spot where the �rst adhesive failure had been detected before. The

component sustains at this moment an equivalent load of 74,1kN.

Instead of immediately extending afterwards, the surface of delamination starts to grow

slowly and nearly remains the size which can be seen at the bottom left image in �gure

5.23 until a displacement of 0,65mm is applied. The delamination of the model speeds up

at this load increment equal to 80kN in such a way that within a few following increments

both L-pro�les of the T-stringer are fully delaminated of the rest of the model.

Hence, the completely damaged adhesive layer between the capping strip and the L-
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pro�les can be seen at an applied displacement of 0,729mm (s. �gure 5.23). Once this

increment is reached, the model naturally does not transfer any loads anymore.

5.3.2.3. Stress analysis of the adhesive bondlines

The stresses in the adhesive are illustrated in �gure 5.24 for the load increment of damage

initiation in the CZEs at an applied displacement of 0,495mm.

Figure 5.24: State of stress at an applied displacement of 0,495mm, which corre-
sponds to a load of 62kN (point of damage initiation)
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The downwards bending e�ect at the front of the model leads to punctual high peel

stresses in the adhesive layer above the gusset. These peel stresses are the most distinct

at the front edge of the model.

On the opposite side of the component, there are negative peel stresses in the same

area above the gusset. Since negative peel stresses represent a pressure on the adhesive,

these stresses do not account for the damage behavior of the CZEs, and thus only peel

stresses with a positive value are plotted.

Corresponding to equation (17), the de�nition of the resultant shear stresses in con-

trast does not allow any negative shear stresses at all. Compared to the peel stress, the

resultant shear stress rises in the whole area above the gusset to a stress value higher

than 8,97MPa and it is relatively smooth distributed in the adhesive layer. But even at

the plot of the resultant shear stresses it can be detected that they increase towards both

ends of the component similarly to the peel stress distribution.

The two CZEs starting to damage (d �0,01) at the chosen load increment are marked

by the red arrows in the �gure 5.24. It is similar to the T-Tension-model that the de�ned

maximal stress in shear direction of the adhesive is nearly reached. Both of the CZEs

indicate a resultant shear stress values close to 40MPa.

Thus, also the failure initiation of the adhesive layer in the T-Shear-specimen is primarily

triggered by shear loading.

5.3.3. Rating of FEM results

The judgment of the quality of the simulation is dependent on the test results of the

T-Shear-specimen. Not holding any test results of the T-Shear-model yet, the evaluation

of the model remains unrealized within this work and should be done in future projects.

The changing of the material input into the MCOHE-card (analog to the other two

critical detail models) does not show any signi�cant changes on the load-displacement

curve. The named variation is depicted in the appendix D.21. According to this the

T-Shear-model is as well not as sensitive as the T-Pull-model.

At a glance on the wall time, the T-Shear-simulation needs tT�Shear �5h at 400 executed

increments. An increment increase up to 800 increments for the T-Shear-simulation does
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not in�uence the quantitative results of the T-Shear-model (s. appendix D.22).

Horst Knoop - HAW Hamburg 86



6 Conclusion and Recommendations

6. Conclusion and Recommendations

In the course of this work, several adhesively bonded composite parts have been numer-

ically simulated. The veri�cation of the simulation to reproduce an appearing adhesive

failure leads to the following conclusion:

On the material level of the adhesive it has been proven that its elastic properties can

be accurately modeled. It is succeeded to correctly model the elastic sti�ness of each

tested specimen in all the herein presented FEM-models before a damage is initiated.

The speci�c proof is supplied by the stress-strain-curves of the SLS-specimen.

Indeed, these curves of the SLS-simulation also reveal the awareness that the softening

of the adhesive could not be precisely simulated. In consideration of the determined CZ-

material-input gained by the execution of separate material tests, these CZEs simulate a

smaller softening capacity than their corresponding real adhesive.

The failure of the CLS-specimen could not be correctly simulated. For a variation of

composite and adhesive mesh sizes, the same critical failure load of 30kN can always be

simulated, whereas the tested specimen failed at a load of 55kN. A further mesh re�ne-

ment of the adhesive elements (meaning a �ner local discretization) is not reasonable

to model the CLS-specimen. If there were any in�uences on the resultant critical failure

load provoked by a mesh re�nement, the failure would have occurred at an even lower

load level than the simulated 30kN according to the theory. Anyway, an in�uence is not

expected due to the other results unfolded in the study of the mesh size.

A study of the nonlinear analysis parameter (incremental discretization) proves that the

model is fully converged according to C.3. Thus, parameter variations of the CZE-

material (s. C.1) have been executed to understand which CZE-parameter could be

varied to at least approach the test procedure.

A change of the material parameter would �nally enable the correct reproduction of the

desired adhesive test failure of the Mojo-Mix adhesive. However, if this is done the ori-

gin of the material input of the CZEs can not be explained anymore by the previously

executed material tests of the adhesive.

In contrast to the CLS-simulation, the simulations of the critical details provide promis-

ing results. Especially the T-Pull-model quantitatively reproduces the adhesive failure
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precisely. Even the quality of the simulated type of failure correlates to the majority of

failures of the preliminary tests. The predicted T-Tension delamination at a load of 40kN

did not occur in the preliminary tests, because a di�erent kind of failure emerged which

was not respected by the created CZM-models. The high load at the failing position

could however be demonstrated by strain plots of the FEM-model.

Since the simulation of the critical details are funded on the parameter settings of the

CLS, it remains dubious why only the CLS-simulation leads to the vast deviations.

The otherwise suitable simulations of adhesive failure in the bonded composite compo-

nents are based on the occurring adhesive loading conditions. As every herein simulated

adhesive failure originates mainly from a too high shear loading, the size of the CZEs is

of minor relevance in comparison to the accuracy of the results. Corresponding to the

theory, the detected unsensitivity of varying the CZE-size under shear loading conditions

allows the application of relatively coarse meshes on the studied FEM-models. A further

coarsening of the models was introduced by the use of the contact approach, combining

the de�ned adhesive CZE-mesh with an even coarser composite mesh. The herewith

used methods to keep the models as coarse as possible led to a signi�cant reduction of

the computing time.

Nevertheless, the analysis of the critical details needs up to 6 hours of wall time. A

simulation of the airbrake at the end of the validation pyramid of the project would thus

need several days under the conditions which have been developed on the element and the

detail level. According to this, the e�ort to simulate a large complex adhesively bonded

composite structure is estimated to be high and still needs further veri�cation.

Since all processed components were subjected to a primary shear load, the question

remains how comparable adhesively bonded composite models would react on a primary

normal loading condition. It could form a further prospective research project to deter-

mine whether the chosen discretizations of the models are still applicable under normal

load conditions to accurately predict an adhesive peel failure. Then again, it has to be

taken into account that adhesive joints are typically designed to transfer shear load in

technical structures.

For the model creation in this work, the preprocessor HyperMesh 13.0 has been used.
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Unfortunately, HyperMesh 13.0 is not fully harmonized with the newest features of the

utilized Nastran version V2014 R1 and thus, not all of the required input data of the

Nastran input �le could be directly generated. Neither the property of the solid compos-

ite elements (PCOMPLS) nor the cohesive zone elements and their properties (CIFHEX,

PCOHE) nor the contact could be generated directly in HyperMesh 13.0. Thus, I rec-

ommend for future projects to directly use the recent version of Patran. The pre- and

post processor Patran is like the solver Nastran a software tool of the MSC Software

Corporation and hence both are harmonized to each other.

Additionally, the use of several property cards of the CZEs (PCOHE-cards) in conjuction

with the applied contact algorithm led to problems at the used Nastran version V2014

R1. Thus, it was not possible to model multiple di�erent adhesives in one component in

the same time under the speci�ed conditions. According to the statement of the cus-

tomer support of MSC Nastran, this will be possible in the next version of Nastran. This

innovation will help to specify the adhesive CZM-models more detailed in prospective

projects.

Since several basic investigations have been executed on the CLS-specimen so far, the

knowledge on the element level could already be strengthened within the company of

Airbus Defence & Space. Finally, it allows to compare di�erent studies and it helps to

understand model-speci�c problems. For this reason, I recommend to investigate further

on the detail level of the validation pyramid.

In summary, this work simulates adhesively bonded components via the CZM exceed-

ing the coupon level of single-mode tests. In the process, the simulation of the �lm

adhesive �Hysol EA9695� provides accurate simulation results on the detail level. Until

now, few nonlinear analysis based on the CZM risked to proceed this far. That is why

this work contributes to increase the suitability of the CZM for the daily engineering use

to simulate the failure of adhesive joints.
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A. Appendix for Theoretical Background

A.1. Adhesive lap joints

Figure A.1: Summary of both linear and nonlinear two-dimensional analytical models
available in the literature [17]



Figure A.2: Hart-Smith-diagram: the strength of di�erent adhesively bonded joint
types is shown over the adherent thickness corresponding to [8]



Figure A.3: Adhesive shear stress distribution when the stress free condition at the
ends of the overlap is veri�ed according to [17]



A.2. Mechanical structure analysis

The technical mechanic is the lesson of movement of structural bodies in�uenced by

loading forces according to [14]. Simultaneously, the technical mechanic distinguishes

between static and kinetic systems. In doing so, the kind of system depends on its tech-

nical constraints and thus, on its degrees of freedom. The multitude of mechanically

regarded systems are static systems, like the studied adhesively bonded composite parts

in this work.

In general, the mechanical structure analysis is a useful tool to dimension whatever kind

of structural component. By calculating the deformation and strains of a component

under speci�c load cases, its stress-tensor can be determined. Furthermore, the existing

analyzed stresses can afterwards be set into relation with the stress allowable of the ma-

terial. This gives information whether the structure fails or resists the applied loads.

A proper structure analysis is done to guarantee necessary safety against the failure

of a structural component. The structure analysis goes always side by side with mechan-

ical tests proving the suitable �eld of application for the analysis. In economic regards,

the application of a structure analysis has its main purpose in saving cost expended for

the materials, the assembly and the �tness of a component.

On the one hand, the structure analysis bene�ts fewer necessary tests (s. [29]). On the

other hand, a simultaneous process of test and analysis (as you can see in �gure 1.2)

leads to more know-how in the development of technical components.

A.2.1. Linear Analysis

The linear static analysis is the most commonly used form of structure analysis. It is

based on the linear sti�ness K of a component [16]. The sti�ness is a property which

describes the deformation u of a loaded component by an applied load P .

P = K � u (24)

In this connection the sti�ness K is dependent on di�erent factors.

Primarily, the material of a component in�uences its sti�ness. A linear material behavior

is expressed by the elasticity law, which has been established in 1676 by R. Hooke. The

elasticity law relates strains and stresses in a material. The dependent coe�cient be-



tween both is the material speci�c modulus of elasticity E [15]. If a critical stress value

(s. limit load in �gure 3.1) is exceeded through loading conditions, the material will start

to deform plastically and hence, the modulus of elasticity decreases.

Secondly, the geometrical shape of a component codetermines its sti�ness. If the de-

formation of a structural component is high or takes in�uence on the loading behavior,

geometrical nonlinearity is present. A rule of thumb states according to [16] that geo-

metrical nonlinearities have to be respected if a deformation of more than a twentieth

part of the largest component dimensioning is present.

The last in�uence on the sti�ness is given by the boundary conditions of a component.

If a di�erent clamping of a component is chosen it e�ects the deformation at an un-

changed load.

If none of these three factors in�uence the sti�ness signi�cantly, a linear analysis of the

component is appropriate. A linear sti�ness leads to the fact that the analyzed compo-

nent will gain back its initial state when its loading forces P are removed.

The linearity between loading and deformation o�ers a simple principle of superposi-

tion of single loads to get the results of a complex load case of multiple loads.

A.2.2. Nonlinear Analysis

In contrast to the linear structure analysis, the nonlinear structure analysis is designed

to analyse a structure in which signi�cant sti�ness changes are present. Material, ge-

ometrical or boundary nonlinearities [1] lead, thus, to the following change of equation

(24):

P = K(P; u) � u (25)

The changing of the sti�ness matrix K accounts for an iterative solution algorithm to

get accurate results. The quantity of nonlinearities in the sti�ness matrix determines

appropriate parameters for the solution algorithm. If a high-grade area of nonlinearities

is reached in a structural analysis, this area needs to be more accurately simulated. The

convergence of the constitutive equation obtains in this context an important meaning.

Convergence

To satisfy the nonlinear sti�ness changing in the model, the �nal state of deformation



is approximated by an incremental solution scheme of stringed together linear analysis.

The load P is hence increasingly applied in an iterative manner until the �nal full load

value is reached. The breakdown of the analysis into several increments implies that the

computing time rises consequently with the amount of increments.

The aim for a suitable FEM model is always to get most e�ciently accurate results.

Thus, the computing costs should stay at a low level, while the analysis results should

reach a certain level of quality. The level of quality is expressed by the convergence fault

of the analysis.

Figure A.4: Visualisation of an explicit method of resolution

In �gure A.4, a comparison between the analytical correct solution (green curve) and the

solution of an explicit nonlinear solution algorithm (red curve) is depicted.

Thus, the aim of the nonlinear numerical analysis is in this case to accurately reproduce

the analytical function. In this purpose, the nonlinear analysis is divided into the typi-

cal increments. At each increment in the explicit nonlinear analysis the calculated end

function value of the previous increment is taken as the start function value for the next

increment. In order to calculate the end function value of an increment the function is

derived at the start point. Using the derivation at the start point, the gradient in this

point is determined so that a linear tangent approach can be ful�lled for the approxi-

mation of the increment. The higher the curvature of the function and the taller the

chosen increment, the heavier the convergence fault ERRconv;expl icit rises. The latter is

demonstrated in �gure A.4, by comparing the left and the right image.

The explicit solution algorithm provides a relatively fast approach for a nonlinear analy-

sis. Unfortunately, it leads to a summation of convergence faults of each increment and



thus, a signi�cant deviation is the result. According to [5] the explicit solution algorithm

therefore requires a small incremental size and is favorable on high speed simulations as

for instance to simulate crashes or impacts.

In order to control the quantity of the convergence faults the implicit solution algorithm

is introduced. In each increment, the solver tries to satisfy the algebraic transformed

equation (24).

Panalytisch � kanalytisch � uanalytisch = 0 (26)

The implicit solution algorithm shows its bene�ts on static, quasi-static and long duration

events. In the analyzing process, multiple iterations are solved during one single increment

until the convergence fault ERRconv;implicit of the current increment falls below a speci�ed

value, as it is mapped in �gure A.5.

Figure A.5: Visualisation of an implicit method of resolution

A popular method to numerically evaluate a function value at a certain time step of a

speci�c function is the Newton-Raphson-Method. This method is often used to iteratively

approximate an analytical function.

Pimplicit;i � kimplicit;i � uimplicit;i = Errorimplicit;i � 0 (27)

For the present work, the nonlinear results are approximated along the recommendation

of [5] by using the implicit solution algorithm and the Newton-Raphson-Method.

There exist three main methods in a nonlinear structural FEM-analysis to control the

convergence using the implicit solution algorithm (s. [1]). These three methods result

out of the parameters of the constitutive equation (27).



Utilizing the �rst method, convergence can be controlled by the residual (P) checking

iteratively the residual force against the reaction force in the model. If the ratio gets

under a speci�ed value, convergence is achieved for the increment.

The second method of convergence controlling is to compare the maximum displace-

ments (U) of the current iteration with the displacements of the previous iteration. The

di�erence between both has to get under a certain level.

The third method is the control of strain energy (W) which basically works like the

second method. By this method the whole model is checked iteratively.

MSC Nastran proposes to use a convergence error of 0,1 to mechanically analyze a struc-

ture. This is kept within all the executed analysis. The convergence check is done via

the force and the displacement convergence method (UPV).

Because the discretisation is based on iterative linear approximations of the constitutive

equation, the implicit solution algorithm needs more iterations to obtain convergence, in

areas, where the constitutive equations have high nonlinearities.



B. Appendix for determination of Cohesive Zone

material parameter

Figure B.1: shear stress �shear distribution over adhesive layer, for linear-elastic un-
damaged behavior at an applied displacement in x-direction of 0,0078mm

Figure B.2: shear stress �shear distribution over adhesive layer, for plastic behavior,
with partly damaged CZE at an applied displacement in x-direction of
0,0118mm



Table 7: Material Parameter of �Mojo-Mix�-adhesive

Parameter magnitude origin
En 4035MPa (LTSM, Uni Patras) [23]
G 720MPa (LTSM, Uni Patras) BBHC tests [23]
�n 64MPa (LTSM, Uni Patras) [23]
�shear 35MPa (LTSM, Uni Patras) BBHC tests [23]
GCI 0,32N/mm (LTSM, Uni Patras) average of area

calc. and usage of SBT [23]
GCII 0,5N/mm (LTSM, Uni Patras) average of CBBM

and Norm:AITM [23]
�1 0,546875 tshear

tn

�2 1,52439 Gshear

Gn

� 1

Kel;n
4035N=mm2

thCZE
equation 12

Kel;shear
720N=mm2

thCZE
equation 12

�c;n 0; 01586 � thCZE = tn
KCZEn

�c;shear 0; 04861 � thCZE = tshear
KCZEshear

�max;n 0,01025mm = Gn�2

tn

�max;shear 0,02857mm = Gshear �2

tshear

Table 8: Material parameter of �Loctite Hysol EA9695�-adhesive

Parameter magnitude origin
En Rohrprobenprogramm DLR [31]
G Loctite Report [41]
�n equation 20
�shear Loctite Report [41]
GCI 1,01852N/mm Tinius Olsen H5K-S UTM tensile test

[35]
GCII 0,78341N/mm MTS universal test [35]
�1

tshear
tn

�2
Gshear

Gn

� 1
Kel;n equation 12
Kel;shear equation 12
�c;n = tn

KCZEn

�c;shear = tshear
KCZEshear

�max;n = Gn�2

tn

�max;shear = Gshear �2

tshear



Table 9: Property-PCOHE-card for the CZEs according to [2]

PCOHE PID MID 1 GRID 0

Table 10: Material-MCOHE-input for the CZEs simulating the �Mojo-Mix�-adhesive
according to [2] and table 7

MCOHE MID 1 +

+ 0.328 9.517e-5 0.01025 0.546875 +

+ 1.52439

Table 11: Material-MCOHE-input for the CZEs simulating the �Loctite Hysol
EA9695�-adhesive according to [2] and table 8

MCOHE MID 1 +

+ 1.01852 +

+ 0.769165



C. Appendix for CLS

Table 12: CFC Material Hexcel IM7 8552 [30] (p.1)



Table 13: CFC Material Hexcel IM7 8552 [30] (p.2)



Table 14: Outputs of Cohesive Element 469208 (this is one of the trigger tip ele-
ments), monitoring failure initiation and failure propagation over loading
time



C.1. Parameter study on the MCOHE-card

In order to better understand the behavior of the CZEs, a parameter study of their ma-

terial input has been executed at the CLS-model.

Primarily, the change of parameters is done to see, whether a change of the material

input can raise the failure load of the CLS-component from Fsim;cr it=30kN to the level

of Ftest;cr it=55kN.

In a �rst step of parameter variation, the critical energy release rates GCI and GCII

stay unmodi�ed (values according to [35]). The shear-normal ratios �1 and �2 remain

�x as well. The initial CZE-sti�ness Kel and the critical traction �max of the CZE have

been varied as can be seen on �gure C.1. The red colored curve represents the original

bilinear material law for normal loading direction (s. �gure 3.3) as it has been utilized at

the presented CLS-model.

As �1 and �2 remain unchanged the material-law for pure shear loading changes simul-

taneously to the modi�cation of the material-law for pure normal loading.

In a second step the same parameter modi�cations have been chosen, with a changed

energy release rate (s. �gure C.2).

In order to summarize the results of the executed parameter study, the failure loads

of the CLS-model have been plotted next to their corresponding material curves of the

CZEs.

Figure C.1: Variation of CZE-parameter
with GCI=0,328N/mm

Figure C.2: Variation of CZE-parameter
with GCI=0,492N/mm

The result of the parameter study proves, that a change of cohesive sti�ness has just

small in�uence on the failure load. This is expected, because the CZE-sti�ness has



rather numerical in�uence on the CLS-model according to [25]. The increase of the

critical traction as well as the increase of the energy release rate raises the level of the

critical failure load Fsim;cr it . If an increase of the failure load is desired, the changing of

the energy release rate is the recommended parameter. On the one hand, it comparably

results in a larger e�ect and on the other hand, the changing of the critical traction can

be used to compensate the disturbance of mesh size e�ects pursuant [25].

Additionally the ESA states in [9], that �the shear strength of adhesively bonded struc-

tural joints can be better expressed by the strain energy to failure per unit bond area,

than by any of the individual properties such as peak shear stress�.

C.2. �Breaking Glue�-model

A last CLS-model is introduced in this subsection. In comparison to all the other models

based on the CZM, this model proposes contact constrains to represent the adhesive

layer. The �Breaking Glue�-model is based on the Breaking Glue algorithm of MSC Nas-

tran presented in subsection 2.2.3. The model will start to cut a contact constraint, if

the involved stress criterion according to equation (5) is satis�ed.

The used contact method is the �Node-to-segment� approach in which the contact is

modeled by multi-point-constraints (MPCs). The visualized contact constraints are de-

picted in �gure (4.4). Analog to the results of the CZM-models, the results of the

�Breaking Glue�-model are presented in �gure C.3.

Figure C.3: Simulation of the CLS-model using the breaking glue algorithm. The
state of deformation is kept at an applied tensional displacement of
0,5mm



The failure occurs at a load level of Fsim;cr it=37kN which is a higher level than it is

reached by the CZM-models. In addition, the crack growth is much faster and resembles

more to the test results. Furthermore, also the breaking glue method does not achieve

an initial failure of 55kN and fails too early.

At this position it has to be mentioned that several questions went along with the simu-

lation of the �Breaking Glue�-model. In the direct contact to the MSC customer support

some of these questions could be answered.

Hence, the most important issues and recommendations are shortly summarized:

� The thickness of the adhesive layer should not be vacant. If the contact constraints

of the Node-to-Segment approach are created bridging the gap of the adhesive layer,

the direction in which the contact is created (ISEARCH=1)) signi�cantly in�uences

the analysis results. Thus, there should be some elements created to represent the

adhesive layer

� The Segment-to-Segment contact approach o�ers a more continual contact mod-

eling than the Node-to-Segment approach. Unfortunately it is not valid for the use

of the Breaking Glue approach

C.3. Convergence control

To verify the nonlinear analysis a check of convergence has been executed for one CZM-

model and for the breaking glue model. This check is explained at the example of the

CZM-model with the model identi�cation �3. Solid� according to 4.7.

The load-displacement-criterion (UPV) is recommended for mechanical analysis as the

most suitable convergence criterion corresponding to [1]. Even the virtual work conver-

gence criterion (WA) is testi�ed on the models. In the course of the study of convergence

and according to [1] it is detected that the number of iterations is a fundamental factor

for the achievement of convergence. Figure C.4 presents the analysis of the speci�ed

CZM-model using di�erent convergence criteria and di�erent incrementation schemes.

The convergence error remains ERRconv for all the shown curves on the same level of

ERRconv=0,1 (this is the recommended convergence error along MSC Nastran). It is ap-

parent that the load-displacement-curves approach each other using a higher number of

iterations during the simulation. Specifying that at least 2 iterations have to be executed



in each load increment, the �gure C.4 illustrates that the convergence of the present

CLS model is achieved at an iteration number of round about 3600.

Figure C.4: Study of convergence; Simulation of the CZM-CLS-model number 3.
according to 4.7 (lE;Composite=8,3mm; lCZE=4,15mm)

For the tested virtual work criterion (WA), the solver managed to calculate every in-

crement exactly using two iterations per increment. The virtual work criterion (WA)

contemplates the analysis globally. This is most possibly the reason, why the solver does

not run into convergence problems at all. It does not respect the local sti�ness changes

induced by the damgage of the CZEs as the load-displacement-criterion (UPV) does.

Applying the same convergence error ERRconv;UPV =0,1, the UPV-criterion needs many

more iterations during speci�c increments in which the nonlinearity of the model particu-

larly is high. Thus, the iteration number per increment for the UPV-criterion is dependent

on the local nonlinearity of the model which is visualized by the load-displacement-curve.

While the CZEs are damaging the solver, hence, needs a greater amount of iterations

than during the period of linear-elastic deformation.

A reduction of the convergence error to ERRconv;UPV =0,01 in CLS-CZM-model-analysis

leads to problems solving the constitutive equations. In the load increment, where the

CZEs start to damage at an applied displacement of about u=0,42mm the solver of MSC

Nastran does not �nd a converged solution of the constitutive equations in between a

speci�ed maximum limit of iterations. This maximum amount of iterations per increment

is speci�ed to niterations=incr=50.



The breaking glue model in contrary does not deal with material nonlinearities, since no

nonlinear material is entered therein to model the adhesive behavior. Thus, a convergence

error of ERRconv;UPV =0,001 can be followed. If a node separates during the breaking

glue analysis, the present iteration is not evaluated in the compliance of the maximum

iteration number.



Figure C.5: Variation of the critical tension in cohesive zone elements, without chang-
ing the shear-normal-ratios (�1, �2) for the coarse element mesh of com-
posite and cohesive elements (8,33mm/4,15mm)

Figure C.6: Visualisation of delamination progress comparing the di�erent stud-
ied meshes on the CLS-CZM-model (present applied displacement
ux=0,5mm)



Figure C.7: Strain comparison of di�erent CLS-CZM-models

Figure C.8: Visualisation of clamping di�erence of the solid (top) and the shell model
(bottom) on the lap-strap clamping side



D. Appendix for critical Details

D.1. T-Pull
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Figure D.1: Geometry and stacking of T-Pull-specimen



Figure D.2: Number of CZEs delamination over the simulation time and over the
applied displacement (the state of simulation is clari�ed by the load-
displacement-curve)

Figure D.3: Stresses in adhesive layer 1 above the gusset at an applied displacement
of wappl ied = 4; 08mm



Figure D.4: Stresses in adhesive layer 2 above the gusset at an applied displacement
of wappl ied = 2; 97mm

Figure D.5: Stresses in adhesive layer 2 above the gusset at an applied displacement
of wappl ied = 4; 08mm



Figure D.6: Stresses in adhesive layer 3 above the gusset at an applied displacement
of wappl ied = 2; 97mm

Figure D.7: Stresses in adhesive layer 3 above the gusset at an applied displacement
of wappl ied = 4; 08mm



Figure D.8: Stresses in adhesive layer underneath the capping strip at an applied
displacement of wappl ied = 2; 97mm

Figure D.9: Stresses in adhesive layer underneath the capping strip at an applied
displacement of wappl ied = 4; 5mm



Figure D.10: Stresses in adhesive layer underneath the capping strip at an applied
displacement of wappl ied = 4; 6mm



Figure D.11: Variation of MCOHE-cards for the CZEs due to a variation of input
data out of di�erent material tests (out of six MCOHE material-values
to specify, the energy release rates GI, GII and GIII remain the same for
all four studied MCOHE-cards; the remaining four MCOHE parameters
are varied along the legend; the black colored curve is the standard load-
displacement-curve, which has been presented in the T-Pull-section)



Figure D.12: Sensitivity of the T-Pull-model on a variation of frictional horizontal
clamping conditions (clamping force Fcl and friction coe�cient �); the
red colored curve is the standard load-displacement-curve, which has
been presented in the T-Pull-section. It has the proposed friction coef-
�cient �=0,15, which is an averaged value along [39] between steel and
CFC-laminates, and the proposed clamping force Fcl=6500N along the
test de�nition



D.2. T-Tension
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Figure D.13: Geometry and stacking of T-Tension-specimen



Figure D.14: Number of CZEs, which fail (d �0,01) and number of CZEs, which
start to delaminate (d �0,99) plotted over the applied displacement
(the state of simulation is clari�ed by the load-displacement-curve)

Figure D.15: Variation of MCOHE-cards for the CZEs due to a variation of input
data out of di�erent material tests (out of six MCOHE material-values
to specify, the energy release rates GI, GII and GIII remain the same for
the two studied MCOHE-cards; the remaining four MCOHE parameters
are varied along the legend; the dark blue colored curve is the standard
load-displacement-curve, which has been presented in the T-Tension-
section)



Figure D.16: Strains at the upper surface at the position of the stepped local thicke-
ness increase at an applied displacement of 0,864mm, which corresponds
to 24,3kN tensional loading

Figure D.17: Strains at the upper surface at the position of the stepped local thicke-
ness increase at an applied displacement of 1,062mm, which corresponds
to 30kN tensional loading



D.3. T-Shear
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Figure D.18: Geometry and stacking of T-Shear-specimen



Figure D.19: Clamped T-Shear-specimen



Figure D.20: Number of CZEs, which fail (d �0,01) and number of CZEs, which
start to delaminate (d �0,99) plotted over the applied displacement
(the state of simulation is clari�ed by the load-displacement-curve)

Figure D.21: Variation of MCOHE-cards for the CZEs due to a variation of input
data out of di�erent material tests (out of six MCOHE material-values
to specify, the energy release rates GI, GII and GIII remain the same for
the two studied MCOHE-cards; the remaining four MCOHE parameters
are varied along the legend; the black colored curve is the standard load-
displacement-curve, which has been presented in the T-Shear-section)



Figure D.22: Convergence control of the T-Shear-simulation; an incrementation of
more than 200 increments does not in�uence the quantity of failure
initiation and delamination initiation anymore; qualitative a higher in-
crementation than 200 increments reduces the time of delamination,
means at a full converged solution the delamination occurs very abrupt
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