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1. The classification of the mechanical behaviour of adhesives might be the first step in
developing simple design rules for adhesive bonded joints.

2. The number of publications about new solutions for the stress distribution within the
bondline of a single overlap joint almost looks like the medieval quest for the Holy Grail.

3. The formulation and validation of mechanistic models describing the ageing behaviour is
essential to develop design rules for adhesive bonded joints.

4. The most essential step within the procedure for calibration of partial and conversion
factors with use of probabilistic techniques is the definition of the test programme.

5. Itis a widespread misunderstanding to connect fatigue with dynamics.
6. A testis also a model.

7. The value of a consistent methodology in planning a research programme is ignored by
many engineers.

8. Accepted design rules are too often used as a motive to prevent product developments.
9. A good photograph starts with the position of the frame.

10. Amateur astrophotography only promotes uselessness.
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10.

De klassificatie van het mechanische gedrag van lijmen kan een eerste stap zijn in het
opstellen van eenvoudige rekenregels voor gelijmde verbindingen.

De reeks van publicaties over nieuwe oplossingen voor de spanningsverdeling in de
lijmlaag van een enkele overlapverbinding begint verdacht veel te lijken op de
middeleeuwse speurtocht naar de heilige graal.

Het opstellen en valideren van modellen die het mechanisme van het verouderings-
gedrag beschrijven, is essentieel voor de ontwikkeling van rekenregels van gelijmde
verbindingen.

De meest essentiéle stap in de procedure om de partiéle factor en de conversiefactor met
behulp van probabilistische technieken te kalibreren is het vaststellen van het proeven-
programma.

Het is een wijdverbreide misvatting om vermoeiing in verband te brengen met dynamica.

Ook een proef is een model.

Het nut van een consistente methodologie bij het opzetten van een onderzoeks-
programma wordt door veel ingenieurs genegeerd.

Geaccepteerde ontwerpregels worden al te vaak als excuus aangevoerd om product-
ontwikkelingen tegen te houden.

Een goede foto begint bij het vastleggen van het kader.

Amateurastrofotografie heeft uitsluitend tot doel het nutteloze te bevorderen
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Preface

This thesis focuses on the design of adhesive bonded joints for structural applications and
provides techniques to develop reliable design rules. The proposed systematic approach is
based on knowledge of the adhesive bonding technology and structural reliability methods. As
such, it is of interest for researchers who work in the field of adhesives, writers of standards
and designers who want to apply adhesive bonded joints in practice.
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Summary

There is a need for design rules in various sectors of industry to validate the reliability of
adhesive bonded joints for structural applications. Such design rules have to be based on a
structural reliability method. For practical applications it is proposed to formulate design
rules within the format of the partial factor approach. This approach compares the design
value of the resistance with the design value of the action effect. As long as the value of the
resistance is higher than the action effect, the required reliability target is met. For adhesive
bonded joints the design value of the action effect can be taken from existing standards, while
for the design value of the resistance guidelines have to be formulated. To develop reliable
design rules to calculate the design value of the resistance of adhesive bonded joints, a
systematic approach is presented in this thesis.

The design value of the resistance is defined as the characteristic value divided by the
partial factor. The characteristic value of the resistance has to be calculated by a proper
prediction model that is based on the knowledge of the adhesive bonding technology. To
predict the mechanical behaviour a failure criterion has to be defined, material properties
have to be determined with use of standard tests and a theory has to be selected to calculate
the mechanical action effects. The partial factor reduces this calculated value in such a way
that the required reliability level is reached. Additionally a conversion factor is introduced to
take into account the degradation behaviour due to environmental ageing. To calibrate the
partial factor and conversion factor probabilistic techniques are defined.

For adhesive bonded overlap joints under static load conditions a design rule to calculate
the strength is developed. The used prediction model is based on a pressure dependent yield
criterion with failure at a maximum strain. Adhesive properties are determined with small-
scale tensile and compression tests. A non-linear theory is used to calculate the stress and
strain states within the bondline. A general applicable simple spring model approach is
proposed, but also a finite element calculation can be used, as long as physical non-linear
behaviour of the adhesive and geometrical non-linear behaviour of the joint are included. For
the studied cold-cured two-component epoxy and cold-cured two-component polyurethane
adhesives the predicted strengths are in line with results of tests on single overlap joints and
double strap joints. Partial factors for both adhesives are calibrated by comparing a large
number of test results and matching predicted values with statistical means. If the
characteristic values of the strength are calculated on the basis of the mean stress-strain
curves of the considered adhesives, the partial factor is in the range of 1.2 to 1.9.

To take into account the effects of the degradation of the strength during time, a method is
presented to determine the conversion factor. The CIB/RILEM procedure is used to structure
the research process. The degradation of the strength is described by an empirical relation and
the actual reduction of the strength is determined by tests on specimens that are aged under
accelerated conditions. The statistical interpretation of the test results using a time
transformation function indicates that these results are affected by post-curing of the
adhesive and that it is important to have enough data available in the region where the
degradation stabilises. The calibrated values of the conversion factors for overlap joints made
of polyester coated steel sheeting and bonded with cold-cured two-component polyurethane
adhesives from two suppliers, are both approximately 0.75 if the characteristic values are
based on fully cured adhesives.

To show the general applicability of the proposed systematic approach also design rules for
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sandwich panels are developed. These deal with the shear strength of the core material and
delamination of the adhesively bonded interface between the core material and the face of the
sandwich. It is found that the ultimate shear stress can be used as the criterion to predict
shear failure of the core, while the ultimate tensile stress of the core can be used to predict
delamination of the interface. Core material properties are determined with standardized
tests. A linear elastic theory is used to calculate the stress state. It is advised to take a higher-
order theory or a detailed finite element calculation to calculate effects caused by local details.
It is also shown that the proposed prediction model can be extended to a sandwich panel with
a loaded plate adhesively bonded on one of the faces. The predictions are in line with results
of tests on sandwich panels with thin steel faces and mineral wool or polystyrene core
material. Partial factors are calibrated by comparing selected test results and matching
predicted values with statistical means. If the characteristic values of respectively the ultimate
shear stress and tensile stress are calculated on a target probability of 0.05, the partial factor
for shear failure of the considered mineral wool core material is 1.8, while for delamination of
both core materials the partial factor is 1.4.

It is concluded that with use of the proposed systematic approach, design rules for
structural adhesive bonded joints can be developed for daily design practice. These design
rules meet the target reliability. Examples of design rules for adhesive bonded overlap joints
and sandwich panels under short-term static load conditions support this conclusion. Further
development of design rules has to be supported by research on various aspects of the
adhesive bonding technology and probabilistic methods.
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Samenvatting

In verschillende sectoren van de industrie is er een behoefte om te kunnen beschikken over
ontwerpregels, die de betrouwbaarheid van gelijmde verbindingen voor constructieve
toepassingen toetsen. Dergelijke ontwerpregels dienen te zijn gebaseerd op een methode, die
de constructieve betrouwbaarheid vaststelt. Het voorstel is om voor praktische toepassingen
ontwerpregels te formuleren op basis van partiéle factoren. Deze benadering vergelijkt de
ontwerpwaarde van de sterktefunctie met de ontwerpwaarde van de belastingsfunctie. Zolang
de waarde van de sterktefunctie groter is dan die van de belastingsfunctie, wordt aan de
gestelde eis voor de betrouwbaarheid voldaan. Voor gelijmde verbindingen kan de
rekenwaarde van de belastingsfunctie volgens de bestaande normen worden bepaald, terwijl
voor de rekenwaarde van de sterktefunctie rekenregels dienen te worden geformuleerd. Voor
gelijmde verbindingen is in deze dissertatie een systematische methodiek gepresenteerd,
waarmee ontwerpregels zijn te ontwikkelen voor de berekening van de ontwerpwaarde van de
sterktefunctie.

De ontwerpwaarde van de sterktefunctie is gedefinieerd als de karakteristieke waarde
gedeeld door de partiéle factor. De karakteristieke waarde van de sterktefunctie dient te
worden berekend met een geschikt voorspellingsmodel, dat is gebaseerd op de
lijmtechnologie. Het mechanische gedrag wordt voorspeld door een bezwijkcriterium te
definiéren, door de materiaaleigenschappen te bepalen met behulp van standaardproeven en
door een theorie te selecteren waarmee de effecten van mechanische belastingen zijn te
berekenen. De partiéle factor reduceert deze berekende waarde zodanig dat het vereiste
niveau van de betrouwbaarheid wordt gehaald. In aanvulling hierop is in deze dissertatie een
conversiefactor geintroduceerd, die het degradatiegedrag ten gevolge van veroudering door
invloeden van de omgeving in rekening brengt. Om de partiéle factor en de conversiefactor te
kalibreren zijn probabilistische methoden uitgewerkt.

Voor de berekening van de sterkte van statisch belaste gelijmde overlapverbindingen is een
ontwerpregel ontwikkeld. Het gebruikte voorspellingsmodel is gebaseerd op een
drukafhankelijk vioeicriterium, waarbij bezwijken optreedt bij een maximum rek. De
lijmeigenschappen zijn bepaald met trek- en drukproeven op kleine proefstukken. Om de
spannings- en rekverdeling in de lijmlaag te berekenen is een niet-lineaire theorie toegepast.
Hiervoor is een algemeen toepasbare benadering voorgesteld, die uitgaat van een eenvoudig
verenmodel. Een eindige-elementenberekening kan ook worden gebruikt, zolang het fysische
niet-lineaire gedrag van de lijm en het geometrische niet-lineaire gedrag van de verbinding
maar zijn beschreven. Voor de bestudeerde kouduithardende twee-component epoxylijm en
kouduithardende twee-component polyurethaanlijm komen de voorspelde sterkten goed
overeen met de proefresultaten uitgevoerd op enkele en dubbele overlapverbindingen. De
partiéle factoren voor beide lijmen zijn gekalibreerd door met behulp van statistische
technieken een groot aantal proefresultaten te vergelijken met de overeenkomende voorspelde
waarden voor de sterkte. Indien de karakteristieke waarden van de sterkte zijn gebaseerd op
de gemiddelde spannings-rekrelaties van de betreffende lijmen, dan ligt de waarde van de
partiéle factor in de range van 1.2 tot 1.9.

Om de gevolgen van de degradatie van de sterkte gedurende de tijd in rekening te brengen,
is een methode gepresenteerd waarmee de conversiefactor wordt bepaald. De door CIB/RILEM
voorgestelde procedure is gebruikt om het onderzoeksproces te structureren. De degradatie
van de sterkte is beschreven met een empirische relatie en de feitelijke reductie van de sterkte




is bepaald met proeven op proefstukken die versneld verouderd zijn onder geintensiveerde
condities. De statistische interpretatie van de proefresultaten met behulp van een
tijdverschuivingsfunctie geeft aan dat de resultaten zijn beinvloed door een na-uitharden van
de lijm. Tevens geven deze interpretaties aan dat het belangrijk is te beschikken over
voldoende data in het gebied waar het verloop van de degradatie stabiliseert. De
gekalibreerde waarden van de conversiefactoren voor een overlapverbinding gemaakt van
polyester gecoat plaatmateriaal en gelijmd met twee-component polyurethaanlijmen van een
tweetal leveranciers, zijn beide ongeveer gelijk aan 0.75 indien de karakteristieke waarden
gelden voor een volledig uitgeharde lijm.

Om de algemene toepasbaarheid van de voorgestelde systematische methodiek te
illustreren, zijn er ook ontwerpregels voor sandwichpanelen ontwikkeld. Deze hebben
betrekking op de afschuifsterkte van het kernmateriaal en op de delaminatie van de gelijmde
laag tussen het kernmateriaal en de huid van de sandwich. Er is vastgesteld dat de uiterste
afschuifsterkte een bruikbaar criterium is om bezwijken van het kernmateriaal op afschuiving
te voorspellen, terwijl de uiterste treksterkte van het kernmateriaal kan worden gebruikt om
bezwijken van de grenslaag te voorspellen. De eigenschappen van het kernmateriaal zijn
bepaald met standaard proeven en een lineair elastische theorie is gebruikt om de spanningen
te berekenen. Geadviseerd wordt om voor het berekenen van de effecten van lokale
geometrische details een hogere-orde theorie of een gedetailleerde eindige-elementen-
berekening te gebruiken. Tevens is aangetoond dat het voorgestelde voorspellingsmodel kan
worden uitgebreid voor een sandwichpaneel met een opgelijmde plaat die wordt belast. De
voorspellingen komen overeen met resultaten van proeven op sandwichpanelen gemaakt van
dunne stalen huiden en een kernmateriaal van minerale wol of polystyreen. Partiéle factoren
zijn gekalibreerd door met statistische technieken geselecteerde proefresultaten te vergelijken
met de bijbehorende voorspelde waarden. Indien de karakteristieke waarden voor de uiterste
afschuifspanning en trekspanning zijn gebaseerd op een kans gelijk aan 0,05, dan is de
partiéle factor voor de beschouwde minerale wol gelijk aan 1,8, terwijl voor delaminatie van
beide beschouwde kernmaterialen de partiéle factor gelijk is aan 1,4.

Geconcludeerd is dat met de voorgestelde systematische methodiek voor gelijmde
verbindingen in constructies ontwerpregels voor de dagelijkse ontwerppraktijk kunnen
worden ontwikkeld. De ontwerpregels voldoen dan aan de gestelde betrouwbaarheid. Deze
conclusie wordt ondersteund door voorbeelden van rekenregels voor gelijmde
overlapverbindingen en sandwichpanelen, die kortdurend statisch worden belast. De verdere
ontwikkeling van ontwerpregels dient te worden ondersteund door onderzoek naar de vele
aspecten van de lijmtechnologie en probabilistische methoden.
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Chapter 1

Introduction

Today, there is a growing interest in industry to use adhesive bonded joints for structural
applications. This method of joining offers advantages over more conventional methods.
Substantial economic profits can be made by the development of new design solutions. By
using adhesive bonded joints, new materials can be applied and there is the ability to work
out novel structural configurations. A good example of this development is the sandwich
panel. Different types of materials for the faces and core are combined to form the layered
structure and the faces can be reinforced locally by bonding stiffeners at critical locations. The
developments of such new design solutions require new design concepts.

For structural applications of adhesive bonded joints, present practice is confronted with
the absence of reliable design rules. Only experiments are appropriate to validate if the
required reliability level is reached. Various reasons can be put forward. A large variety of
potential prediction models are discussed by researchers over the years, but without
conformations. There is still a lack of knowledge about failure mechanisms, ageing and the
stochastic nature of the strength. Also the experience with the selection of adhesive bonding
systems, the structural design of a joint and the development of manufacturing processes is
limited. The key reason is that the adhesive bonding technology is faced with difficulties to
predict the structural behaviour and durability of adhesive bonded joints within coherent
approaches.

Another reason for the absence of design rules has a historical background. The first
designs of structural adhesive bonded joints were made in aerospace industry. From the
period after the Second World War up till now the aerospace airworthiness authorities have
only accepted design solutions validated with use of extensive test programmes. It will
normally take several years to develop a solution that meets the high level of requirements.
There is no urge to optimise an accepted design solution, because the costs will be higher
than the profits. This situation hinders the development of design rules for validation. In the
automotive industry adhesive bonded joints were introduced during the 1980's. Compared to
aerospace applications, the manufacturing process had to be cheaper. This initiated the
development of other adhesive bonding systems, but still the design method based on tests
has been used to validate design solutions. The high costs of tests can be afforded easily,
because of the large scale of production. In both automotive as well as the aerospace industry
a driving force is missing to develop design rules for validation.

In other sectors of industry like marine, transport, building and civil engineering new
design solutions have to be developed with a limited budget and within a short period of
time. This is because these unique design solutions are custom-made and are mostly produced
in small series. The use of extensive test programmes will be too expensive and time
consuming. The only alternative to validate design solutions of adhesive bonded joints is to
make use of reliable design rules.

Reliable design rules are based on two essential issues: a prediction model and a structural
reliability method. The prediction model has to give a proper description of the structural
behaviour under given mechanical and environmental actions. The structural reliability
method has to guarantee the reliability level of the structure. Reliability is defined as the
ability to fulfil prescribed requirements during a specified lifetime. It is equal to the
probability that the structure will not fail and will perform its intended function. This means
that the stochastic nature of the strength should be taken into account. To develop reliable
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design rules these two subjects have to be combined systematicaily.

The objective of the study presented in this thesis is to present a systematic approach to
develop reliable design rules for structural adhesive bonded joints. To illustrate the potential
of this approach, the study focuses on the joining of metals under short-term static load
conditions and under high humidity conditions. Both the structural behaviour as well as the
degradation behaviour of adhesive bonded joints are considered. The systematic approach is
formulated in such a way that it can be used for all kinds of adhesive bonded joints under
various actions.

The presented systematic approach is based on current knowledge about the behaviour of
adhesive bonded joints and on structural reliability methods widely accepted nowadays. To
introduce both subjects various fields covered by the structural adhesive bonding technology
are discussed in chapter 2 and the development of modern design rules is presented in
chapter 3. To meet the required reliability level, design rules have to be calibrated. In chapter
4 different calibration techniques are discussed and specific modifications are proposed for the
application of adhesive bonded joints. The starting point of developing design rules is the
composition of prediction models. In chapters 5 and 6 coherent approaches are proposed for
the modelling of structural behaviour and durability. Their possibilities are illustrated for two
kinds of applications. In chapter 7 design rules for metallic overlap joints are developed and in
chapter 8 design rules for adhesive bonded joints used in sandwich panel structures are
developed. Finally the conclusions are summarized in chapter 9, followed by
recommendations for future research activities given in chapter 10.



Chapter 2

Structural Adhesive Bonding Technology

An essential issue engineers are confronted with is the joining of structural parts. A wide variety of
Jjoining methods has been developed over the years, which are generally categorised into the
following groups: mechanical, physical and chemical joining methods (Brandon and Kaplan, 1997).
The interest in using adhesive bonded joints for structural applications is still increasing, due to the
use of new materials, other fields of application and the necessity to reduce costs. This tendency
confronts a larger group of engineers with the need of a better understanding of the adhesive
bonding technology and its multi-disciplinary aspects. In this chapter those aspects are highlighted.

2.1 Applications in engineering

One of the first known examples of the use of bonding technology is the Greek legend of
Daedalus who constructed for his son lkaros a pair of wings made of bird’s feathers bonded by
wax. The flight became a disaster, because Ikaros ignored his father’s warning not to fly close
to the sun. The use of adhesives based on plant and animal substances goes back to 3000 BC
and was applied by the Egyptians, the Romans and the Chinese to bond paper, stone and
wood (Schindel-Bidinelli and Gutherz, 1988). During the industrialisation in the 19th century
the performances of these vegetable and animal adhesives were modified synthetically and
the first steps were made to develop new types of adhesives. The real break through became
around the Second World War, when the first fully synthetic versions were invented. The
improved properties of these synthetic adhesives gave engineers the opportunity to use them
for structural applications.

The structural adhesive bonding technology has been applied successfully within many
sectors of industry. See for example Schliekelmann (1970), Mays and Hutchinson (1992) and
The Institute of Structural Engineers (1999). The aerospace industry has the longest tradition;
almost every modern aeroplane contains adhesive bonded joints. The automotive industry
makes frequently use of its advantages. By bonding the front and back windows the stiffness
of the car frame can be improved significantly. Also other sectors of industry, like marine,
transport, building and civil engineering, are recognizing the advantages of adhesive bonded
joints for structural use.

An adhesive bonded joint is fabricated by putting a liquid or paste, mostly organic, between
the components that have to be joined. The liquid and paste are known by the term adhesive
and the component is indicated by the term adherend or the term substrate. A rigid
connection is formed after curing of the adhesive. The material of the adherends is mostly
unaffected by this process. The term "structural adhesive bonded joint" is used if the
connection has to transfer a load from one adherend to another.

The use of structural adhesive bonded joints has several advantages and disadvantages in
comparison with other joining methods like mechanical fastening, welding or soldering.
Significant advantages are:
the ability to bond dissimilar adherends;
the ability to bond thin adherends;
the better control of the tolerances;
the ability to make almost invisible connections;
the ability to produce complex joint configurations;
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- the fact that the properties of the adherend as cross section area, straightness and material
behaviour are not affected;

- the good sealing properties of the adhesive layer against gases, moisture or chemicals;

- the good insulating properties of the adhesive layer against electricity, heat or sound;

- the ability to avoid galvanic corrosion between dissimilar adherends.

With a proper design and manufacturing process the following advantages can be added to

this list:

- the increase of the stiffness;

- the increase of the dynamic damping;

- the reduction of the sensitivity to fatigue;

- the reduction of the capital and labour costs.

There are also disadvantages that should be taken into account:

- the complexity of the manufacturing process with skills like surface preparation,
preparation of the adhesive, control of the processing temperature, pressure and humidity
conditions, and use of equipment;

- the curing time during which the bonded adherends have to be fixed;

- the significant influence of environmental actions on the durability;

- the fact that the properties of the adhesive are affected by temperature;

- the fact that the properties of the adhesive are time dependent;

- the possible toxicity and its effects on the environment and labour conditions;

- the difficulty to apply non-destructive test methods to control the bondline;

- the difficulty to dismantle the joint for repair or re-use of the materials.

To realise an optimum design it is necessary to utilize the advantages and to minimize the

effects of the disadvantages.

The design process of a structural component contains in general an initial, a conceptual,
an optimisation and a validation phase. In the initial phase the problem statement and so-
called objective functions are formulated. The aim of these objective functions is to quantify
the required performances under given operating circumstances. The conceptual phase ends
up with a number of potential outline solutions. The formulation of these is based on
experience, insight and creativity of the engineer. The optimisation phase results in a final
design and the validation phase shows formally that this final design meets the requirements.
For the application of structural adhesive bonded joints the following issues have to be
covered within each phase of the design process:

- the selection of an adhesive bonding system;

- the structural design of the joint;

- the manﬁfacturing process and use of a quality assurance system.

For a successful design of a structural adhesive bonded joint it is necessary to understand the

background of its structural behaviour, durability and the wide variety of multidisciplinary

aspects related to the above mentioned three issues.

2.2 Structural behaviour of adhesive bonded joints
2.2.1 Failure modes

By choosing an adhesive bonded joint to connect two adherends, a variety of alternative
solutions can be applied. In structural terms a distinction can be made between adhesive
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bonded joints globally loaded in shear, tension or peel, as indicated in figure 2.1. A design
solution loaded in shear is preferred, while solutions loaded in tension or peel should be
avoided as much as possible. This is, because for tension and peel the stress state in the
vicinity of the bondline is dominated by high tensile stresses, which are difficult to sustain.
The magnitude of these stresses is much lower for a joint primarily loaded in shear. To
optimise a potential solution the configuration and dimensions of the joint can be changed.
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Figure 2.1 Adhesive bonded joints globally loaded in: a) shear, b) tension and c) peel

During all stages of the design process the nature of the load acting on the adhesive bonded
joint has to be considered. The following distinction can be made between the various
mechanical actions, as also indicated in figure 2.2:

- Short-term static load. During its lifetime the joint is incidentally loaded by a non-varying
load for relatively short periods of time. An example of a short-term static load is the
maximum wind load, which only occurs during a storm.

- Impact load. This is a special case of the short-term static load, in which the total load is
applied within a fraction of a second. The response of the material differs significantly for
what is normally found for static loads. An example of an impact load is a gas explosion.

- Long term static load. The joint is loaded by a non-varying load for a longer period time.
This type of load might have a significant effect on the behaviour of the joint due to creep.
Beside the fact that irreversible deformations occur, the joint might fail after a period of
time. An example of a long-term static load is the dead weight of a structure.

- Low cycle fatigue load. In fatigue the value of the load acting on the joint varies during
time. The fatigue load is characterised by minimum and maximum load levels reached and
the number of cycles during lifetime. For low cycle fatigue cracks can be formed in the
bondline, causing a degradation of the performance of for example the static strength of the
joint.

- High cycle fatigue load. For high cycle fatigue load a continuing process of crack growth is
active, until the joint fails. An example of a fatigue load is the cyclic traffic load of passing
cars.

To validate the joint performances the significance of the above mentioned mechanical actions

and their values have to be known.

Besides the above mentioned mechanical actions an engineer also has to take into account
the effects of environmental actions on the performances of the adhesive bonded joint. A
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Figure 2.2 Overview of various mechanical actions

higher temperature normally reduces the stiffness and strength of the adhesive, while for the
accidental action of fire most adhesives disintegrate rapidly. Other environmental actions like
water, high humidity and ultraviolet radiation normally have a long-term effect on the joint
by reducing the strength. Cyclic behaviour of these actions might cause additional effects. The
reduction of the strength caused by ageing is known by the term degradation.
Due to mechanical and environmental actions an adhesive bonded joint might fail. The
actual failure occurs in one of the following locations, see figure 2.3:
- In the bondline. It might be expected that failure initiates at a location with the highest
stress state. This is also known by the term cohesive failure.
- At the interface between the bondline and the adherend. It is possible that failure of an
interlayer between the adherend and the adhesive occurs, for example a coating. This is
also known by the term adhesive failure.
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- In one of the adherends.

From observations of fracture surfaces it is known that in many cases a mixture of cohesive
and adhesive failure near the interface occurs. The failure mode is not only affected by the
used adhesive bonding system, but also by the manufacturing process and the quality
assurance system implemented. These findings are confirmed in detail by an extensive
research project by Crocombe et.al. (1995) performed during the 1990's.

Figure 2.3 Failure of an adhesive bonded joint: a) in the bondline, b) at
the interface between the bondline and the adherend, and c) in the adherend

2.2.2 Cohesion

If an adhesive bonded joint fails cohesively, the location of failure initiates within the bondline
at a position with the highest stress state. From detailed observations, see for example
Crocombe et.al. (1995), it is known that cracks occur locally and that due to crack growth and
branching of cracks final failure occurs. Since adhesives are mostly synthetic and organic, its
cohesive behaviour can be explained with what is known from the polymer technology.

Polymers are macromolecules synthesized by a reaction of smaller molecules, known by the
term monomers. The polymer technology distinguishes four different molecular structures of
polymers: linear, branched, crosslinked and network (Young and Lovell 1991). For a linear
polymer long, flexible chains of molecules are weakly bonded by physical bonds. For a
branched polymer side chains are connected to these long chains, but these are still bonded
by physical bonds. For a cross-linked polymer on the other hand the side chains are connected
by stronger chemical bonds. Finally the strongest structure of polymer is the network with
more chemical bonds between the molecules forming a connected net of molecules. Of all
these four types of molecular structures adhesives are members, but most of the structural
adhesives are crosslinked and network polymers.

Another classification system used by the polymer technology is based on the behaviour of
the polymer (Young and Lovell, 1991). Three types of polymers are classified: elastomer,
thermoset and thermoplastic. An elastomer is based on a polymer with a low degree of
crosslinking, is capable to stretch to a high extension and recovers without permanent
deformations. A thermoset is based on a polymer with a high degree of crosslinking, forming
a complete network polymer. Its behaviour is more rigid than for an elastomer, but both types
degrade rather than melt above a certain temperature. A thermoplastic on the other hand can
be melted easily. It is based on linear or branched polymers. A distinction between adhesives
based on a thermoplastic on one hand and adhesives based on an elastomer or a thermoset on
the other hand can be made relatively easily, but there are several adhesives that can be
classified as an elastomer as well as a thermoset.

To influence the behaviour of an adhesive not only the molecular structure is controlled, but
also additives are used. The polymer technology distinguishes the following types of
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additives: filler, plasticiser and stabiliser. A filler does not interact with the polymer and is
added to improve properties like processability, strength, toughness, dimensional stability and
thermal stability. A plasticizer influences the flexibility, ductility and toughness by increasing
the distances between the polymer chains. A stabilizer avoids the deterioration of the polymer
due to environmental actions as ultraviolet radiation and oxidation. More types of additives
are known, but for the structural behaviour of adhesives the filler, plasticizer and stabilizer
are most important.

Before discussing the mechanical behaviour of polymers, attention is given towards the
physical behaviour relevant for structural applications of adhesives. Polymers normally show
a temperature range where the polymer melts. Below the so-called glass transition
temperature the material is considered to be an amorphous solid; above this temperature it is
a rubbery solid with completely different properties and at higher temperatures it becomes a
viscous liquid or desintegrates. For various adhesives the glass transition temperature can be
in the temperature range of practical applications, which means that the adhesive properties
change significantly.

Another important phenomenon of polymers related to ageing effects is their permeability.
Two mechanisms of liquid or gas uptake are distinguished (Elias, 1997). One mechanism
describes that molecules diffuse into the polymer. The other mechanism describes that
molecules enter with a front characterized by a sharp boundary between the unaffected
polymer and the swollen polymer. For adhesives mostly the diffusion mechanism described by
a Fick’s diffusion law is used.

The stress-strain behaviour of polymers is fairly complex (Hertzberg, 1976). For low stresses
the polymer’s bonds are stretched and energy is stored in a quite reversible manner. This
means that the stress-strain behaviour shows a linear relation, which can be described by the
modulus of elasticity. An additional phenomenon is the lateral strain, which can be described
by the Poisson’s ratio. For higher stresses the stress-strain behaviour is no longer linear. A part
of the energy is dissipated in a viscous manner and the stress-strain behaviour is not
reversible. In literature this onset of yielding is described by various theories. A
straightforward group of theories considers a pressure dependent yield criterion, which takes
into account that for polymers the compressive yield stress is usually higher than the tensile
one (Young and Lovell, 1991). For high strains the polymer’s bonds fail and fracture occurs.
These theories can also be used to describe the mechanical behaviour of adhesives.

Under long-term loads polymers normally show a kind of visco-elastic behaviour. It is a
mixture of the mechanical behaviour of viscous liquids for which the stress is proportional to
the strain rate and the mechanical behaviour of an elastic solid. The response depends upon
the rate or time period of loading and temperature. Various theories are developed to describe
the visco-elastic behaviour under different conditions, see for example Young and Lovell
(1991). These theories might also be useful to describe the visco-elastic behaviour of
adhesives.

Instead of using the above given description of the mechanical behaviour based in
continuum mechanics, it is also possible to make use of fracture mechanics (Ewalts and
Wanbhill, 1984) to describe the mechanical behaviour of polymers (Young and Lovell, 1991).
This approach assumes that there exists a crack in the solid. Due to the applied load stress and
strain concentrations occur near the vicinity of the crack tip. For polymers this concentration
is mostly described by a single parameter known as the strain energy release rate. It
represents the amount of energy necessary per unit crack extension. If it exceeds a critical
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value, fracture will occur. An advantage of the parameter strain energy release rate is that it
can also be used to predict crack growth in polymers (Hertzberg and Manson, 1980). Using an
empirical relationship between the crack growth rate and the strain energy release rate range
the number of cycles from an initial defect until final failure can be calculated. The strain
energy release rate range is defined as the difference between the maximum and minimum
strain energy release rates calculated for a load cycle. Theories based on the fracture
mechanics approach might also be used to describe the failure behaviour of adhesives.

Another aspect related to the mechanical behaviour of polymers is the degradation of their
properties due to ageing. It is a process in which the degree of polymerization decreases
during time due to environmental actions like water, ultraviolet radiation and chemicals.
There is also the possibility that degradation occurs by swelling or dissolution of parts of
polymer. In Eurin’s contribution to Masters (1985) attention is given to the degradation
mechanisms of polymers within the context of the so-called chemico-physical theory. The
distinguished processes are found to be extremely complex and they are the resultant of a
series of sometimes unknown elementary mechanisms. These mechanisms depend upon
numerous factors, like the nature of the basic polymer, used additives, impurities, defects and
environmental conditions. These factors are considered to be the principle agents of polymer
degradations. Eurin also mentions that once mechanisms have been identified, other
difficulties remain. Particular the analysis of relations of causality between basic mechanisms
and variation of properties is difficult. A proper description of the degradation mechanisms of
adhesives seems to be far too complex, in particular because it is directly related to the
adhesion of the interface between the bondline and the adherend.

2.2.3 Adhesion

If an adhesive bonded joint fails adhesively, the location of failure is within the interface
between the bond layer and the adherend. In design the occurrence of this failure type is
mostly avoided by engineers, but after ageing of the joint adhesive failure might become
dominant. To explain adhesion the interaction within the interface has to be known.

A variety of theories of adhesion are presented in the existing literature. These theories are
principally based on the existence of bonds responsible for the interaction between atoms or
molecules. A distinction is made between physical and chemical bonds, see for example
Habenicht (1990) or Kinloch (1990). Weaker physical bonds based on Van der Waals forces,
dipole forces and hydrogen bonds, are formed by an electrostatic attraction between chemical
neutral molecules. The stronger chemical bonds, based on ionic, covalent and metallic bonds,
require reactive chemical groups that tightly bond on the adherend surface and in the
adhesive. Some theories try to give a more advanced description of the adhesion phenomena.
For example the diffusion theory proposes that the polymers of the adhesive diffuse into the
adherend and apply to compatible molecules of the adherend. An additional theory also
mentioned in literature is the theory of mechanical interlocking. It proposes that the adhesive
mechanically keys into the roughness or pores of the adherend surface. The number of
developed theories indicates that there is still controversy regarding a useful one.

Since most of the research on the selection of adhesive bonding systems has focussed on
techniques to avoid adhesive failure, less is known about the actual physical and mechanical
behaviour of the interlayer. Textbooks give qualitative indications about some physical and
mechanical properties, but theoretical considerations upon this topic are very rare. It is
believed that a better understanding of the physical and mechanical behaviour of the
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interface is very useful.

Another aspect related to the mechanical behaviour of interlayers is the degradation of
their properties due to ageing. It is a process in which the performance of the bonding
degrades during time due to environmental actions like water, ultraviolet radiation and
chemicals. A proper description of the degradation mechanisms of interlayers is still not
available. The degradation of an adhesive bonded joint is for this reason mostly studied by
testing.

2.24 Ageing and degradation

Environmental actions, which depend upon the application and the geographical site, can

have a significant influence on the performances of adhesive bonded joints. Due to ageing the
mechanical properties of a joint can degrade during time. To illustrate this phenomenon an

example of the degradation of the strength of a single lap joint is given in figure 2.4. The

performed ageing tests were accelerated by a higher temperature. It is generally concluded by

research that water in a liquid or vapour state, temperature, time of exposure, long-term loads

and cyclic behaviour of temperature have a major effect on the durability (Kinloch, 1983).

Water seems to be the most important one in practice. A full understanding of degradation

mechanisms in relation to these actions is still missing. |
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Figure 2.4 Example of the degradation of the strength of a single lap joint
aged at 60 °C and 95 % RH, as will be discussed in section 7.3

Over the years many degradation mechanisms and their effects have been considered. All
these mechanisms are based on empirical formulations. Most of these are discussed by Comyn |
in his contribution to Kinloch (1983). The performances of the adhesive layer might be
affected by:

- Plasticisation. When the polymer absorbs water, the strength and the modulus of elasticity
of the adhesive is lower. It is suggested that the decrease of the glass transition
temperature is related to this mechanism. The mechanism is reversible.

- Swelling. During the process of water uptake the volume of the polymer increases, causing
residual stresses. These might relax after some time due to creep. The mechanism is
reversible.

- Hydrolysis. If water reacts with the polymer, the strength lowers and the modulus changes.

10 ‘
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The mechanism is irreversible.

- Crazing and cracking. Due to varying environmental actions crazing and cracking of the
polymer may occur, resulting in a weakening of the bondline strength. An additional effect
is that the water uptake increases. The mechanism is irreversible.

The performance of the interface might be affected by the following interface attacks:

- Displacing of the adhesive. The presence of water might have an effect on the
thermodynamic work of adhesion, causing a displacement of the adhesive from the
interface. If this is the case, complete failure occurs. The mechanism is irreversible.

- Deactivating of chemical bonds. The water acts with the tight bonds on the adherend
surface and in the adhesive, resulting in a decrease of the strength. The mechanism is
reversible.

- Corrosion of the adherend surface. Due to water a corrosion product might be formed on
the adherend surface. This process results into a decrease of the strength or even a complete
failure. The mechanism is irreversible.

This variety of possible mechanisms shows how difficult it is to predict the degradation
effects of ageing.

On basis of test results Comyn assumes in his contribution to Kinloch (1983) a linear
relationship between the amount of water uptake and the magnitude of degradation. A higher
temperature accelerates the process, while long-term loads and cyclic actions intensify
degradation effects. But Comyn also concludes that for several mechanisms a threshold is

present below which no degradation appears. These findings are confirmed by others, see for
example Schmitz (1989).
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Figure 2.5 Schematic presentation of the development of the
degradation of the strength during lifetime

An issue not mentioned in literature is how the magnitude of degradation develops during
time. It is possible that due to ageing the mechanical properties of an adhesive bonded joint
degrade and after a period of time stabilise. But is also possible that the joint suddenly loses
its strength completely. In figure 2.5 a schematic illustration is presented.

11
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2.2.5 Stochastic nature of the strength

From test series it is generally known that the values of the strength of adhesive bonded
joints lie within a scatterband. To illustrate this phenomenon an example of a series of 15
tests on single lap joints is considered here. The failure loads are tabulated in figure 2.6
together with a histogram of the frequency distribution. The difference between the lowest
and highest value is less than 15%. Up till now most researchers do not take this stochastic
nature of the strength into account, in spite of the fact that it influences the structural
performances significantly.
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Figure 2.6 Example of the frequency distribution of a test series on single overlap joints
with an overlap of 12 mm, a width of 25 mm, 1 mm thick polyester coated steel adherends
and the cold cured two-component polyurethane UK 8202 of Henkel

The stochastic nature of the strength of adhesive bonded joints is affected by several
factors. The variations in joint geometry, cohesion properties, adhesion properties and the
distribution of defects, can be seen as one group of factors related to the impossibility to
produce identical joints. Another group of factors is related to the circumstances, which vary
during the process of bonding and curing. The temperature and the humidity change from day
to day and the procedures followed by different workshops are not identical. It is known that
the variations of these circumstances can have a significant contribution to the found
differences. A last group of factors affecting the stochastic nature are related to ageing. The
intensity of environmental actions and the history of both environmental and mechanical
actions vary from one joint to another. This means that the degradation of the resistance also
varies. To understand the stochastic nature more profoundly, it is necessary to study the
influence of all these factors.

The main factors that influence the stochastic nature are identified, but almost nothing is
known about the actual distributions. The width of the scatterband, the type of distribution
and the influence of various factors are not studied in detail up till now. It is essential to have
a better understanding, because then it is possible to relate the stochastic nature with the
structural performances of adhesive bonded joints.

12
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2.3 Design of structural adhesive bonded joints

2.3.1 Selection of an adhesive bonding system

The selection of adhesives and surface preparations is an essential aspect within the design
process of adhesive bonded joints. Several types of adhesives with their own specific
properties can be used for structural applications. The performances of the joint are
influenced by the surface preparation of the adherends. Special attention has to be given to
possible ageing effects. For a proper design the engineer must have knowledge about the
available adhesive bonding systems, their advantages and their limitations.

The most widely used groups of adhesives for structural applications are epoxies,
polyurethanes and acrylics. They do not only have favourable strength properties, but they
also have toughness and degradation properties that meet the requirements. Epoxies are
available in many formulations and can be used to bond a wide variety of materials. Their
strength properties are good, but they can be rather brittle; the toughened versions are more
favourable for structural applications. The one-component epoxies cure at higher processing
temperatures, while the two-component versions cure at room temperature by the additional
hardener. An intensive surface preparation might be necessary to guarantee the durability.
Polyurethanes are available in a wide variety of formulations. The one- and two-component
versions are mostly used for structural applications with different materials. The one-
component version cures by a reaction with moisture and its strength properties are rather
low. The two-component version cures by the additional hardener and its strength properties
are medium. But the toughness properties of both polyurethane versions are mostly excellent
and the durability properties are mostly good, even with a simple surface preparation.
Acrylics, or more precisely modified acrylics, are available in different formulations. They are
mostly available in a two-component version for which no mixing is required; one component
is applied to one surface, the other to the second and both are joined. The strength and
toughness properties of modified acrylics are in general good. A moderate surface preparation
is necessary to guarantee the durability. More detailed information regarding available
formulations, the advantages and limitations of these adhesives is discussed in many
handbooks, see for example Brinson (1990), Habenicht (1990), Hussey and Wilson (1996),
Lankreijer and Logtenberg (1991), Shields (1985) and Skeist (1990).

To influence the behaviour of the layer between the bondline and adherend, different
techniques have been developed to control and optimise the surface properties. The purpose
of surface pretreatments is to remove contaminations and weak surfaces, to improve the
adsorption of the adhesive onto the solid surface (good wettability) resulting in a good
bonding, to make a conversion by modifying the texture of the surface or to add an additional
layer. The available techniques are based on the principles of degreasing, chemical cleaning,
mechanical cleaning and chemical conversion. Additional layers such as primers are used to
change the adherend surface geometry or to introduce new chemical groups to provide a
better bonding. The selection of the proper surface preparation is directly related to the used
adherends and the selected adhesive. Overviews of available surface preparations and their
performances are given in many handbooks, see for example Brinson (1990), Habenicht (1990),
Hussey and Wilson (1996), Lankreijer and Logtenberg (1991), Shields (1985) and Skeist (1990).

Essential within the selection process of an adhesive bonding system is the estimation of
the degradation of the properties due to ageing. These are not only influenced by the adhesive
used, but also by the adherend and the selected surface preparation. It is impossible to
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quantify the degradation effects in general due to the large number of parameters influencing
the degradation process, of which some are even unknown. The degradation properties can
only be determined by tests for a given adhesive bonding system.

The selection of a proper adhesive bonding system for a given application should be based
on the adhesive bonding technology, available data, tests and experience. Valuable
information can be taken from already mentioned handbooks, from expert systems available
on the market and from information provided by adhesive suppliers.

2.3.2 Structural design of a joint

The prediction of the structural behaviour is an essential aspect within the design process of
adhesive bonded joints. The structural behaviour is influenced by the layered composition of
the joint with relatively stiff adherends and a flexible adhesive layer, and by degradation
effects. For a proper design knowledge about joint configurations and available methods to
evaluate mechanical performances is necessary.

The screening of possible joint configurations for the application under consideration is an
important step in the design process. Examples of practical solutions are given in figure 2.7.
The basic assumption of the screening process is to avoid tensile stresses within the bondline
as much as possible. Recommendations for preferable joint configurations in relation to the
applied load are summarized by Adams and Wake (1984), Kaasschieter and Van der Sluis (1991)
and Shields (1985).

| I f i

Figure 2.7 Examples of various joint configurations used in practice

Methods to evaluate the mechanical performances of adhesive bonded joints can be based
on either theoretical basis or tests (Adams and Wake, 1984). Various analytical solutions have
been proposed over the years and with finite element methods it is possible to make detailed
calculations including physical and geometrical non-linear behaviour. Issues directly related to
these theoretical analyses are the determination of material properties and the selection of a
proper failure criterion. A test programme on the other hand focuses on particular
applications. Theoretical analyses are mostly used for optimization purposes, while tests are
mostly used to validate a final design.

Methods to evaluate degradation effects after ageing of adhesive bonded joints are based on
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tests (Kinloch, 1983). The ageing process is accelerated by intensifying the environmental
actions in a climate chambers. Issues related to these tests are the definition of the
environmental actions, how to accelerate the tests and the translation of the results for in-use
conditions. These tests are mostly used to select an appropriate adhesive bonding system.

2.3.3 Manufacturing process

The development of a manufacturing process is an essential aspect within the design process
of adhesive bonded joints. Performances are sensitive to variations in the production and
might have a significant influence on the scatterband of the resistance. For a proper design
the engineer must have knowledge about available quality assurance systems to control the
manufacturing process.

The manufacturing process can be seen as a sequence of activities. The preparation of the
adherends is the first step within this process. Normally a surface pretreatment is done and
sometimes an additional layer is formed. The next step is related to the actual bonding of the
components. Aspects related to this step are the mixing of the adhesive, the pot life
representing the effective time for an adhesive after preparation that can be used to perform
the actual bonding, the use of equipment, and the influence of temperature and humidity. The
curing of the adhesive is the following step. In many cases the joint is fixed. Sometimes the
curing process has to be activated by a higher processing temperature, higher processing
humidity or ultraviolet radiation. After curing the joint is strong enough to be loaded.

The development of the manufacturing process and quality assurance system is not only
related to the adhesive bonding system, but is also influenced by the potential of the
workshop involved and legislations related to safety and environmental requirements. A
quality assurance system might be very useful to be sure that all requirements are met during
and after manufacturing. Aspects that are related to this, are the use of checklists, the control
by non-destructive testing, the education and training of personnel, and the definition of safe
handling precautions. Several tools and techniques to evaluate those aspects are reviewed
within the European research project Eureka EU716 (1995) during the 1990's.
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Development of Design Rules

The design of structures is concerned with the generation of solutions and the verification of the
reliability. Potential design solutions are a result of a process of problem formulation, definition of
objective functions, conceptual design and optimization. To control this process, many strategies
have been developed over the years. An example of a practical approach is the mix of creative and
systematic methods proposed by Cross (1994). The reliability of the selected design solution is mostly
verified with use of design rules. For engineering practice it is essential that these rules are generally
accepted. Codes and standards can be seen as such state-of-the-art guidelines. In this chapter
philosophies of reliable design are discussed and a proposal is made for the development of design
rules for structural adhesive bonded joints (Van Straalen, et.al., 19994).

3.1 Historical developments

In the old days the experience of ancient builders guaranteed the reliability of structures. The
Gothic cathedral of Amiens in France build during the period 1220-1280 is generally seen as
one of the best examples of the ultimate knowledge of medieval builders. They made use of
the principles described by the Roman master builder Vitruvius approximately 30 BC
(Vitruvius, Morgan and Warren, 1960). A well-known handbook is the 'Vitruvius-Teutsch'
(Gualtherum and Rivium, 1548), which can be regarded as a medieval design guideline. These
design methods had been used for many centuries. A turning point in the guarantee of the
reliability of structures was the industrial revolution in the early 19th century. The use of new
materials and other applications forced modern builders to change their design philosophy.

Since the introduction of materials such as cast iron used in for example bridges and
industrial buildings, new techniques have been developed to design by calculation. One of the
pioneers in developing the theory of mechanics was Navier (1833). As a professor at the Ecole
des Ponts et Chaussées in Paris he formulated the basic principles of the theory of elasticity.
But probably of greater importance is that he tried to implement these principles in practical
engineering, as for example in making new designs for suspension bridges. Further
developments in design were initiated by the use of mild steel, reinforced concrete, aluminium
and fibre reinforced materials in the 20th century. Related to these new calculation methods
was the introduction of the safety factor.

The safety factor used in design takes into account the uncertainties about loads and
strengths. In a comprehensive overview Beeby (1994) shows the major developments in the
application of safety factors over the years. The early development of ideas on reliability
shows that these are strongly related to the method of design, as is properly documented in a
paper by Pugsley (1951). In the early 19th century the ultimate load design was introduced for
cast iron structures. In this approach the load is increased by a safety factor of 4 to 6, and this
value is compared with experimental determined resistance of cast iron beams and columns.
During the second half of that century, however, the theory of elasticity was well understood
and a direct link was made with allowable stresses. In this approach the stress in the material
is limited to some fraction of its failure stress and this value is compared with the calculated
stress under a specified loading. The allowable stress design approach was widely accepted by
the end of the 19th century and has been extensively used in the 20th century. The specified
loads and allowable stresses were mainly based on engineering practice and depended
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strongly on the field of application. The resulting inconsistencies and uncertainty of reached
reliability level were the reasons for a growing dissatisfaction about these approaches
amongst leading structural engineers in several fields around the Second World War. During
this period more consistent reliability concepts based on statistical means were discussed.

The possibilities of designing a structure directly for a specified reliability were first
investigated in the aeronautical industry during the Second World War. Serious attempts to
apply probabilistic techniques to design were made a decade later. From that time on these
techniques have been developed and implemented in design practice. A disadvantage of
probabilistic methods is that the calculations can only be performed by experts and that these
calculations are too extensive for daily design practice.

Another more consistent reliability concept developed simultaneously, known as the partial
factor approach, combines the ultimate load design and allowable stress design approaches.
This approach has it roots in composite materials such as reinforced concrete and most of the
modern structural design codes make use of it. The general principles were adopted by the
Comité Européen du Béton (1964). The aim of the approach is to achieve a more uniform
reliability of a structure than that given by the allowable stress approach. This could be
reached by using specific partial factors for each type of loading and material dependent
partial factors. This flexible system has the advantage that it can deal with different levels of
uncertainties for both loads as well as materials. The use of statistical means led the Comité
Européen du Béton (1964) to describe the partial factor approach as semi-probabilistic. The
relation between the partial factor approach and probabilistic methods is well established
nowadays.

3.2 Structural reliability methods

3.2.1 Use of the limit state concept

Discussions about the use of new theories to quantify the reliability of a structure are going
back to the years before the Second World War. For example Van den Broek (1940) developed
during this period attempts to modify the allowable stress approach, by taking the post-
elastic behaviour of structural components into account. Freudenthal (1945) on the other hand
discussed the possibilities of using statistical techniques to quantify the safety factor within
the scope of the generally used allowable stress approach. The common issue within all these
papers, see also the discussion of Pugsley (1951) about future trends, is the application of the
term "probability of reaching a limit state”. These developments and discussions can be seen
as the first steps in developing a new concept of design, which also incorporates the so-called
limit state concept.

The limit state is defined as the condition in which the structure is no longer capable to
fulfil its function under given actions. In practice this means that the structure collapses or
that the structure can not be used normally. A mathematical presentation is given by the limit
state function defined as the difference between the resistance R and the action effect S:

Z=R-S§ EXY

As long as Z > 0 the structure fulfils its function, while for Z < 0 it does not; the limit state is
reached ifZ = 0.
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Both the resistance R and the action effect S can be regarded as stochastic variables. They
are represented by their probability density functions fR(r) and fy(s) respectively. If the
resistance and the action effect are statistically independent, their combined probability
density function is defined as f3(r):f5(s). This function can be graphically presented by contours
in its R-S plane, as indicated in figure 3.1. The probability of reaching the limit state is equal to
the integral of the combined probability function for which Z < 0. Mathematically this
probability is given by:

P(Z < 0) =Rf£ Iy fls) drds (3.2)

This integral can also be applied to time-dependent limit state functions. To solve equation 3.2
several methods have been developed, see for example Benjamin and Cornell (1969). Exact
probabilistic methods like those based on a direct numerical solution of the above given
integral and the Monte Carlo simulation, take the full probability density functions of all
variables into account and the exact non-linear limit state function if present. Methods like
the first-order reliability method (FORM) and second order reliability method (SORM) that are
approximations for non-linear limit state functions, simplify the problem. These exact and
approximate methods are also known as level III and level II methods respectively. The essence
of the level Il methods is that they linearise the limit state function Z around a point of the
limit state Z = 0 with the highest probability density. This point is known as the design point.
The advantages of the level II methods over the level IIl methods are that they are easier to
use for practical applications and that they give additional information about the contribution
of each variable to the probability of reaching the limit state. Using these probabilistic
methods it is now possible to quantify the structural reliability and, perhaps more
importantly, the results can be used to calibrate design rules for daily engineering practice.

Z=0
Z<0 failure boundary
no failure
.,/1
lines“of Z>0
equal density no failure

resistance r

SR A

Figure 3.1 Statistical presentation of the limit state concept
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Instead of presenting the results of probabilistic methods in terms of the probability of
reaching the limit state, the reliability index f as proposed by Hasofer and Lind (1974), is
commonly used in level II analyses. The relation between the probability of reaching the limit
state P(Z < 0) and the reliability index B is given by:

PZ < 0) = &(- B) (33)

where ®(-) is the standard normal distribution function. In EN 1991 (1995/1997/1998)
indicative values for the target reliability index f are given for three limit states. Values given
as a requirement per year are presented in table 3.1 together with matching probabilities of
reaching the limit state. For the ultimate limit state failures as yielding of a cross section,
brittle fracture, buckling of a shell element or collapse of a joint are checked. For the fatigue
limit state, for which potential crack growth due to cyclic loads is checked, the value of the
reliability index depends on the degree of inspectability, repairability and damage tolerance.
Finally the serviceability limit state considers issues as deformations, vibrations and cracks.
The reliability index B can be related to the partial factor approach, which is also known as
the level I method.

Table 3.1 Indicative values for the target reliability index B given as a
requirement valid for 50 years, together with matching

probabilities (EN 1991, 1995/1997/1998)

_limitstate target reliability index §

3.2.2 Partial factor approach
The most convenient structural reliability method for daily design practice is the partial factor
approach. After the introduction of this approach by the Comité Européen du Béton (1964) the
term partial safety factor was used, but nowadays the term partial factor is preferred. This
approach is derived from the limit state concept and takes the stochastic nature of both the
resistance and action effects into account by using partial factors.

Within the partial factor approach the structural reliability is validated by comparing the
so-called characteristic values for the action §, and the resistance Ry:

Ry
¥sSys A 34

where y¢ and yp are the partial factors for the action effects and the resistances respectively.
The use of characteristic values was already introduced by the Comité Européen du Béton
(1964). Mostly the characteristic values are based on statistical means. For the action wind
load the characteristic value might be equal to the load that occurs once in a 50 years period,
while for the action floor load the probability of overload during lifetime has to be lower than
a defined target. Comparable definitions are given for the characteristic value of the
resistance. If the resistance can be described by a normal probability distribution with a mean
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value pp and a standard deviation O, the characteristic value is equal to:

where k is the constant of the standard normal probability distribution. If the probability is
less than 0.05 the value of k is equal to 1.64. The values of the partial factors on the other
hand have to be determined by calibration. In the second recommendations of the Comitée
Européen du Béton (1970) it is stated that these values are only intended to take account of
those aspects not yet amenable to statistical treatment. This means that the reliability is
based on engineering judgement. But developments in probabilistic techniques since 1970 has
opened new ways to calibrate partial factors.

To relate the partial factor approach with probabilistic techniques, a relation between level
and Il methods has been developed. The key to this relation is the level II design point,
defined as the point of the limit state Z = 0 with the highest probability. In figure 3.2 the
definition of the design point (Ry, S4) according to a level Il method, is illustrated for normal
probability distributions of the action effect and the resistance. Due to the fact that in this
graph for both axes S and R are divided by their standard deviations, the meaning of the
reliability index 3 becomes clear. The reliability index f is equal to the number of standard
deviations between the mean value of the limit state function Z and the design point. The so-
called weighting factors &g and oy indicate which part of the reliability index counts for the
action effect and for the resistance respectively. Their absolute values range between 0 and 1.
A higher value indicates a more significant influence to the reliability. According to this
presentation the design values for the resistance and action effect are defined such that the
probability of having a more unfavourable value equals:

P(S > Sg) = P(- asf) (3.6)
P(R < Ry) = D(axgh) (3.7

The essence of the method is the setting ot and &y to fixed values. According to EN 1991
(1995/1997/1998) both equal to —0.7 and +0.8 respectively. These values are given for
dominating variables and seem to be valid for a wide field of applications. If an action or
resistance model contains more basic variables, the fixed values of &g or &ty for additional
non-dominating variables are chosen equal to —0.3 and +0.3 respectively. The above given
definition might indicate that design values for the resistance and the action effect are fully
independent, but this is not the case. From figure 3.2 it can be seen that the values of the
weighting factors o and oy are related to each other by the relative values of the standard
deviations of the resistance and the action effect. They are influenced by the scatterbands of
both the action effect and the resistance. Using equations 3.6 and 3.7 it is possible to calculate
the design values Sq and Ry for all kinds of distributions. If normal probability distributions
for the action effect and resistance are assumed, the design values for the ultimate limit state
are:

Sq= Mg - X B Oy = Ug+0.7-3.80 =g+ 2,660 (3.8)

Rq = g — OXgB Oy = Uz - 0.8-3.8 0 = Ug —3.04 0y (3.9)
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The relation between the level I and Il methods can now be determined with use of equation 3.4:

Ys= —z" (3.10)
k
Ry

yS = R_d (3'11)

The above given simplified presentation of the procedure to determine partial factors is the
fundamental method of the calibration of design rules with use of probabilistic techniques.

ol 5
RyOR ! r/o;

Figure 3.2 Location of the design point on the limit state boundary Z = 0

From a practical point of view the partial factors take the stochastic nature of the action
effect and the resistance inte account. The partial factor of the action yg covers:

- the possibility of unfavourable deviations of the action effect from the characteristic value;

- the uncertainty in the action model;

- the uncertainty in the assessment of the action effect.

The partial factor of the resistance yp on the other hand covers:

- the possibility of unfavourable deviations of the resistance from the characteristic value;

- the uncertainty in the resistance model, including for example geometrical and material
properties.

The above mentioned aspects have to be considered while calibrating partial factors.

In principle the partial factor approach according to equation 3.4 defines the action effect §
and the resistance R in general terms. For practical purpose their values can represent
respectively the applied load and the strength of the component. But in some cases it is more
convenient to determine the action effect and to compare this value with a failure criterion.
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For example for an adhesive bonded joint the stress state within the bondline due to the
applied load can be calculated and compared with a proper failure criterion. Design rules
mostly represent the action effect S and the resistance R in a formulation, which is the most
convenient one for the considered situation.

The partial factor approach opens the possibility to develop a coherent set of design rules.
Instead of determining the partial factors for each possible application according to the
procedure described in the preceding section, researchers and code-writers have harmonised
design rules for wider fields of applications. It is found that for comparable applications the
use of characteristic values results into consistent values for partial factors. This is based on
extended probabilistic studies, see for example Vrouwenvelder and Siemes (1987). The
advantage for daily design practice is that a consistent set of design rules with only a limited
number of partial factors can be used.

Nowadays the partial factor approach has been applied in many design codes. The
Eurocodes primarily used for building applications, EN 1991 (1995/1997/1998), EN 1992
(1994/1996/1997), EN 1993 (1995/1996/1997/1998), EN 1994 (1994/1995/1997), EN 1995
(1994/1995/1997), EN 1996 (1995/1998/1999), EN 1997 (1995), EN 1998 (1995/1996/1997/1998)
and EN 1999 (1998), give characteristic values of both actions and resistances together with
matching partial factors. Following the discussions of the Delft IABSE Colloquium
(Vrouwenvelder, 1996} it becomes clear that each of these codes has its own format due to a
different elaboration of the partial factor approach. To avoid the possibility of developing
inconsistent design rules that do not meet the required target reliability, it is necessary to
define a coherent system of characteristic values and matching partial factors.

The reliability of most of current design codes is guaranteed by many decades of
engineering practice. Up till now probabilistic techniques have mainly been used for
differentiating partial factors. For example in case of the Dutch building codes extensive
calibration studies were performed during the 1980's (Vrouwenvelder and Siemes, 1987) and
different parts of Eurocode 3 (EN 1993, 1995/1996/1997/1998) and Eurocode 4 (EN 1994,
1994/1995/1997) were considered in this way. But probabilistic methods have also the
possibility of calibrating design rules for new applications like adhesive bonded joints (Van
Straalen, et.al., 19974, 1998A and 1998C).

3.2.3 Time dependent effects
To develop design rules for structural adhesive bonded joints it is necessary to take time
dependent effects into account. As explained in section 2.2 the structural behaviour of
adhesive bonded joints can be significantly influenced by both mechanical and environmental
actions during its lifetime. These time dependent effects as degradation have an influence on
the structural reliability and for this reason they have to be considered within probabilistic
methods. But up till now no comprehensive overview on this issue is available in literature;
only a broad variety of publications on specific topics and applications can be found.

To take time dependent effects on both the resistance R{t) and the action effect S(t) into
account, the limit state function given by equation 3.1 has to be reformulated as follows:

Z(t) = R{t) - S(t) (3.12)

As long as Z(t) > 0 is fulfilled during the time period (0, t) no failure will occur, while the
structure fails at time t if Z(t) < 0. To calculate the probability of reaching the limit state
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during the period (0, t) it is possible to divide the action history in a sequential series of
actions, which are no longer time dependent within one period. See figure 3.3. The probability
of reaching the limit state within one time period can be calculated with equation 3.2. But to
calculate the probability of reaching the limit state for the sequential series of actions an
extended procedure has to be followed. Before discussing such a procedure, the principles are
illustrated for the case that only the action effect is time dependent. The total time is divided
into two periods (0, t1) and (t{, t,). The probability of reaching the limit state is given by:

Pty <oforOstst)=[ff  foln) fs, 5,055, drds,ds, (3.13)
sy >rorsy>r
where fg(r) is the probability density function of the resistance and fSI,Sz(Sl-Sz) the probability
density function of the action effect. If the resistance R is a constant value, the probability of
reaching the limit state is equal to:

P(Z(t) <0for0= t=t)) =P(S; > R) + P(S; > Rand §; < R) (3.14)
The probability of reaching the limit state for a complete sequential series of actions can be
presented by extended versions of equations 3.13 or 3.14. The suitability of these formal

descriptions is limited for practical cases. For this reason researchers have looked after
simplified methods.

action
w!/)

L.

R »
time 0 ] ty tq ty

Figure 3.3 Transformation of a history of action in a sequential series of actions

An example of a time dependent action is the wind load. One of the simplest methods to
model this action is to determine the extreme load S, during the reference period t,¢ This
implies that the value of the load is no longer time dependent. The probability of reaching the
limit state can now be determined easily by:

P(Z(t) < 0for 0 <t < t o9 = P(S; > R) (3.15)

In this model the problem of the time dependent effect is changed into the determination of
the probability density function of the extreme load S,. But there are other methods used to
model the wind load and to place this action within the context of probabilistic design.
Besides the effects of the time dependency of actions, also the change of the resistance
during the lifetime has an influence on the probability of reaching the limit state of a structure.
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The following time dependent effects relevant for the resistance of adhesive bonded joints,
can be distinguished:
- Fatigue. If a joint is sensitive for crack initiation and growth, its resistance depends on the
history of the applied cyclic loads.
- Creep. If the deformation of the joint increases during time due to creep, its resistance
depends on the history of the applied long-term load.
- Degradation of material properties. If the properties of the adhesive or the interface are
effected by the environment, the resistance of the joint degrades during its lifetime.
In principle it is possible to consider all these time dependent natures of the resistance within
the context of probabilistic methods. To illustrate the potential of statistics the time is
assumed to be the only significant parameter.
If the degradation of the resistance only depends on the parameter time, it can be
represented by the generalized function R(t). For the simplest situation of a constant action
effect during the time period (0, tp), the probability of reaching the limit state is equal to:

P(Z(t) < Oforanytin0s t=s tp)
PS> R(t)foranytin0s ts tp) =PS > R(tp)) (3.16)

This means that the probability of reaching the limit state during the total time period is
equal to the probability of reaching the limit state at the end of the time period, assuming
that R(t) is a monotone decreasing function. Instead of a constant action, in practice the action
has a fluctuating nature. To calculate the probability of reaching the limit state for this case, it
is necessary to divide the action history in a sequential series of actions as already indicated
in figure 3.3. For two periods (0, t1) and (tq, t3), the probability of reaching the limit state can
be calculated according to a slightly modified version of equation 3.13:

P(Z(t) < O for any tin 0 <t st,) =
(3.17)
fff fR(T,t) fsl,sz(spsz) drds1dsz

51> nity) or sz > r(ta)
where fg(r.t) is the time dependent version of the probability density function of the
resistance. Ry and R, are the values of the resistances for the points in time t; and t,
respectively. For practical means it is probably better to use a modified version of equation
3.14, which can be easily extended for p periods:

P(Z(t) < 0 for any tin O st stp) =
p
P(S; > R,} + ¥ P(S;> R;and S;>R;forallj=1toi-1)
i=2

(3.18)

The value of this probability can be estimated by the following conservative approximation:

P
P(Z(t) < 0 for 0 st stp) = Y P(S; > R;) (3.19)
i=1
To solve equation 3.18 or 3.19 for practical applications probabilistic techniques based on level
111 or level II methods have to be used. The calculated probability can be compared with the
target reliability index .
The above given procedure is far too complicated for practical design purposes. The partial
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factor approach seems to be the most appropriately alternative. To take time-dependent
effects into account, a so-called conversion factor 1, is introduced by ISO/DIS 2394 (1996) in
addition to the original partial factor approach:

M Ry
YsSy s —‘TR (3.20)

The calibration of the value of the conversion factor has to be based on the principles
discussed in this section.

3.3 Developing design rules for structural adhesive bonded joints

As explained in chapter 2 the structural application of adhesive bonded joints is based on a

technology with multi-disciplinary aspects. The main issues of the design process are the

selection of an adhesive bonding system, the structural design and the development of a

manufacturing process. Identified aspects related to these issues are the choice of the joint

configuration, the type of mechanical action, types of environmental actions, the mode of
failure, degradation effects and the stochastic nature. These issues and related aspects have to
be taken into account while developing a design rule.

For adhesive bonded joints the same weighted target reliabilities as for other structural
components (EN 1991, 1995/1997/1998) might be used, because the stochastic nature does not
differ such that structural reliability changes significantly. This means that current design
rules can be used for the determination of the design values of the actions. Various standards
and codes dealing with mechanical actions like static, impact and fatigue loads are available
for all kind of applications. Modern versions, see for example EN 1991 (1995/1997/1998), give
characteristic values as well as matching partial factors for mechanical actions.

To develop widely accepted design rules to determine the design value of the resistance, it
is necessary to have agreement about the conditions. This is because the resistance of
adhesive bonded joint depends strongly on time and temperature. The following conditions
related to equation 3.20, are defined here:

- The prediction model to calculate the characteristic value of the resistance Ry has to take
into account the mode of failure.

- The characteristic value of the resistance Ry and the matching partial factor yy represent
the strength after curing of the adhesive, without any degradation effects. Mostly a room
temperature condition is used, but it is possible to take the temperature dependency of the
adhesive into account.

- The degradation effect caused by an environmental action, is represented by the conversion
factor 1. This means that this environmental action is directly related to the right term of
equation 3.20 and not to the left term. An important aspect related to degradation effects is
the development of the strength during lifetime, see also figure 2.5. In principle it has to be
confirmed that this development stabilizes during the lifetime.

- Manufacturing effects are directly related to the determination of the characteristic value of
the resistance Ry and the calibration of the partial factor yp. If these values do not take all
manufacturing effects into account, an additional conversion factor 1, has to be defined.
Such a factor can also be used within the scope of a quality assurance system.

These conditions are together with the checking formula given by equation 3.20 the basis of a
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systematic approach to develop design rules for structural adhesive bonded joints (Van
Straalen, et.al., 1998D and Van Straalen, 2000A4).
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Chapter 4

Calibration Techniques for Design Rules

Design rules for structural adhesive bonded joints have to fulfil a prescribed target reliability level.
To reach this target design rules based on the partial factor approach have to be calibrated. In the
past this was done by engineering judgement, but probabilistic analyses open new possibilities. In
addition to what is said in chapter 3 about the development of design rules, in this chapter detailed
background information is provided how to calibrate partial and conversion factors.

4.1 Engineering judgement and probabilistic analyses

As mentioned in section 3.2, the calibration of partial and conversion factors can be done by
either engineering judgement or probabilistic analyses. The judgement of engineers in design
gathered during many decades gives qualitative indications which values of the partial and
conversion factors are realistic. Objective probabilistic analyses on the other hand provide
quantitative information about the reached reliability levels and the values of partial and
conversion factors. For design rules with a long tradition, probabilistic analyses are only used
to make some refinements. For structural components for which the design experience is
limited, probabilistic analyses are essential in gathering valuable data. Since design rules for
adhesive bonded joints are not crystallized into guidelines, probabilistic analyses are a
straightforward tool in the calibration process.

Engineering judgement has always been important in the calibration of design rules.
Pugsley (1951) explained that with the introduction of cast iron in the early nineteenth
century, engineers developed the first rudimentary system for measuring a margin of safety
by a single factor. Material development, experience in design and refined calculation methods
gave engineers the opportunity to lower the value of this factor without reducing the level of
reliability. Pugsley also showed that engineering judgement is based on the experience of
designers and on compromises. He mentioned for example that after the First World War
British designers with different backgrounds had to develop large airships. The engineers with
a naval background were used to the allowable stress design, while those with an aerospace
background trusted the ultimate load design. With their combined experiences they decided
to define a series of load cases representing various modes of operation of an airship and
multiplied these loads by a load factor equal to 3. The structures had to be strong enough to
withstand these factored loads. Also nowadays engineering judgement is still an important
tool. For example in the recently published Eurocomp Design Code and Handbook (Clarke,
1996) for polymer composite structures, the partial factor approach is introduced for this
application. The extended system of partial factors prescribes values between 1.5 and 10,
which depend on used materials and given circumstances. The background information
explains that the proposed values are based on those given in the Eurocodes and those used in
the daily practice of designing fibre reinforced composites. In general it can be concluded that
experience in design and confronting opinions from different points of views initiate the
development of design rules.

Additional to engineering judgement probabilistic analyses can be used successfully. Since
this study focuses on the strength of structural adhesive bonded joints, only the process of
the calibration of design rules related to the prediction of the resistance are considered.
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A prediction model is in principle deterministic. The stochastic nature of the resistance is
taken into account by the partial factor and if relevant by an additional conversion factor. To
calibrate these factors, the deterministic prediction model has to be compared with a data set
incorporating all relevant stochastic variances. These data can be based on either test series
or numerical simulations. The complete field of applications of the design rule and the
stochastic nature of all essential parameters, like dimensions, material properties,
temperature dependency and degradation effects, should be covered. Using the test series or
numerical simulations the design value has to be determined for the prescribed reliability
index 8 and weight factor «. Additional the characteristic values according to the prediction
model have to be determined. Based on these values, the values of the partial and conversion
factors can be established. Advantages of probabilistic analyses are that quantitative
information becomes available and that all kind of effects can be studied in detail.

4.2 Statistical description of the resistance

4.2.1 Stochastic distribution functions

In section 3.2.1 it is explained that the stochastic nature of the resistance of a structural
component can be represented by a probability density function. Mostly normal, lognormal
and Weibull distributions as indicated in figure 4.1, are used.

probability density

random variable X ;

Figure 4.1 Probability density functions of the normal, lognormal and Weibull distributions

To be able to work with the normal, lognormal and Weibull distributions within the
calibration process, it is necessary to understand their statistics (Mood et.al., 1974):
- Normal distribution. This is the best-known distribution used in many technical
applications. A random variable X is defined to be normally distributed if its density is
given by:

o (X~ HP[20?

Sy = @.1)

21O

where the parameters 4 and O are the mean and standard deviation respectively. The
cumulative probability function can only be determined by integrating the probability
density distribution function:
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Fy(x) = f f{u) du (4.2)

For practical purpose handbooks contain tables to solve this integral. This is done by giving
the probability for the standard normal distribution ¢(X’) with the mean and standard
deviation of the random variable X’ equal to 0 and 1 respectively. The probability P(x s X) is
now equal to ¢ (x%._“).
- Lognormal distribution. This distribution is related to the normal distribution. If X is a
positive random variable and the new variable Y is defined as the natural logarithm of
X (Y = InX), X is said to have a lognormal distribution if Y has a normal distribution. This
means that for practical calculations the statistics for the normal distribution can be used.
- Weibull distribution. This distribution is less known by engineers. A random variable X is
defined to be Weibull distributed if its density is given by:

B -1 -ixaf
fx(x) - _J XB ’e xa)f (4.3)

where f is the shape parameter and « is the scale parameter. The cumulative probability
function is equal to:

- oy
Fy(x) =1- ¢~ (4.4)

If a distribution function has to be fitted on a series of data, its parameters should be
estimated. Let Xy, X,, ..., X, be the sample of data, then the estimate of the mean is equal to:

V7 E]

m=—s3X, (45)

i=1

and the estimate of the standard deviation is equal to:

s =ity 3 &-mp® (4.6)

To estimate the shape and scale parameters for the Weibull distribution, several methods are
proposed. One method makes use of the known relations between these parameters and the
mean and standard deviation (Mood, et.al., 1974):

H=oara +21;—) (4.7)
02 = o2[r(1 +%) -r’a +713- ) (4.8)

where ['() is the gamma function. The values of the estimated shape parameter £’ and scale
parameter (&’ can be calculated by substituting the estimated mean and standard deviation
according to equations 4.5 and 4.6 and solving 8 and & from the coupled equations 4.7 and
4.8. To illustrate the estimation of the parameters of the normal, lognormal and Weibull
distribution, the example presented in figure 2.6 is evaluated in figure 4.2.

To develop design rules for structural adhesive bonded joints, it is important to know by
which distribution function the resistance is represented best. This is, because design values
of the resistance are located within the tail region, where the probabilities differ significantly
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for the three considered distributions. The selection of the best distribution can be done on
either evaluation of large series of tests or on basis of theoretical considerations.

03
=y
g { Weibull
o
g y normal
]
2 lognormal —— '/
= 4
0 H
4000 5500
strength [N]
distribution parameter value
normal mean: m, = 4777N
standard deviation s, = 206N
lognormal mean (units in N): m, = 8.471

standard deviation (units in N): s, = 0.044

Weibull shape parameter B’ = 29.033
scale parameter &’ = 4869 N

Figure 4.2 Estimation of parameters of the normal, lognormal and
Weibull distributions for an example of a single overlap joint

4.2.2 Design and characteristic values based on test data
To explain the calibration process of a prediction model with use of a data set, the theory of
statistics essential for a limited number of observations is presented here. This is done by
introducing a procedure to determine the design and characteristic values of the resistance of
a structural component by direct evaluation of data. This procedure is based on the Bayesian
approach, see for example Raiffa and Schlaifer (1961) and Box and Tiao (1992). The advantage
of the Bayesian approach over standard statistics is that it provides a formal mechanism for
taking account of prior knowledge instead of interpreting a statistical analyses afterwards.
I1SO/DIS 2394 (1996) proposes to use the Bayesian approach to evaluate test data in view of
the partial factor approach. If the n test results are assumed to be normal distributed, the
design value of the resistance R, is equal to:

[ 1
Ry =m-t, o(V)s\/1+ (4.9)

The values of the estimated mean m and standard deviation s have to be calculated according
to equations 4.5 and 4.6 respectively. The parameter t,, g(V) is the value of the Student
distribution. Its value depends upon the parameter v and the target probability that matches
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with the product o, B of the weight factor and the reliability index. The degrees of freedom v
is a function of n, which is equal to v = n — 1 if no prior knowledge is used. For practical
purpose handbooks contain tables to determine the value of the parameter t, a compressed
version is presented in table 4.1. Instead of determining the design value of the resistance,
this procedure can also be used to calculate the characteristic value Ry. For a target probability
of 0.05, the following value has to be determined:

[ 1 .10
R = m=toos(V)s\1+ - (4.10)

Due to its relation to the normal distribution, the above given procedure can also be used for
the lognormal distribution by evaluating data defined as the natural logarithm of the results.

Table 4.1 Value of the Student distribution

target v

2 3 4 5 6 7 8 9 14 L
tp.05(V) 292 235 213 202 194 189 18 183 176 164
takﬁ(v)*) 20.5 965 686 567 504 464 437 414 370 3.11

‘) 0B = 0.8 3.8

For a Weibull distribution the design and characteristic values of the resistance should be
determined with a different procedure. If the n test results are assumed to be Weibull
distributed, the design value of the resistance Ry is equal to (Van Straalen and Vrouwenvelder,
20001):

Ry = & [~ In(1 - B(cxg B)] e p™ B) (4.11)

The values of the estimated shape parameter 8’ and scale parameter &’ have to be calculation
with use of the coupled equations 4.7 and 4.8. The function ®(xy B) gives the target
probability that match with the product &y B of the weight factor and reliability index. To
determine the value of the parameter k(n) a Monte Carlo simulation can be used (Van Straalen
and Vrouwenvelder, 2000I). For practical purpose a compressed table is presented in table 4.2.

Table 4.2 Value of the parameter k(n)
target n
3 4 5 6 7 8 9 10 15 @
toos(V) 051 063 069 073 076 078 080 081 086 1.00
tckﬁ(v)*) 015 034 047 055 061 065 068 071 079 1.00
Y o8 =08-3.8
It is noted here that the choice is made to correct only the shape factor, because this affects

the width of the scatterband without introducing a shift of it as a whole. Instead of
determining the design value of the resistance, this procedure can also be used to calculate
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the characteristic value Ry. For a target probability of 0.05, the following value has to be
determined:

R, = o[- Inf1 - 005 )] ko 5B ) (4.12)

To illustrate the discussed procedures to calculate the design and characteristic values of
the resistance, the example of figure 4.2 is worked out in table 4.3 for the normal, lognormal
and Weibull distributions. Comparing the results of these evaluations indicates that the
design and characteristic values for the normal and lognormal distribution are in this example
close together, while the values for the Weibull distribution are significantly lower. These
findings can also be observed from figure 4.2. The presented procedures to evaluate test data
are essential within probabilistic analyses to calibrate design rules.

Table 4.3 Calculation of the design and characteristic values of the
resistance for the example presented in figure 4.2

distribution design value Ry characteristic value Ry
[N} [N]

normal 3989 4402

lognormal 4035 4407

Weibull 3616 4270

4.2.3 Selection of a distribution function on basis of tests

To evaluate large series of tests for the selection of the best distribution statistical techniques
are available, which give both qualitative as well as quantitative information (Van Straalen,
1998F). It is necessary to understand the limitations of these techniques and to use proper
data, otherwise it is not possible to draw up any conclusion. If the analyses are done properly,
valuable information about the distribution function becomes available.

To analyse the data of a series of tests several statistical techniques have been developed.
Graphical means give a qualitative indication about how well the reference distribution fits
with the data. To get the proper dimensions of this function, it is necessary to estimate its
parameters on basis of the data. This distribution function and matching data can be
graphically evaluated by comparing the probability density distribution, by comparing the
cumulative probability distribution, or by using so-called probability paper (Box and Tiao,
1992). These three graphical means are illustrated in figure 4.3. Of these methods the use of
probability paper gives the most valuable information, because it is easy to see if the data fits
the straight line by which the distribution function is represented, especially near the tail
regions.

Additional to those graphical means quantitative methods have been developed. The Chi-
square and the Kolmogorov-Smirnov tests (Mood, et.al., 1974) are two well-known goodness-
of-fit tests. The Anderson-Darling test (Lawless, 1982) is an alternative. The result of these
tests is that they reject a reference distribution for a bad fit with a certain probability of being
wrong. This is also a restriction of these tests; they do not verify if a reference distribution is
correct. The Chi-square test is not recommended to analyse the resistance of structural
components, because this test is not preferred for continuous distributions (Trividi, 1982). In
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Figure 4.3 Graphical comparison of a normal distribution with 15 data points X of the example
presented in figure 4.2: a) probability density f,(x), b) cumulative probability distribution F(x),
¢) by using so-called probability paper ®(x)

comparison with Kolmogorov-Smirnov, the Anderson-Darling test is more sensitive to
discrepancies in the tail region as argued by Lawless (1982). Additional to this Van Straalen
(1998F) concludes that a goodness-of-fit test should only be used to indicate which reference
distribution is preferable.

To select a distribution function for the failure load of adhesive bonded joints three series of
test data are analysed by Van Straalen (1998F). As a part of the British DTI MTS Adhesive
programme from 1994 to 1996 a round robin was undertaken by five laboratories (Beevers,
1997). For two adhesives, the two-component acrylate F241 of Permabond and the two-
component epoxy Araldite 2001 of Ciba, single overlap joints with an overlap of 10 mm, a
width of 25 mm and 1.2 mm thick steel adherends, were tested. Each laboratory fabricated 30
specimens for each adhesive. These were equally distributed over the laboratories and tested.
Most of the results of these two series of tests are used in this analysis. The third test series
considered is from Fokker (De Regt, 1998). During the production of the Fokker 100 single
overlap joints with an overlap of 12.5 mm, a width of 25 mm and 1.6 mm thick aluminium
adherends were prepared and tested as a part of the quality assurance procedures. In this
analysis eight batches of 7 specimens each for the two-component epoxy EC2216 of 3M are
used. Additional series and sub-sets were analysed in the original study by Van Straalen
(1998F), but these results indicate that for 30 or less data points no consistent conclusions can
be drawn up.

Using probability paper and the Anderson-Darling goodness-for-fit test the three series of
test data are compared with the normal, lognormal and Weibull distributions. The results of
these analyses are presented in figure 4.4. The graphs indicate how well the straight line of
the reference distribution follows the data, while the Anderson-Darling test calculates the so-
called observed significance level. Its theoretical meaning is that if the value is less than 0.05,
the hypothesis that the reference distribution does not fit is rejected with at most a five
percent probability of being wrong. Its practical meaning is that the reference distribution
with the highest value fits best. The results presented in figure 4.4 indicate that a Weibull
distribution gives the best fit with the three considered series of test data and that a normal
distribution gives an acceptable fit.
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Figure 4.4 Comparison of three considered test series with the normal, lognormal and Weibull
distributions; the horizontal axis represents the failure load, the vertical axis represents the standard
distribution ®(X) of the considered distribution and OSL is the calculated observed significance level

according to the Anderson-Darling goodness-for-fit test (Van Straalen, 1998F)

4.2.4 Selection of a distribution function on basis of theoretical considerations
The failure behaviour of adhesive bonded joints can be described by the weakest link theory
as discussed by many researchers, see for example Tippett (1925) and Weibull (1949). It is
developed for materials like timber and composite fibres with brittle failure behaviour. It
assumes that the material can be modelled by a series of reference volumes, which resistance
is as strong as its weakest link.

The statistics of the weakest link theory is described by Weibull (1949). The probability of
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failure of one reference volume i is equal to the probability that the resistance R; is smaller or
equal to level r:

P; = P(R;s 1) = Fp (1) (4.13)

The weakest link theory assumes that the lower tail of the cumulative distribution function
Fg.;(r) can be described by the following function:

Fpin) = (r—rc)ﬂ (4.14)

where r is the mean value of the resistance of one reference volume. A system of n reference
volumes survives if each of the members survives. The probability of survival of the whole
system is now equal to:

PR>r)=PR, >randR, >r...andR >1) (4.15)

If all reference volumes are independent and identical with a probability of failure described
by equations 4.13 and 4.14, this expression can be worked out as follows:

PR>r)=PR, >1)-PR,>1) ... PR >T)
= {PR, > "

{1-Fe; ()" (4.16)
= ¢ Fri®

=" (r/r )
Using this result the cumulative distribution function of the resistance can be determined:

Fg(r) = P(R =r)

=1-PR>1) (4.17)
PR TUAT

This relation is similar to the Weibull distribution given by equation 4.4. On basis of these
theoretical considerations it is concluded that for brittle failure behaviour the Weibull
distribution fits well.

Together with the results of the evaluation of the test series, it is concluded that the
stochastic nature of the resistance of adhesive bonded joints can be described properly by a
Weibull distribution. The normal distribution might be used as an alternative, if difficult
statistical calculations have to be avoided.

4.3 Probabilistic calibration techniques
4.3.1 Generation of a set of data
The probabilistic analyses to calibrate design rules make use of sets of data that incorporate

the stochastic nature of the resistance. As explained in section 4.1, these data can be based on
either tests or numerical simulations and have to cover the field of application of the
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considered design rule. Since the experience and confidence in numerical simulations for
adhesive bonded joints is limited, in this study only the use of tests is considered. To end up
with valid results it is necessary to pay attention to the planning, execution and evaluation of
test series.

The planning of a test series starts with the formulation of the objective, followed by a
qualitative analysis. With this analysis various aspects have to be investigated. Aspects to be
mentioned are failure mechanisms, boundary conditions, loading conditions, environmental
conditions, time effects and differences between testing and reality. On basis of these results a
relevant test arrangement has to be defined. This includes the specification of the type of
specimen, definition of the execution of tests, choice of environmental conditions, methods of
observation and recording, method of evaluation, number of tests, selection procedure of
specimens and design of the test rig. The whole process is not an easy task and requires
appropriate theoretical knowledge, experience in testing and engineering judgement.

After the planning of the test series has been worked out, specimens have to be produced
and selected, the test rig has to be built and the test programme has to be carried out. To
ensure that the results are valid, the chosen measurement techniques have to be in accordance
with the required tolerances. It is important that the execution of tests is in accordance with
the planning. If there is a discrepancy between the testing and the original planning, for
example if an unexpected failure mechanism occurs, the planning of the test series must be
reconsidered. After the tests are finished, the results have to be evaluated. Attention should be
paid to the behaviour during execution and the failure mechanism of the tests. Now the
screened test results can be used as input of probabilistic calibration techniques.

4.3.2 Calibration of the partial factor

Design rules developed within the scope of the partial factor approach, make use of prediction
models that are assumed to be deterministic. These models can be represented by the general
formula:

Rpm;det = Mlnom) (4- 18)

The vector W consists of variables with a deterministic nature. The the vector X, on the
other hand consists of variables which are in principle stochastic, but are assumed to be
deterministic. To calibrate the partial factor the set of data has to incorporate all essential
scatters. For this type of prediction models the proposed procedure of calibrating design rules
can deal with either rather simple models or more complicated one’s like finite element
calculations.

A reduced set of data might be used if the stochastic nature of some of the variables is
known and taken into account:

Romisto = W, X) (4.19)

The vector X consists variables that are stochastic. To calibrate the partial factor the
probability distributions of the stochastic variables have to be known. For this type of
prediction models the proposed calibration procedure is better but far more complicated.

The essence of the calibration procedure is the comparison of the set of data with the
matching resistances predicted by the considered model. The set of data comprises the results
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Rtest;; for all data points i. The corresponding resistances R ,.; have to be calculated with the

prediction model, by using the following values for the variables of the model:

- If a deterministic variable W is used as a known value in the design rule, a measured value
has to be taken.

- If a deterministic variable X, is assumed in the design rule, while it is known that it is a
stochastic nature in principle, the mean of the measured values or a nominal value as will
be used in the final design rule, has to be taken.

- For a stochastic variable X, the mean value of the stochastic distribution is taken.

This choice is based on the assumption that the stochastic distribution of the variable used
in the set of data is representative for the whole population. As an alternative the measured
value might to be taken.

A graph with the set of data on the vertical axis and the corresponding calculated values on

the horizontal axis, gives a qualitative indication how well the prediction model fits with the

available data. The differences between both provide quantitative information that can be
used to perform a statistical analysis.

To quantify the differences between the set of data and matching calculated values
predicted by the model, correction factors for all data points i have to be determined. Mostly
this is done by adding a factor K; to the prediction model:

Reest;i = Rpmyi + Kayi (4.20)

or by multiplying the prediction model with a factor K, ;:

Riesti = Ky Rpmsi (4.21)

The followed procedures for both proposed correction factors are illustrated in figure 4.5 by
plotting a Rpm - Reest diagram for one data point i. When all the correction factors are
calculated for the complete set of data, their distribution function has to be determined.
To calibrate a design rule based on a prediction model as represented by equation 4.18, a
straightforward method can be used. The choice in which way the prediction model is

a) )
] g <
o & = &
& P X o P P
o +F
Ka;i
Rtest;i “““““““““ ) Rtest;i ”””””””” )
1 l Km;i Rpmi
Rpm,l Rpm Rpm,l Rpm

Figure 4.5 Procedure to calculate the correction factors K, and K ;:
a) adding correction factor K,.;, b) multiplying with correction factor Ky, ;
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corrected depends on the stochastic nature of the resistance. For the correction factors
according to equations 4.20 or 4.21 the stochastic distribution has to be of the same kind as
the one by which the resistance of the considered structural component is represented. The
parameters of the selected distribution function for the correction factor have to be estimated
according to the methods presented in section 4.2.1. For the design rule based on the
correction of the prediction model according to equation 4.20, the design values referring to
all data points i are equal to:

Ryy = Ry + Ko (4.22)

R
and for the design rule based on the correction of the prediction model according to equation
4.21, the design values referring to all data points i are equal to:

Ry = KygRomy (4.23)
where the design values of the correction factors K,.4 and Kp,.4 have to be based on a
statistical analysis presented in section 4.2.2. The followed procedures for both proposed

correction factors are illustrated in figure 4.6 by plotting a Rpm - Reest diagram for all data
points.
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Figure 4.6 Procedure to calculate the design value of the resistance for a deterministic prediction
model: a) adding correction factor K,.;, b) multiplying with correction factor Kp,.;

For each considered data point i the partial factor yp.; can now be calculated:

Rq;i
Yei= —R—k—l- (4.24)

The calculation of the characteristic values Ry.; with the prediction model have to be based on
a well-prescribed procedure defined as a part of the design rule. To propose a general
applicable partial factor, the results of these probabilistic analyses have to be interpreted and
generalized with use of engineering judgement.

To calibrate a design rule based on a prediction model with one or more stochastic
variables, as represented by equation 4.19, far more complicated methods have to be used.
Also for these methods the prediction model has to be corrected according to equation 4.20 or
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4.21 and the matching distribution function for the correction factor has to be determined.
The corrected stochastic prediction model can be represented by the following general
formulation:

Rpm;sto;l( = fiW, X.K) (4.25)

where K is the correction factor K, or Ky, which is stochastic. Now the design values Ry
referring to all data points i according to this corrected model have to be determined. This can
be done by using available probabilistic level III or level II methods. These methods can take
into account the types of distribution function of the variables and the correction factor, and
are capable to handle dependencies between variables.

As an alternative a less complicated method can be derived on basis of principles of the
simplest level Il methods. A complete independency between all stochastic variables is
assumed and the type of distribution function of each stochastic variable is ignored. Only the
mean . and the standard deviation O of the stochastic variables X and the correction factor K
have to be known. To calculate the mean and standard deviation of the corrected prediction
model, equation 4.25 has to be linearized around point (X4,Kp):

ﬂW XK) f(___r_o ) + E(X XoJ) f(_:_..or 0) +

(K- K Lofwg X, K

If the coefficients of variation of the stochastic variables are small, the mean and standard
deviation of the corrected prediction model can be approximated by:

(4.26)

HOTW, X K0) = LW, oK) + D) = Xo) 5 ﬂ W, XoKg) +
(4.27)
(M) - K) LA, X K

and:

OCHAW, XK) ~ T [%ﬂ W, XoKg) O(X) ]2
J ! (4.28)

[ w2,k o)

Mostly the corrected prediction model is linearized around the mean value of the point
{Xq.Kp), because this simplifies the calculation procedure. By assuming a distribution function
representative for the corrected prediction model, design values referring to all data points i
can be calculated with use of the procedures given in section 4.2.2. The value of the partial
factors yg.; can now be determined with use of equation 4.24.

The above presented method is worked out in Annex Z of Eurocode 3 (CEN, 1994) for the
following corrected prediction model:

Rox =K Cwle . wiixit. | xim (4.29)

pm; m m

where C, p and q are constants. All the stochastic variables, as well as the correction factors
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are assumed to be lognormal distributed. Additional to this a comparable calculation
procedure is derived by Van Straalen (1997D) for the following corrected prediction model:

Rypg =CHpyW+ . +p, Wyt X+ .+, X +K, (4.30)
All the stochastic variables, as well as the correction factors are assumed to be normally
distributed.

4.3.3 Calibration of the conversion factor for time dependent effects

If the action is constant and the resistance decreases monotonously during time, the value of
the conversion factor 1, introduced in equation 3.20, can be determined easily.

A straightforward procedure is presented to calibrate the value of the conversion factor for
the short-term static load condition.

The complete reference period is divided into a sequential series of p time periods as
indicated in figure 4.7. The length of each time period is chosen in such a way that the
degradation effects are small within one period. It is a conservative approximation to take for
the resistance of a period the value at the end of this period. The distribution function of the
resistance has to be formulated as a function of time. In chapter 6 a consistent method will be
presented based on accelerated ageing tests. As indicated in figure 4.8, mostly a time
dependent relation of the mean value of the resistance is determined together with a constant
value of the standard deviation on basis of n test results.

R(0)

§
R(,) g

0 t t ty t, time probability

Figure 4.7 Division of the reference period into p periods of time and definition
of the resistance for each time period for a stationary action

The value of the conversion factor ), to be determined, is defined by:

_ Rrerd
' Rylto)

(4.31)

where R4(to) is the design value of the resistance for time t = 0 and Ryqp4 is the unknown
design value of the resistance. This value is also valid for each time period i. If the relation
that describes the degradation, is based on test results, for each period i a relation between
the unknown design value Rp.r.q and the probability of failure P(S; > R;) can be formulated
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resistance

probability

time

Figure 4.8 Degradation of the distribution function of the resistance as a function of time

with use of the methods described in section 4.2.2. Assuming a normal distribution and a
constant standard deviation a set of p relations for i = 1 to p is found:

1
Repq = m(t;) - tps, > R) (vVis\1+ r (4.32)

while for a Weibull distribution the following set of p relations for i = 1 to p is found:
Reegay = O [- In(1 = P(S; > R;))] ke, > rofn) B (4.33)

It is noted here that the values of 8/, &, and kP(S,- > Ry depend upon the considered period i.
This set of relations contains the p + 1 unknowns Rref:q and P(S; > R;) for i = 1 to p. The
additional relation necessary to find a solution is based on equation 3.19, which has to meet
the target probability @(ocg ) valid for the whole reference period:

L ti~ti-1
3RS > R) "= 2 B) (4.34)

The resistance Rpr.4 can now be determined by solving the complete set of relations given
above. Finally the value of the conversion factor has to be calculated with use of equation 4.31.

A conservative approximation can be made by assuming only one period in time for the
whole reference period. This means that the conversion factor is calibrated on basis of the
degraded resistance at the end of the reference period. If the distribution function of the
resistance is known as a function of time, the design value of the resistance at the end of the
reference period Rd(tp) can be determined with use of the methods described in section 4.2.2.
The value of the conversion factor is now equal to:

Raltp)
M= RZ§t§> .39)

If the degradation process stabilizes within a short period of time the differences between the
results of both proposed procedures will be small.
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Modelling of Mechanical Behaviour

To calculate the strength of adhesive bonded joints design rules have to be based on prediction
models. Various models describing the mechanical behaviour for different kinds of mechanical
actions, are available or under development. A general distinction can be made between those based
on continuum mechanics and those based on fracture mechanics. In this chapter their backgrounds
are highlighted. For the application of adhesive bonded joints and sandwich panel structures under
short-term load conditions, consistent mechanical prediction models are proposed.

5.1 Methods of modelling

Within the partial factor approach the calculation of the characteristic value of the resistance
is normally based on a mechanical prediction model. To guarantee the target of the required
reliability level and to avoid high values for the partial factors as a result of the calibration of
the design rule, it is necessary to make use of consistent prediction models. The predictions
have to be representative for the real behaviour within the defined field of application.
Researchers active in the field of adhesive bonded joints have rarely presented coherent
proposals. Most of their studies focus on specific issues. A lot of information is available about
failure modes, testing and calculations. But up till now only occasionally prediction models are
proposed that deal with these three issues.

The prediction model has to be based on a failure criterion, on test methods and a theory to
calculate the mechanical action effects (Van Straalen, et.al., 1998B). It is important to look
after a failure criterion that is representative for the dominant failure mode observed in tests.
Its value has to be determined by testing. But test methods are also necessary to determine
material properties that are used as input for the theory that calculates the effects of the
applied mechanical actions. The prediction model has to give a relation between these
mechanical actions and the used failure criterion.

Prediction models to describe the mechanical behaviour are mostly based on either
continuum mechanics or fracture mechanics. Continuum mechanics model the structure as a
solid and give a description between applied loads, the stress state, the strain state and
deformations. Various models are available that can take physical linear material, non-linear
material or creep behaviour into account. It is also possible to model geometrical non-linear
behaviour. Fracture mechanics on the other hand model a cracked structure and give a
description of the stress or strain field around the crack tip. For linear elastic fracture
mechanics this field is represented by the stress intensity factor K or the strain energy release
rate G, while for elastic-plastic fracture mechanics this field is described by the crack tip
opening displacement CTOD, or the J-integral J. Continuum mechanics and fracture mechanics
have provided a wide variety of mechanical prediction models and many of them can be used.

Another issue that influences the development of a prediction model, is the active
mechanical action as categorised in section 2.2.1. The behaviour of an adhesive bonded joint
strongly depends on it. For the short-term static load condition and the impact load condition
comparable models based on continuum mechanics or fracture mechanics might be used. For
the long-term static load condition an adhesive bonded joint creeps, which might cause a
reduction of the strength in time, followed by final failure. To describe this type of failure
special models for the adhesive material are used. Under a low cycle fatigue load cracks might
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appear within the bondline, which causes reduction of the ultimate strength of the joint in
time. This behaviour can be described with a degradation model. For the high cycle fatigue
load condition a crack might initiate at a location within the bondline with high stresses.
After initiation stable crack growth occurs. Available fatigue models are the experimentally
based SN-approach and crack growth models based on fracture mechanics. On basis of this
general overview it is concluded that the choice of a prediction model is directly related to the
active load condition.

5.2 Adhesive bonded joints

5.2.1 Mechanical behaviour

One of the most intensively studied adhesive bonded joint configurations is the single overlap
joint given in figure 5.1. The two metal adherends are bonded together over a certain length.
The configuration of an overlap joint is preferred for practical applications, because the
strength of an adhesive bondline loaded in shear is higher than that of a bondline loaded in
tension.

Figure 5.1 Single overlap joint
The mechanical behaviour of the single overlap joint is strongly influenced by the difference

in stiffness and strength of the adhesive compared to the metal adherends. The axial stresses
due to the applied load have to be transferred between the lower and upper adherends by the

a) b)

tension

stress

deformed

pressure

Figure 5.2 Non-linear behaviour of a) an axial loaded adhesive material, and b) the geometry
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adhesive bondline. These give complex stress and strain states within the bondline. The
physical non-linear behaviour of the adhesive and the non-symmetric geometry causing a
significant geometrical non-linearity, see figure 5.2, complicate the development of a proper
prediction model.

To describe the mechanical behaviour of adhesive bonded joints various assumptions have
to be made. These deal with issues about the description of the material behaviour, the
modelling of the bondline, the adherends, the fillet shape, the dimensioning of the crack size
and the choice between a two-dimensional or three-dimensional representation of the
geometry. The assumptions are directly related to the coherent proposal of a failure criterion,
test methods to determine material properties and a theory to calculate mechanical action
effects.

5.2.2 Choice of failure criteria

In general a distinction is made between cohesive failure of the adhesive bondline and
adhesive failure of the interface between the adhesive and adherend. Most of the proposed
failure criteria used in prediction models deal with the cohesive failure mode. For the adhesive
failure mode on the other hand only a few criteria are described in literature. As a part of the
British MTS Adhesive Project several failure criteria were investigated, see Crocombe and
Kinloch (1994) and McCarthy (1996).

In view of continuum mechanics ultimate stress or strain criteria are most straightforward.
These criteria assume that the joint fails when a critical value of the transverse normal, shear
or principal stress or strain is reached at any point within the adhesive bondline. Alternatively
criteria are proposed, which consider the stress or strain at a distance from the most critical
point. Also more advanced yield criteria are available, of which the Von Mises yield criterion is
probably the best known. The general conclusion of the British MTS Adhesive Project
{McCarthy, 1996) is that none of the current failure criteria works for all types of adhesive
bonded joints. A selected criterion only gives satisfying results for one type of joint. This
conclusion is supported by the following reasons:

- The failure criteria are not based on parameters having physical relevance.

- The failure process is progressive and not a simple fail or no-fail scenario.

- The failure process tends to be interfacial and might differ to the failure process that occurs
within the bulk of the adhesive.

- The failure parameters and adhesive properties are subjected to scatter.

The first three reasons deal with the accuracy of the used criterion. As long as the results are

satisfying, even physical incorrect failure criteria might be acceptable within a prediction

model. Also the scatterband discussed in the fourth reason is not harmful, as long as the

design rule is calibrated with use of the probabilistic techniques discussed in section 4.3.

In view of fracture mechanics the critical stress intensity factor, the critical energy release
rate, the critical crack tip opening displacement and the critical value of the J-integral are
proposed as candidate failure criteria. For adhesive bonded joints there are advantages of
using the energy release rate instead of the others. It is directly related to the energy
absorbing process of cracking and it can deal with cracks at the interface between the
adhesive and the adherend. But there are still some drawbacks (Crocombe and Kinloch, 1994).
Fracture mechanics principles can only be applied for macro-sized cracks, which are for
polymers in the order of millimetres. This is much larger than the actual flaw sizes. The
critical energy release rate seems to depend on the three modes of loading defined in fracture
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mechanics (opening mode I, sliding mode II and tearing mode III), which have different
effects. Also the thickness of the adhesive layer, the joint width and the load rate seem to
influence its value. Despite these drawbacks the critical energy release rate might be useful
within a prediction model.

To deal with the disadvantages of the above described failure criteria, researchers looked
after alternatives. One of these alternatives discussed by Crocombe and Kinloch (1994) is the
critical stress intensity factor. The stress intensity factor Q describes the stress field near a
point of singularity around bi-materials and sharp corners. It is still not clear if this failure
criterion can be applied in general. Of probably greater interest are failure criteria formulated
within the theory of damage modelling (Crocombe and Kinloch, 1994). The essence of this
theory is that for a given load level at locations with critical conditions the adhesive bondline
is assumed to be damaged. After the properties of the adhesive are adapted, the calculation
process is proceeded for higher load levels until this process becomes unstable. Damage
modelling can be based on either continuum mechanics or fracture mechanics.

Failure criteria for the adhesive failure mode are rarely discussed in literature. One of the
proposed failure criteria is based on the combination of normal and shear stresses acting on
the interface, as discussed by Van den Berg (2000). Further developments are foreseen in the
near future.

5.2.3 Determination of material properties

Both the value of the selected failure criterion as well as values of relevant input parameters
for theories to calculate mechanical action effects, have to be determined by testing. Various
test methods have been developed over the years. To apply these for a consistent mechanical
prediction model it is essential that test results are representative for the actual situation.

a) b) 9
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Figure 5.3 Overview of continuum mechanics based specimens: a) unidirectional tensile test,
b) unidirectional compression test,and c) thick adherend lap shear test

The values of adhesive bulk properties to be used for continuum mechanics, are based on
small-scale tests. An overview of various useful specimens is given in figure 5.3. The
unidirectional tensile test provides information about the Young’s modulus E, , the Poisson's
ratio V,, the ultimate tensile stress ¢",.¢.), and the ultimate tensile strain €., ;- The
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unidirectional compression test provides information about the Young's modulus Ey.( the
ultimate compression stress 0 ...}, and the ultimate compression strain €4.c;ulr- On basis of
both tests the stress-strain curve of the bulk adhesive can be determined. The thick adherend
lap shear test gives information about the shear properties of the bulk adhesive. These are the
shear modulus G, and the ultimate shear stress Ta.ule- Beside these straightforward test
methods also more complicated methods as for example the tensile butt-joint test, the
torsion-pendulum test and the Arcan test are proposed by researchers.

For fracture mechanics various adhesive properties like the Young's modulus, the Poisson's
ratio and the stress-strain curve have to be determined with test methods described above.
Only the value of a failure criterion as the critical energy release rate has to be based on
specific small-scale tests. An overview of some useful specimens is given in figure 5.4. The
advantage of the tapered double cantilever beam specimen over the thick double cantilever
beam specimen is that the calculated strain energy release rate does not depend on the crack
length. Using a scarfed joint specimen it is possible to determine the influence of mixed
modes of loading. Beside these test methods also others as for example the wedge cleavage
test and the blister test are proposed by researchers.

a) b) ‘ ]

Figure 5.4 Overview of fracture mechanics based specimens: a) thick double cantilever beam test,
b) tapered double cantilever beam test, and c) scarfed joint test

Many of the above presented test specimens and matching test procedures are described in
various standards. But still research is going on and it might be expected that the
harmonisation of test methods and procedures will take a long period of time.

5.2.4 Theories to calculate mechanical action effects
Theories to calculate mechanical action effects for adhesive bonded joints are either based on
continuum mechanics or fracture mechanics. To develop these theories it is necessary to make
assumptions.

For continuum mechanics it is necessary to model the adherends and the adhesive bondline.
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The adherend can be modelled as a beam, a plate or a rigid body. Beam and plate theories are
mostly used for analytical solutions. Rigid body theories are used for finite element methods;
for the two-dimensional case the adherend is modelled with plain strain or plain stress
elements, while for the three-dimensional case it is modelled with solid elements. For
analytical solutions the adhesive bondline can be modelled as a series of springs. The most
simple spring model only deals with the shear behaviour of the adhesive, while other spring
models also take the normal behaviour in transverse direction into account. These simple
models assume that there is no deviation of stresses and strains in thickness direction of the
bondline. They do not take into account a zero-shear stress condition at bondline endings.
Higher-order theories on the other hand are more sophisticated. Transverse normal stresses
and strains deviate over the bondline thickness and shear stresses equal zero at bondline
endings. Using finite element methods the bondline is modelled as a rigid body. Due to the
flexibility of the application of finite element methods it is also possible to model the actual
shape of the spew fillet. The material properties of the adherends are mostly assumed to be
linear elastic. For the adhesive both linear elastic as well as elastic-plastic material properties
are assumed. It is noted here that the physical non-linear behaviour of the adhesive under
tension and under compression might differ significantly. Finally it is mentioned here that for
non-symmetric joints geometrical non-linear effects have to be considered.

For fracture mechanics the adherends and the adhesive bondline have to be modelled in a
similar way as described above. Additional assumptions have to be made to take the effects of
the cracked geometry into account. The singularity of the stress and strain fields around the
crack tip can be described in various ways. The stress intensity factor determines the
magnitude of the elastic stresses in the crack tip field. The energy release rate determines the
amount of energy that remains available for crack extension. This parameter assumes linear
elastic material behaviour, while its counterpart for elastic-plastic material behaviour is the
J-integral. The crack tip opening displacement determines the opening of the crack tip by
taking non-linear material behaviour into account. Linear elastic fracture mechanics are also
used to predict crack growth. An essential material property is the relation between the stress
intensity factor or the energy release rate and the crack growth rate. Detailed information
how to apply fracture mechanics for calculation is described in handbooks (Ewalds and
Wanhill, 1984).

For theories dealing with damage modelling the damage can be modelled at various levels
of sophistication. At locations where a critical condition is exceeded the material can be
simply removed, softened gradually to a state with no-load carrying capacity, or combined
with a proper yield criterion. During the calculation process the load is increased gradually.
After each load step the properties of the affected material are adapted and the calculation
process is proceeded. As soon as the calculation process becomes unstable, it is assumed that
the failure strength is reached.

All the above mentioned calculation models have been studied extensively over the years.
For adhesive bonded joints most experience is gathered with continuum mechanics. This is
probably due to the fact that researchers and engineers are more familiar with these theories.
But also the difficulties in gathering fracture mechanics based material properties might be a
reason.

5.2.5 Proposal for a prediction model
To illustrate the process of developing design rules for adhesive bonded joint in view of the
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partial factor approach, overlap joints under short-term static load conditions are studied for
the cohesive failure mode in chapter 7. Since most experience is gathered with continuum
mechanics, the selected mechanical prediction model is based on these.

A failure criterion based on global yielding of the adhesive seems to be promising. Criteria
assuming failure when a critical value of a stress or a strain is reached, can be seen as an
intuitive starting point for joint strength prediction. In various studies such criteria were used
reasonably successful, but none of them is general applicable (Crocombe and Kinloch, 1994).
For this reason it was proposed to look after a stress or strain at a distance. There are several
drawbacks to mention, but the main disadvantage is that these failure criteria do not have a
physical background. Better confidence is found for global yield criteria, see for example
Jeandrau (1987), Crocombe (1989) and McCarthy (1996). Pressure dependent yield criteria used
for polymers, as proposed by Bauwens (1970) and Raghava and Caddell (1973), seem to be
fairly straightforward. The essence of these criteria is that a polymer yields or fails at a higher
level if the hydrostatic pressure increases. In figure 5.5 these pressure dependent yield criteria
are schematically represented by yield contours within the principal stress field for a two-
dimensional situation. On the perimeter of this contour the adhesive yields. If strain
hardening occurs an extending yield contour is found with increasing stresses. Final failure
occurs as soon as an ultimate strain is reached. An additional advantage of these yield criteria
is that they can be used to model physical non-linear behaviour of the adhesive. Raghava and
Cadell (1973) conclude that the differences between their proposal and the yield criterion
suggested by Bauwens (1970) are not significant as long as the ratio of the compressive and
tensile stresses is smaller than 1.5. An extended study by Gali et.al. (1981) gives all relevant
backgrounds and experimental evidence for adhesives of the hydrostatic pressure dependent
yield and failure criterion proposed by Bauwens (1970). This criterion is used in the study
described in section 7.1.
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Figure 5.5 Hydrostatic pressure dependent yield contours within a two-dimensional principal
stress fleld (0°'3 = 0} for a ratio of the compressive and tensile stresses equal to 1.5: a) yield criterion
proposed by Bauwens (1970), and b) yield criterion proposed by Raghava and Caddell (1973)
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The input of this criterion and of the model to calculate the mechanical action effects, has
to be determined by testing. Useful and well established procedures to determine these
properties were standardised by the American Society for Testing and Materials. ASTM D 638-
96 (1996) describes the test method to determine tensile properties and ASTM D 695-96 (1996)
describes the test method to determine compression properties.

The simplest approach to calculate the stress and strain state is to model the adherends as
beams or plates and the bondline as continuously distributed springs. These springs have to
connect the adherends in longitudinal and transverse direction to be able to determine the
shear and transverse normal stresses. The values of these stresses are constant over the

a)
adherends: aluminium (E = 70000 N/mm2, t = 1.62 mm)
adhesive: epoxy (E, = 4820 N/mm?, V, =04,t, = 0.25mm)
overlap length: 12.7 mm

b) load: 40 N/mm

36

HOT: bottom interface

SMA FEM

____________________________ | ]

transverse normal stress [MPa]

3 N HOT. top interface
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shear stress [MPa]

overlap region [mm)

Figure 5.6 Comparison stress state in single overlap joints with spew fillet according to
a spring model approach (SMA), a higher-order theory (HOT) and a finite element method (FEM):
a) considered joint, b transverse normal stresses, and cj shear stresses, (Mortensen, 1998)

52




Chapter 5

bondline thickness. More complicated approaches as higher-order theories and finite element
methods can take into account a zero-shear stress condition at the bondline endings and
varying normal stresses over the bondline thickness. Nevertheless Frostig et.al. (1999) and
Mortensen (1998) conclude that if the spew fillet is modelled with higher-order theories or
finite element methods, the spring model approach gives comparable results as for example
shown in figure 5.6.

5.3 Sandwich structures

5.3.1 Mechanical behaviour

A sandwich panel is a composition of a thick, light and weak core material with thin, strong
and stiff faces bonded on the upper and lower sides. An example of a sandwich panel under a
four-point bending load is illustrated in figure 5.7. A large variety of materials is used for
practical applications. Well known core materials are honeycomb material, corrugated
material, wood, expanded plastic foam and mineral wool. Widely used face materials are thin
metal sheet, wooden plate and fibre reinforced composite. Phenomena as bending, buckling
and vibration have to be taken into account during design. In this study sandwich panels
primarily loaded in bending are considered.

Figure 5.7 Sandwich panel under four-point bending

The mechanical behaviour of a sandwich panel is based on the principle that the faces act
together to carry the applied bending moment, while the core resists the applied shear load
and stabilises the faces against buckling and wrinkling. Local details as near load points and
support regions, have a negative effect on the advantages of this principle. Complex stress
and strain states in faces, the core and the interface are a result. The most important failure
modes for short-term static load condition are yielding of the face, wrinkling or dimpling of
the face, shear failure of the core and delamination of the interface, see figure 5.8. The effects
of local details and the large variety of possible failure modes complicate the development of a
proper prediction model.
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Figure 5.8 Failure modes: a) yielding of the face, b) wrinkling of the face,
¢) dimpling of the face, d) shear failure of the core and e) delamination of the interface

To develop a proper prediction model for the mechanical behaviour of sandwich panels
various assumptions have to be made. These deal with issues about the description of the
material behaviour, the modelling of the core and the faces, the detailing of local geometry
and the choice between a two-dimensional and a three-dimensional modelling of the
geometry. The assumptions are directly related to the coherent proposal of a failure criterion,
test methods to determine material properties and a theory to calculate mechanical action
effects.

5.3.2 Choice of failure criteria
For each of the failure modes discussed in the preceding section, failure criteria have to be

chosen, however possible failure criteria for sandwich panels are rarely reviewed in literature.

Mostly well-known criteria used for mono-materials or fairly simple failure criteria are
applied.
For yielding of the face mostly a common ultimate yield stress criterion is used. For
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wrinkling and dimpling of the face the situation is more complicated, because the failure
criterion is directly related to the used calculation model. The ultimate buckling stress is
calculated, which is related to the ultimate yield stress. Shear failure of the core is mostly
based on an ultimate shear stress. Delamination of the interface can be based on an ultimate
tensile strength of the core material, but if the adhesive bonded joint between the core and
face fails more complicated criteria as discussed in section 5.2.2, have to be used.

5.3.3 Determination of material properties
Both the selected failure criterion as well as the relevant input parameters for theories to
calculate the mechanical action effects, have to be determined by testing. Researchers have
developed various test methods over the years. To apply these for a consistent mechanical
prediction model it is essential that the test results are representative for the actual situation.
The values of the core properties are based on small-scale tests. An overview of various
useful specimens is given in figure 5.9. The tensile test provides information about the
Young’s modulus E., the ultimate tensile stress O .;.j;, and the ultimate tensile strain
€¢.t.ult- The compression test provides information about the Young's modulus E.., the
ultimate compression stress O'¢.c.|¢» and the ultimate compression strain €,c.,,j;- On basis of
both tests the stress-strain curve of the core material can be determined. The four-point
bending load test gives information about the shear properties of the core material. These are
the shear modulus G and the ultimate shear stress T.;;. Also other test methods are
proposed by researchers to determine the shear properties, but it is assumed that the four-
point bending load test gives proper values that are representative for practical situations.

a) relative b) 0
stiff plates thin

faces

core

/
core

Figure 5.9 Overview of specimens to determine core properties: a) tensile test,
b) compression test and c) four-point bending test

The values of the face properties are mostly based on a small scale unidirectional tensile
test. This test provides information about the Young’s modulus Eg, the Poisson's ratio vy, the
yield tensile stress Oy, the ultimate tensile stress O ;¢ and the ultimate tensile strain €g);.
On basis of this test also the stress-strain curve can be determined.

The above presented test specimens and matching test procedures are described in various
standards. Unidirectional tensile tests to determine the face properties are generally accepted,
but for tests to determine the core properties still research is going on. It might be expected
that the harmonisation of these test methods and procedures will take a long period of time.
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5.3.4 Theories to calculate mechanical action effects

Most of the prediction models proposed in literature for sandwich panel structures are based
on continuum mechanics. To develop calculation models it is necessary to make a number of
assumptions.

For continuum mechanics it is necessary to model the faces and the core. The face can be
modelled as a beam, a plate or a rigid body. The beam and plate theories are mostly used for
analytical solutions. Rigid body theories are used for the finite element methods; for the two-
dimensional case the face is modelled with plain strain or plain stress elements, while for the
three-dimensional case it is modelled with solid elements. For analytical solutions the core can
be modelled as a series of springs. Classical theories, as summarised by Zenkert (1995), only
deal with the shear behaviour of the core. These theories assume that there is no variation of
shear stresses over the core thickness. They also assume that no transverse stresses occur and
they do not take into account a zero-shear stress condition at sandwich endings. The
superposition approach, as for example described by Thomsen (19924), is an extension of
classical theories. Effects of local circumstances as a load point, are formulated separately and
superposed upon a solution of a classical theory. Higher-order theories on the other hand, as
for example proposed by Frostig et.al. (1992A), are more sophisticated. Normal stresses deviate
over the core thickness and shear stresses equal zero at the sandwich endings. Finite element
analyses, as reviewed by Noor et.al. (1996), can be based on either classical theories, higher-
order theories or rigid body modelling. Due to its flexibility it is also possible to model the
actual shape of local geometry. The material properties of the face and the core are mostly
assumed to be linear elastic. In some cases also elastic-plastic material properties and
geometrical non-linear effects are considered.

The above mentioned calculation models have been studied extensively over the years. Most
experience was gathered with classical theories. This is due to the fact that current design
rules for sandwich panels use closed-form solutions based on classical theories. Finite element
methods are also used more frequently nowadays. The application of higher-order theories on
the other hand is still very rare, but seem to be promising. An overview of these models is
given by Van Straalen (1998E).

5.3.5 Proposal for a prediction model

To illustrate the process of developing design rules for sandwich panel in view of the partial
factor approach two cases are studied in chapter 8. For the failure modes shear failure of the
core and delamination of the interface between the sandwich face and the core the criteria
recommended by ECCS and CIB (1995) are taken. The input of the proposed failure criteria and
of the theory to calculate the mechanical action effects, has to be determined by testing.
Useful and well-established procedures to determine these properties are standardised by
ECCS and CIB (1995). To calculate the stress state near a local detail, a sophisticated calculation
model is necessary. Analytical models or finite element methods based on classical theories
are not capable to provide detailed results. Only analytical models based on higher-order
theories and finite element methods using rigid modelling, can give satisfying results (Van
Straalen, 1998E).
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Modelling of Durability

To calculate the degradation of the strength of adhesive bonded joints during lifetime design rules
have to be based on prediction models, which take durability effects into account. Various methods
to analyse durability for different kinds of mechanical and environmental actions, are available or
under development. A general distinction can be made between methods based on current practice
and on the reliability theory. In this chapter their backgrounds are highlighted. For the application
of adhesive bonded joints and sandwich panel structures under short-term load conditions, a
consistent approach is proposed. )

6.1 Methods of modelling

within the partial factor approach as adopted in section 3.3 for the verification of adhesive

bonded joints, the calculation of the characteristic value of the resistance is based on a

condition without ageing. To guarantee the required reliability level during the whole lifetime,

it is necessary to reduce the characteristic value of the resistance. This can be done by using
the conversion factor for time dependent effects discussed in section 3.2.3. The calibration of
the conversion factor has to be based on a description of the degradation of the resistance as

a function of time. The description has to be representative for the real behaviour within the

defined field of application. Within the field of adhesive bonded joints coherent approaches

have rarely been presented. Most of the performed studies focused on the comparison of
potential design solutions. Up till now approaches that provide quantitative information
about the degradation of the resistance have been proposed only occasionally.

Current methods to analyse the durability of adhesive bonded joints mainly focus on the
experimental comparison of combinations of adherends, adhesives and pretreatments.
Specimens are aged under short-term laboratory based environments and their strength is
compared with the strength of specimens not aged. Alternative methods more frequently used
for predicting the service life of all kind of products, compare the ageing effects of specimens
exposed under laboratory based environments with those exposed under in-use environments.
Special techniques are developed to correlate both environments and to estimate service life.
But none of the laboratory-based test procedures developed from the early 1900°’s on has
consistently produced a significant correlation with long-term in-use exposures (Martin, et.al.,
1994). This is caused by several inadequacies:

- The comparison of the laboratory-based environments with in-use environments is strongly
dependent on the actual weathering conditions. For practical time scales it is not possible
to reproduce the results. This implies that it is not possible to find a direct relation between
laboratory based accelerated ageing conditions and in-use environments.

- No attention is given to the fundamental degradation mechanisms. An advantage of the use
of this knowledge is that information is provided about the influence of various
environments on the degradation process.

- The stochastic nature of the test results is not taken into account. Using statistical
techniques it is possible to distinguish various effects.

In general it is concluded that methods used in current practice are not suitable for a

quantitative prediction of the durability.

Alternative methods not affected by the inadequacies of current methods are based on the
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reliability theory. Since the 1960's reliability methods have been successfully applied to many
materials, components and systems (Nelson, 1990). Most of these methods deal with the
prediction of the service life, but the used theory can also be applied for the prediction of the
degradation of the resistance.

Reliability methods try to quantify the relationship between in-use environments and
degradation mechanisms. Environmental actions are identified and quantified. For each of
these distinguished actions degradation mechanisms are formulated. These mechanisms can
be analyses with use of data from tests under long-term in-use exposures, with use of data
from tests under short-term laboratory-based exposures, on basis of fundamental mechanistic
studies and with statistical evaluation techniques. Data from tests under long-term in-use
exposures provide valuable insight in dominant degradation mechanisms during lifetime.
Data from tests under short-term laboratory based exposure and mechanistic studies provide
information about the cause of degradation and the rate of degradation. Combining these
three sources with statistical techniques and relating the environmental actions with the
weathering circumstances, result into a quantitative description of the degradation of the
resistance during lifetime.

To reduce the number of ageing tests reliability methods might also be based on simulated
data. Simulations can make use of modified versions of the prediction models described in
chapter 5 by taking time dependent material behaviour of the adhesive bondline and interface
into account. Up till now such models are only proposed occasionally.

6.2 Adhesive bonded joints

6.2.1 Ageing and degradation behaviour

The ageing and degradation behaviour of adhesive bonded joints is described in section 2.2.4.
The main conclusions are that water has a major effect on the durability and that a full
understanding of degradation mechanisms is still missing. It is also mentioned that two types
of degradations can be distinguished: the mechanical properties of the joint degrade and
stabilise after a period of time or the joint loses its strength completely after a certain time.

6.2.2 CIBJRILEM procedure

To support and structure reliability methods for practical research activities, a procedure was
developed by CIB and RILEM (Masters and Brandt, 1987). This generic procedure deals with
service life prediction of building materials and components. It is mainly based on the
procedure outlined in ASTM E632-81 (1981). In origin the CIB/RILEM procedure is used for
service-life predictions, but it can also support and structure a method to predict the
degradation of the resistance during lifetime.

The CIB/RILEM procedure is a systematic guideline. It is applicable to a broad range of
building materials and components, it leads to identification of data needed, it is based upon
proper test methods or feedback data, it provides guidance on interpretation of data and it
leads to documentation of assumptions made. The procedure itself is divided into five primary
phases, which can be summarised as follows:

1) Definition. The users’ needs have to be specified, the building context, performance
requirements and criteria have to be identified, and finally the material or the component
has to be characterised.
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2) Preparation. Possible degradation mechanisms and expected environmental actions have to
be identified. Based on this most significant effects of degradation have to be identified to
serve as indicators. Finally a proposal has to be postulated how ageing tests can induce
degradation characteristics of in-use performance.

3) Pre-testing. Accelerated ageing tests have to be performed to demonstrate failure and to
indicate degradation mechanisms.

4) Testing. Short-term ageing tests using relevant environmental actions and long-term ageing
tests under in-use conditions have to be performed. Type and rate of degradation have to be
determined and compared with each other. If short-term tests are not representative, the
procedure has to be continued from phase 1 on.

5) Discussion and interpretation. The relationship between short-term and long-term ageing
tests has to be identified and a mathematical model to predict the service lifetime or the
degradation of the resistance has to be developed. Finally the data has to be reported and
results have to be discussed.

A significant feature of this procedure is that it can be used by iteration. This is important,

because it provides data and testing procedures that are based on the best knowledge

available in the course of conducting research. Another important feature of this procedure is
that it shows that scientific judgement is essential for the prediction of the degradation.

To analyse the degradation of the resistance of adhesive bonded joints, the CIB/RILEM
procedure seems to be promising. For this specific application the following additional and
more detailed remarks regarding the five primary phases summarised above, can be made
(Van Straalen, et.al., 19978, and Van Straalen, 1997C):

1) Definition. For the considered case the actual mechanical actions and the environment
actions have to be identified. It is important to make a distinction between short-term static
load, impact load, long-term static load, low cycle fatigue load and high cycle fatigue load.
This is, because the actual load influences the performance of the joint significantly.
Environmental circumstances depend on the actual conditions as weathering and the
location of the joint in the structure. For structural applications the performance
requirement is represented by the target reliability index B described in section 3.2.1.

2) Preparation. Degradation mechanisms are related to a change of the properties of the
adhesive and the properties of the interface between the adhesive and the adherend. It is
difficult to give a description on a physico-chemical basis and for this reason mostly
empirical relationships are used. Relevant environmental actions are water, temperature,
time of exposure and cyclic behaviour of the temperature. If the degradation of the resistance
is studied, the strength of the specimen can serve as the indicator for the ageing tests.

3) Pre-testing. To limit the ageing period as much as possible, it is necessary to age under
extreme conditions. But one should be aware of the fact that the degradation mechanism
might change significantly under extreme circumstances. This is for example the case for
temperatures above the glass transition temperature of the adhesive.

4) Testing. Short term tests have to be performed in such a way that valuable data becomes
available. This means that a proper selection of accelerated ageing conditions, ageing
periods and number of tests have to be made.

5) Discussion and interpretation. No remarks are made.

Essential issues within this procedure are the identification of degradation mechanisms, the

application of accelerated tests and the use of statistical techniques. A drawback of Masters

and Brandt (1987) is that only general indications are given how to handle these issues.
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6.2.3 Degradation mechanisms

An essential step within the CIB/RILEM procedure is the identification of degradation
mechanisms as mentioned in section 2.2.4. This can be done within the context of chemico-
physical theories, which are rather complex. An additional complicating factor for adhesive
bonded joints is the fact that not only the polymer degrades, but that also the interface
between the adhesive and the adherend ages. It is concluded that the identification of
degradation mechanisms within the context of chemico-physical theories is difficult.

Useful alternatives for chemico-physical theories are descriptions based on empirical
models. One of these is based on the assumption that water is the main environmental action
causing ageing. As already mentioned in section 2.2.4 a linear relationship between the
amount of water uptake and magnitude of degradation is found (Kinloch, 1983). Diffusion
through the adhesive, transport along the interface, capillary action through crazes and
cracks, and diffusion through the adherend are distinguished as the principle mechanisms of
water uptake. Only for diffusion through the adhesives empirical models are formulated to
predict the water uptake as a function of time. Most of these derived relations, see for
example Schmitz (1989), are based on exponential relations. It is assumed that such an
exponential relation as a function of time gives an useful description of the degradation of the
strength of adhesive bonded joints.

6.2.4 Accelerated ageing tests

Accelerated tests are preferred to in-use exposure tests for several reasons. Short-term ageing
tests performed in laboratories are less time consuming and less expensive. In combination
with a proper description of the acceleration mechanism it is possible to apply the test results
to any given weathering condition. Short-term tests are also valuable in the optimisation of
design concepts. This is, because the environment to which the specimens are exposed, is
quantified. For in-use tests this is not the case, because the weathering conditions can not be
reproduced.

The degradation process can be accelerated by a severe increase of one or more
environmental actions. To translate the results of accelerated tests for in-use conditions, it is
necessary to identify for each essential environmental action the relation between the
degradation mechanism and the reaction rate. It is assumed that the acceleration of the
ageing process can be described by an change of the time response of the studied properties.
This means that the reaction rate is time dependent, while the magnitude of degradation is
not affected. For this purpose various time transformation functions are presented in
literature (Martin, 1982).

6.2.5 Statistical evaluation techniques
Using statistical evaluation techniques a mathematical relation that represents a selected
degradation model and a time transformation function, can be fitted to data from accelerated
ageing tests. Various techniques are available (Nelson, 1990). For the evaluation least squares
analyses are useful. These provide estimates for the model parameters, mean and confidence
limits.

Important aspects related to the statistical evaluation of accelerated ageing tests are the
development of the actual failure mode and the statistical uncertainty during lifetime. Least
squares analyses are best suited for products with a single failure mode. This means that if the
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failure mode of the adhesive bonded joint changes during ageing, the results for both failure

modes have to be interpreted separately. Statistical uncertainties are caused by the fact that

the degradation of the strength might develop differently for each specimen and by the fact
that there is a random variation around a degradation relationship. But accelerated ageing
tests do not provide information about the development of the degradation of the strength of

a specimen, because only the strength after a given period of ageing is determined. This

means that all test results can be considered statistical independent and might be used to

determine the mean curve. If it is assumed that the statistical uncertainty does not change
during lifetime, the standard deviation of the strength predicted by the mean curve can be
determined with available techniques.

Statistics also provide information that can be used to optimise test plans. Issues that have
to be considered are the accelerated environmental conditions, the ageing periods and the
number of tests. To plan test series, researchers have to make use of experiences gathered in
previous test series and of pre-tests under extreme conditions as mentioned in phase 3 of the
CIB/RILEM procedure. Based on the considerations given by Nelson (1990), the following
recommendations to reduce the statistical uncertainty are made:

- Test specimens aged for a short period will mostly yield better estimates for the model
parameters related to the degradation process. Be aware of the fact that adhesive bonded
joint might post-cure due to the accelerated environmental conditions.

- Test more specimens aged for the shortest and longest periods, and fewer at intermediate
periods. This yields more accurate estimates, since a wider range of ageing periods is used.
The only drawback is that less information becomes available about the development of the
statistical uncertainty during lifetime.

- Test more specimens at the less severe accelerated environmental condition than at the
most severe. This condition is closest to the design environmental condition and can be
extrapolated more accurately.

- Intensify the most severe accelerated environmental condition as much as possible. This
yields a more accurate estimate for model parameters related to the acceleration process. Be
aware of the fact that under such an extreme condition the failure mode might change and
that the degradation mechanism is no longer representative for normal conditions.

These recommendations do not include guidance to determine the actual sample size. As a

rule of thumb it is recommended to test at least five specimens for each considered situation.

6.3 Sandwich structures

Sandwich structures made of metal faces adhesive bonded on a core material are also effected
by ageing. It is well known that the properties of a core material as mineral wool or
polystyrene, degrade due to the environment (Tiainen and Hiekkanen, 1995). But also the
strength of the adhesive bonded interface between the face and the core material degrades.
Since the degradation behaviour of sandwich structures is similar to the behaviour of
adhesive bonded joints, the same method as proposed in the previous section might be used
to quantify the degradation behaviour.
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Design Rules for Overlap Joints

Overlap joints are the simplest types of adhesive bonded joints for structural applications. These
overlap joints are mainly used by designers, because of their performances. They are globally loaded
in shear, which is preferable over joints loaded in tension or peel, and they can be produced with a
high level of quality at relatively low costs. To guarantee the required reliability level proper design
rules are needed. These have to deal with the prediction of the mechanical behaviour and the
degradation of the performances of the joint. In this chapter design rules based on the partial factor
approach are developed for overlap joints. Attention is given towards useful prediction models and
the calibration of partial and conversion factors.

7.1 Mechanical behaviour

7.1.1 Studied overlap joints

There is a large variety of overlap joints available that can be used for practical applications.
An overview of most common overlap joints made of plate material is given in figure 7.1. The
present study focuses on the single overlap joint and the double strap joint. The mechanical
behaviour of these overlap joints is influenced by the dimensions and properties of the
adherends and the adhesive. To investigate these influences a detailed research programme is

Single overlap joint

L l Double overlap joint

Single strap joint

| Double strap joint

Stiffened plate

E Stepped lap joint

Figure 7.1 Overview of most common overlap joints made of plate material
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worked out. The adhesives studied in detail are the cold cured two-component epoxy adhesive
DP 490 of 3M and the cold cured two-component polyurethane adhesive UK 8202 of Henkel.

The research programme contains a theoretical and an experimental part. Within the
theoretical part a prediction model for single overlap and double strap joints with metal
adherends is developed. Cohesive failure of the bondline is assumed. The prediction model as
proposed in section 5.2.5, is based on a pressure dependent yield criterion. The adhesive
properties were determined with use of standard tensile and compression tests. The stress and
strain states within the adhesive bondline are calculated with a spring model approach.
Besides tests on bulk adhesives, the experimental part of the research programme contained
tests on 25 mm wide steel and aluminium single overlap and double strap joints. Overlap
lengths of 10, 20 and 40 mm and plate thickness of 2, 4 and 6 mm were considered. The
adhesives DP 490 as well as UK 8202 with a bondline thickness of approximately 0.2 mm were
used. The main objectives of these tests are to verify the proposed prediction model and to
calibrate the partial factor.

7.1.2 Background of the hydrostatic dependent failure criterion

Since most adhesives exhibit an elastic-plastic behaviour, plastic strains will occur in the
bondline of loaded overlap joints even at low load levels. The hydrostatic dependent yield
criterion described by Gali, et.al. (1981) gives a proper description of this behaviour on basis
of effective stresses and strains. This concept applies a plastic yield hypothesis, which takes
into account that for adhesives the compressive yield stress is usually higher than the tensile
one. It relates the multidirectional stress state within the bondline to a unidirectional tensile
stress state. Final failure is defined by a ultimate yield strain.

To describe the elastic-plastic non-linear behaviour of adhesives an adequate relation
between stresses and strains has to be used. Various relationships are possible. In this study
the following empirical relation between the stress ', and the strain €, for bulk adhesives
under unidirectional tension or compression is proposed:

1

1+ (clf:'a)"l]+ (0 + Faea)[l ——'1_] (7.1)

=E.e¢€ -
%a= " a[ 1+ (c€, )2

A schematic presentation is given in figure 7.2. This relation is a combination of two parts,
which are added together. The first part represents the linear elastic behaviour of the adhesive
at lower strain levels. The term between square brackets reduces its influence if the strains
increase. Within the first part the parameter E, is the Young’s modulus and the parameters ¢,
and p, are dimensionless constants. The second part of equation 7.1 represents a linear
behaviour of the adhesive at relative high strain levels. The term between square brackets
reduces its influence as long as the strains are low. Within the second part of equation 7.1 the
parameter Oy is stress valid for the second branch for the a strain equal to zero, F, is the
modulus representing the slope of the curve and the parameters c, and p, are dimensionless
constants. In section 7.1.3 it is shown that this empirical relation fits quite well with the
studied adhesives.

Generally the yield behaviour of adhesives under unidirectional tension and compression
differs significantly. Under tension the adhesive will mostly fail rapidly after plasticizing,
while under compression the resistance of the adhesive might still increase without any
failure. To model this behaviour the plastic yield hypothesis has to include besides deviatoric
stress components hydrostatic stress components (Chakrabarty, 1987). The deviatoric stress is
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second part
first part P

/

A\

Figure 7.2 Schematic overview of the proposed stress-strain relation

the normal stress reduced by the value of the hydrostatic stress component, while the
hydrostatic stress component is the mean of the three normal stresses. According to the
concept of Gali, et.al. (1981) the effective stress s is equal to:

s=CVip+ Gy (7.2)
The second invariant of the deviatoric stress tensor J,p is defined as:

Jop = %[(al ~ 0,2+ (0,- 0,2 + (05 - 01)2] (7.3)

and the first invariant of the general stress tensor J; is defined as:

L =0, +0,+ 0y (7.4)

The parameters Cg and C, are defined as follows:

V3, +1)
CS = — (7‘5)
2A,
c - A -1 (7.6)
Yoo,

where A is the ratio between compressive and tensile stresses in the adhesive. According to
the proposed concept of Gali, et.al. (1981) the ratio between the compressive and tensile
stresses A is defined as the ratio valid for equal tangent moduli (Ea.c = Eay), as indicated in
figure 7.3. This means that this ratio is a function of the effective strain level, but as an
assumption a constant value is used here.
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O, A
unidirectional
Oy [€ compression
A (€)= 0,0, T
al€a) a.cl at unidirectional
tension
0.. e
at
hl A
Ea
>
€, €,

Figure 7.3 Definition of the ratio A, between compressive and tensile stresses of the adhesive
The effective strain is equal to:

1
e=C,—— VI +C,
1+v,

The Poisson’s ratio of the adhesive v, is a function of the effective strain level. The second
invariant of the deviatoric strain tensor Iy is defined as:

! I
—_— 7.7
1-2v, 1 (7.7)

Ip = % [(el -EPH(6- €+ (6 61)2] (78)
and the first invariant of the general strain tensor I, is defined as:

L=€+6+6 (7.9)
According to the proposed concept of Gali, et.al. (1981) the Poisson’s ratio is a function of the

effective strain level, but results of unidirectional tensile tests as for example discussed in
section 7.1.3, indicate that a constant value might be assumed.

a) b)
> Oxxa > €xx;a
y
Oyza €xz:a
— —
X Tzxa €xxa
Y Y
z O32:a ezz;a

Figure 7.4 Elementary volume of the adhesive bondline under plane strain conditions,
with: a) the stress state, and b) the strain state
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The principal stresses 0y, 0, and 0, and the principal strains €4, €; and €4 active in the
adhesive bondline are calculated on basis of the stress and strain states respectively. The
stress and strain states on one elementary volume within the bondline is indicated in figure
7.4. Since the width of the overlap joints is relatively large compared to the bondline
thickness, a plane strain condition is assumed. The principal stresses are equal to:

g,.t 0, og,..~-0,...
o, = zz;a xxa L \/( z2;a xx;a )2 + sz;az (7.10)
2 2
Oa t Oy J 0,2~ Oy
_ zz;a Xx;a zz;a XXia 2 2
o, = -V )+ O (7.11)
2 2
03 = Uyy;a = va (Uzz;a + O-xx;a) (7'12)
The principal strains are equal to:
€0 T Exxc / €00 €a 2 2
€ = 2z;a xxa | ( zz;a xx;a )+ €pxa (7.13)
2 2
€0+ €Exx J €ra— Exa 2 2
62 _ 2Z;a XX;a _ ( ZZ,a XX;a ) + ezx:a (7.14)
2 2
€= €y, =0 (7.15)

To calculate the stress and strain states within the bondline of an overlap joint by taking
into account the elastic-plastic behaviour of the adhesive as for example represented by
equation 7.1, the theory of plasticity (Chakrabarty, 1987) has to be applied. When a point of
the bondline is loaded along a certain strain-path, yielding will occur as soon as the stress
reaches the yield surface of the criterion represented by equation 7.2. If strain hardening
occurs, which means that the stress-strain relation is an increasing function, the load can be
increased until the failure criterion of a maximum effective strain is reached. The value of the
effective strain can be calculated with use of equation 7.7. The theory of plasticity gives a
description how the stresses and strains will develop if the load is changed. This is done by
making use of the so-called associated flow rule and the hardening hypothesis. The flow rule
gives a description of the plastic strain rate after the yield criterion is reached. The hardening
hypothesis on the other hand specifies the evolution of the internal stress and strain states in
relation to the plastic strain rate. Instead of using this well-defined but rather complex theory
of plasticity, Bigwood and Crocombe (1990), Thomsen (1992B) and Mortensen (1998) developed
simplified calculation procedures for adhesive bonded overlap joints. It is assumed that the
elastic-plastic behaviour can be described by one variable, the modulus. No proper flow rule is
postulated to ensure that during plastic yielding the stresses remain on the yield surface. In
spite of this, it is found that the obtained results compare well with test results and finite
element calculations that make use of a proper flow rule. Based on these findings it is
concluded that a simplified calculation procedure can be used.
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7.1.3 Background of tensile and compression tests

To determine the properties of the adhesives used for the research programme, tensile and
compression tests according to respectively ASTM D 638-96 (1996) and ASTM D 695-96 (1996)
were performed. The results and interpretation of these tests are reported for the cold cured
two-component epoxy adhesive DP 490 of 3M by Van Straalen (1999]) and for the cold cured
two-component polyurethane adhesive UK 8202 of Henkel by Van Straalen (1999H). An
overview of the test results is given and empirical relations for the stress-strain curves of both
adhesives are proposed in this section.

For the two adhesives tensile test specimens according to figure 7.5 were prepared and
axially loaded. The specimens were made of bulk adhesives, which were prepared according to
the specifications of the adhesive suppliers. Just after mixing of the two components the
uncured bulk adhesive was placed in a vacuum chamber for 5 minutes to avoid air inclusions
as much as possible. The bulk adhesive was added in a casting mould and was cured under
ambiant laboratory conditions for at least 1 week. After the rough specimens were removed
from the casting moulds, the specimens were milled to the desired dimensions. The specimens
were stored under ambiant laboratory conditions for at least 4 weeks. The specimens were
loaded in a tensile testing machine with wedge grips, which were fixed. Tests were done
under ambiant laboratory conditions within the temperature range 21-25 °C. The load was
applied at a testing rate of the clamping devices of 15 mm/minute until the specimen failed.
This value was calibrated in such a way that a rate of approximately 5 mm/minute was
reached between the displacement transducers over the joint height with a span of 50 mm.
The load cell, the average displacement over the joint’s height and the average contraction of
the joint thickness were registered. On basis of these measurements the axial stresses are
calculated by dividing the force by the cross-section area, the axial strains are calculated by
dividing the lengthening by the initial span of 50 mm and the transverse strains are
calculated by dividing the contraction by the initial thickness. The stress-strain curves for
both adhesives are given in figure 7.6. It is observed that there were some air inclusions
within the bulk adhesive, which might have influenced the measured failure load. But it is still
assumed that for those cases the determined stress-strain curves are representative for the
bulk adhesive. On basis of these stress-strain curves the values of the Young’s modulus are

displacement transducers
50 mm

19 mm 37.5mm 13 mm

! S

L ] [ ]
T—/—— T S~——— -
3.2 mm
e, STmm ol le :
>220 mm
i —

Figure 7.5 Dimensions of the tensile test specimens according to ASTM D 638-96 (1996)
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calculated by taking the secant modulus at an axial strain of 0.2%. The Poisson’s ratio is
calculated by dividing the change in transverse strain by the change in axial strain (ASTM D
638-96: 1996) at an axial strain of 0.2%. An overview of the results is given after the
discussion of the compression tests.

b) <)

1
I
;
i

stress [MPa]
stress (MPa]

0.05
strain [-] strain [-]

Figure 7.6 Tensile tests: a) test rig, b) stress-strain curve for DP 490, ¢) stress-strain curve for UK 8202

For the two adhesives compression test specimens according to figure 7.7 were prepared
and axially loaded. The specimens were made in the same way as described for the tensile
specimens. The specimens were loaded in a compression testing machine with a special tool.
The supporting faces were fixed. Tests were done under ambiant laboratory conditions within
the temperature range 21-25 °C. The load was applied at a testing rate of the supporting faces
of 1.3 mm/minute until large displacements were reached. The load cell and the average
displacement over the joint’s height were registered. On basis of these measurements the
axial stresses are calculated by dividing the force by the cross-section area and the axial
strains are calculated by dividing the lengthening by the initial height. The stress-strain
curves for both adhesives are given in figure 7.8. It is observed that there were some air
inclusions within the bulk adhesive, which might have influenced the measured loads. But it

25.4 mm
displacement
transducers

12.7 mm

12.7 mm
-

Figure 7.7 Dimensions of the compression test specimens
according to ASTM D 695-96 (1996)
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is still assumed that for those cases the determined stress-strain curves are representative for
the bulk adhesive. On basis of these stress-strain curves the values of the Young’s modulus are
calculated by taking the secant modulus. For DP 490 this is done at an axial strain of 1%,
because the development of the inital part of the stress-strain curve is strongly influenced by
the fact that the specimens were not directly in full contact. For the UK 8202 adhesive on the
other hand an axial strain of 0.2% as used for the tensile tests is taken.

b) <)
50 15

stress [MPa}
stress [MPa]

0 0.05 4] 0.10
strain [-] strain [-]

Figure 7.8 Compression tests: a) test rig, b) stress-strain curve for DP 490,
¢} stress-strain curve for UK 8202

Overviews of the properties of the DP 490 and UK 8202 adhesives based on the test results
are given in table 7.1 and 7.2 respectively. The given values for the ultimate tensile stress
O y,t;ut and ultimate tensile strain €,.;.;; are the highest measured values. These tables
include the mean values and standard deviations of the considered test samples. An
observation is that the Young’s modulus based on the tensile tests is higher than the value

Table 7.1 Overview of test results for the DP 490 adhesive properties

tensile properties compression
. properties
aa;t;ult Ea;t;ult Ea;t Va Ea;c

[MPa]  [] (MPa] [ {MPa]

testresults  35.2 0.035 2014 0.40 1550
333 0.028 1900 0.37 1817
315 0.023 1905 0.35 1799
353 0.032 1866 0.41 1863
35.6 0.034 1886 0.46 1803
35.9 0.036 1925 0.41 1771
35.6 0.040 1938 0.41 1816
33.7 0.020 1926 0.43 1721

m 345 0.031 1920 0.41 1768
15 0.007 45 0.03 97

“
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Table 7.2 Overview of test results for the UK 8202 adhesive properties

tensile properties compression
properties

Oatult  Eaitule Eqie Va Egc
[MPa]  [] [MPa] g [MPa]
test results 12.6 0.179 897 0.46 585
11.4 0.182 642 0.50 449
12.1 0.178 523 0.47 370
12.4 0.180 688 0.54 367
14.1 0.183 915 0.51 313

12.7 0.183 674 0.66

m 12.6 0.181 723 0.52 417
§ 0.9 0.002 153 0.07 106

based on the compression tests. Another observation is that the Young’s modulus of the UK
8202 adhesives shows a rather large scatterband.

The determined stress-strain curves of the DP 490 and UK 8202 adhesives can be
represented by the proposed empirical relation given by equation 7.1. Instead of using the
engineering stress-strain curves as presented in figure 7.6 and 7.8, the engineering stress 0,
and strain €, are corrected to the true stress-strain curves. The stress-strain curves according
to the test results presented above are based on the undeformed geometry, while it might be
expected that for larger deformations the measurement length and cross-section differ
significantly from the inital ones. In ASTM D 638-96 (1996) it is explained that if it is assumed
that the volume of the specimen does not change, the true stress is equal to:

O =0, =0, (1+€) (7.16)

and the true strain is equal to:

=f e In 5 = In(1 + €) (7.17)
L L 0

where Ly is the original measurement length, L is the measurement length at any time and dL
is the increment of the elongation when the measurement length is equal to L. The true stress-
strain curves are used for further analyses.

To determine the values of the unknown constants of equation 7.1 on basis of a true stress-
strain curve represented by the data set (07.€,), a least squares method is mostly used (Mood
et.al., 1974). In principle the stress 0" and strain €, are both stochastic variables, but within
the least squares method one has to be deterministic. It is assumed that the strain is
deterministic, while the stress is stochastic. There are two reasons for this assumption; firstly
a constant strain rate was applied during the tests and secondly it is expected that this will give
the most consistent results if large plastic deformations occur. The values of E;, ¢1, p1. O, Fy,
¢, and p, that minimize the following sum of squares of the total number of data points ngq:
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Mot

2 I((O't,_,-, €)= O4(€;))? (7.18)

are defined to be the least-square estimators. It is noted here that the term 07,(€,) represents
equation 7.1. This least squares method does not give an estimation for the standard
deviation. An alternative estimator s is proposed, which is based on equation 7.1 and the
least-squares estimators determined with equation 7.18:

1 Mot
$= %nmt -7 El((o};i» €) - O, (€))7 (7.19)

For each of the stress-strain curves given in figures 7.6 and 7.8 the least square estimators
and the estimator s are determined. For both adhesives the value of the Young's modulus E, is
fixed to a value equal to the matching one given in tables 7.1 or 7.2 and corrected for the true
stress-strain curve. Additionally it is assumed for the DP 490 adhesive that the value of 0y, is
fixed to the highest stress level of the curve and that the value of F, is assumed to be a low
value (1 MPa). Instead of presenting the results for the individual stress-strain curves, here the
average stress-strain relations are presented for the tensile and compression situation of both
considered adhesives. A similar analysis is performed. It is decided not to use the actual data
points of a series of stress-strain curves, because the number of data points of the individual
stress-strain curves are not equal to each other. Instead, a set of data points is generated on
basis of the determined individual relations with equally distributed strain levels and
matching stress values calculated with equation 7.1. Using the above given procedure the
values of E,, ¢1, Py, O, F,, €5, P, and s for the average stress-strain curves are determined. It
is noted here that the calculated estimator s only represents the stochastic nature of the
differences between the individual relations. This value, here represented by the symbol s,
has to be combined with the values s; 4 of the individual curves. A conservative
approximation for the combined estimator sy, of nc curves is:

n
C

Scomb =V"21 Singj + 5.2 (7.20)
i=

As an alternative it is also possible to calculate the combined estimator for each considered strain
level, which results into a more realistic presentation of the linear elastic part of the stress-
strain relation. The results for the average stress-strain relations of the DP 490 and UK 8202

Table 7.3  Overview of the determined values of the coefficients of equation 7.1, the value for the

combined estimator s, of the standard deviation and the ratio A, between the compression and
tensile stresses

adhesive average E, o P " Ty F, & P2 Scom Aa
curve  [MPa] H (1 [MPa]  [MPa] [ (] [MPa] [

DP 490 tensile 1926 8728 215 3548 1.00 58.88 279 053 1.2
compr. 1773 3276 354 38.00 100 2822 394 0.70

UK 8202 tensile 726 791.0 1.64 703 36.10 1020 112 125 1.2
compr. 418 79.79 229 7.23 30.86 56.80 2.82 067
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adhesives are presented in table 7.3 and figure 7.9. On basis of these results the ratio A,
between the compressive and tensile stresses as defined in figure 7.3, are calculated. In figure
7.9 the ratio A, is presented as a function of the strain for both adhesives. Within the
proposed model a constant value is assumed equal to the value that match with a strain of
0.05. For the DP 490 adhesive the ratio is assumed to be A, = 1.2 and for the UK 8202
adhesive the ratio is assumed to be A, = 1.2. The determined average stress-strain curves will

be used for the validation of the proposed prediction model and the calibration of a design
rule.
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Figure 7.9 Stress-strain relations of the DP 490 and UK 8202 adhesives:
a) results tensile tests, b) results compression tests, c) average stress-strain relations, and
d) ratio A, as a function of the strain for tension
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7.1.4 Background of stress and strain analyses

Since the publication of the first solution of a stress analysis for overlap joints by Volkersen
(1938), a large variety of analytical solutions has been proposed. To get an overview and a
better insight into the advantages and disadvantages of various solutions, researchers have
made reviews. Three kinds of reviews can be distinguished: a survey of published solutions, a
study of assumptions and a discussion of the assessment of various theories.

Van Ingen and Vlot (1993) survey various analytical solutions, which are based on an
approach that model the adhesive bondline with series of shear and transverse
tensile/compression springs. The first discussed group of solutions is based on rather simple
assumptions. The two best known solutions are the Goland and Reissner (1944) and the Hart-
Smith (1973) solutions. The second group of solutions, of which the Delale et.al. (1981) and the
Yuceoglu and Updike (1981) solutions are discussed, accounts for transverse shear effects in
the adherends. The third group of solutions, of which those of Allman (1977), Renton and
Vinson (1977) and Chen and Cheng (1983) are discussed, satisfies the zero shear stress
condition at the adhesive layer endings. The solutions of Allman (1977) and Chen and Cheng
(1983) also model a variation of normal stresses over the bondline thickness. Most of these
solutions assume linear elastic material behaviour and predict average stresses over the
thickness of the bondline. None of them takes the effect of a spew fillet into account. Van
Ingen and Vlot (1993) recommended the solution of Delale et.al. (1981), because it allows for
general joint configurations with two bonded plates and because it can be used for joints with
dissimilar isotropic or orthotropic adherends. Van Ingen and Vlot (1993) also discussed
analytical solutions to take the effects of the geometrical non-linear behaviour of the single
overlap joint loaded in tension into account. Tsai and Morton (1994) considered this aspect
more completely. The solutions of Goland and Reissner (1994), Hart-Smith (1973) and Oplinger
(1994) are discussed. Tsai and Morton (1994) compared these solutions with finite element
calculations and concluded that the solution of Hart-Smith (1973) is more feasible and
reasonable for single overlap joints with short overlaps, while the solution of Goland and
Reissner (1944) and the more complex solution of Oplinger (1994) are better approximations
for long overlaps. The surveys of Van Ingen and Vlot (1993) and Tsai and Morton (1994) give a
good overview of available solutions and their prospects.

Carpenter (1991) investigates comprehensively various assumptions made in analytical
solutions, by using a special finite element technique and examining several load cases,
Carpenter (1991) was capable to quantify the effects on the predicted stress state within the
bondline. Considered assumptions are:
a) plane stress and plane strain;
b) zero and finite adhesive thickness;
¢) incomplete and complete shear-strain relation for the adhesive;
d) constant and linear distributed strains over the adhesive thickness;
e) no shear deformation and shear deformation of the adherends;
f) different stress-strain relations for the adhesive;
g) use of inconsistent and consistent plane strain assumption for the adherends.
Carpenter’s main conclusions are that the maximum adhesive shear stress is unaffected by the
used assumptions, that the maximum transverse normal stress is relatively unaffected and
that if the shear deformation of the adherends is neglected, the transverse normal stress is
affected by 15 to 30%.

Adams (1989) focusses on the assessment of analytical solutions and the application of
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finite element methods. Adams’ criticism about analytical solutions is that they cannot
describe the stress and strain states within the adhesive bondline adequately. Finite element
methods on the other hand are more flexible. These can accommodate with geometrical non-
linear effects, physical non-linear material behaviour, spew fillets and corner roundings. From
Adams’ point of view only finite element methods can be used successfully.

The application of available analytical models is not only restricted by the limitations
mentioned by Adams (1989), but also by the fact that most solutions are only valid for a
specific joint geometry. In spite of these conclusions it is still believed here that an analytical
solution formulated within a unified approach can deal with these limitations. Useful
derivations given in literature are those presented by Delale et.al. (1981) and Yuceoglu and
Updike (1981) and (1980). The derivation of Delale et.al. (1981) gives a closed-form solution for
the three-layer overlap region of figure 7.10 a), while the solution of Yuceoglu and Updike
(1980) gives sets of differential equations for the three- and five layer overlap regions of figure
7.10. These sets of differential equations have to be solved numerically. The derivations are
based on a spring model for the adhesive bondline. There are a number of drawbacks to be
mentioned. The modelling of the stiffness of the adhesive seems to be incorrect (Van Straalen,
1999C), resulting in higher normal stresses. Geometrical non-linear behaviour has to be taken
into account with use of approximated analytical solutions, which are in fact only available for
single overlap joints (Tsai and Morton, 1994). Finally Delale et.al. (1981) give a proposal to
model the physical non-linear material behaviour of the adhesive, but this model is not
worked out in a closed-form solution. A more generic unified approach also based on a spring
model for the adhesive bondline is proposed by Thomsen (1992B) and Mortensen (1998). They
use a general applicable method of derivation. The mechanical behaviour of overlap joints is
represented by a set of first order differential equations and matching boundary conditions. To
solve such a boundary value problem a numerical method is used. The main advantage of this
unified spring model approach is that it can be applied for all kinds of overlap joints.

a) b)
‘_% adherend 1 %—V
4—% adherend 1 %ﬁ adhesive 1
adhesive 4_% adherend 2 %—V
4—% adherend 2 %—» adhesive 2 '
4—% adherend 3 %—p

Figure 7.10 Overlap region: a) three-layer, and b) five-layer

7.1.5 Unified spring model approach

The unified spring model approach models the adherends as plates and the adhesive layer as
series of continuously distributed shear and transverse tensile/compression springs. This
modelling is illustrated in figure 7.11 for a single overlap joint. To consider the complete
geometry it is necessary to model the overlap region and outer adherends separately. Using
proper boundary and continuity conditions the complete geometry can be evaluated.

75



Design Rules for Overlap Joints

a)

b)
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springs
BC are boundary conditions

CC are continuity conditions
Figure 7.11 Spring model for a single overlap joint: a) geometry, and b) modelling

To model the mechanical behaviour of the overlap region and outer adherends the following
general procedure of derivation is followed:

1) Describe the kinematic relations. For the adherends the longitudinal strain of the plate €,,
is expressed in terms of the longitudinal displacement u and the rotation (. For the
adhesive the shear angle y, is expressed in terms of the longitudinal displacement u, and
the transverse strain €,,., is related to the transverse displacement w,.

2) Describe the compatibility conditions of the interface layer. The displacements of the
adherends u and w are related to the displacement of the adhesive u, and w,.

3) Describe the equilibrium equations of the interface layer. The axial force N,,, bending
moment My, and shear force Qy, in the adherends are related to the shear stress T, and the
transverse normal stress 0 ,;., in the adhesive.

4) Describe the constitutive relations. For the adherends the axial force N, is related to the
longitudinal displacement u and the bending moment My, and shear force Q,, are related
to the vertical displacement w and rotation . For the adhesive the shear stress T is
related to the shear angle y, and the transverse normal stress 0., is related to the
transverse normal strain €,;.,.

A summary of this procedure is given in figure 7.12. Using these derived relations the

governing differential equations of the complete overlap region and the outer adherends are

described. To combine these differential equations it is necessary to give a full description of
the boundary and continuity conditions. This so-called boundary value problem has to be
solved analytically or numerically.

For the three- and five-layer overlap regions, as indicated in figure 7.10 and the outer
adherends the unified spring model approach is worked out in this study. The derivations are
based on the method of derivation used by Thomsen (1992B) and Mortensen (1998). The
following assumptions are made:

- No spew fillets.

- Cylindrical bending of adherends. Instead of using a beam theory as proposed by Thomsen
and Mortensen, the thin plate theory is adapted.

- Plane strain conditions.
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Figure 7.12 General procedure of derivation

- Elastic material behaviour of adhesive and adherends. Thomsen and Mortensen derived
their model for composite laminates, while in this study isotropic materials like steel and
aluminium are considered. It is noted here that by using an additional calculation
procedure, the non-linear adhesive material behaviour is taken into account.

- Shear deformation of the adherends. Thomsen and Mortensen did not consider this effect.
In this study it is decided to take this effect into account, because Carpenter (1991)
concluded that this assumption has a significant influence on the results. It is noted here
that Oplinger (1994) proposed an alternative method, which corrects the value of the shear
modulus of the adherends.

- Constant shear stress over the adhesive layer thickness by using continuously distributed
shear springs.

- No zero shear stress condition at the adhesive layer’s ends.

- Constant transverse normal stress over the adhesive layer thickness by using continuously
distributed tension/compression springs.

- No longitudinal normal stress in the adhesive layer. It is noted that this assumption follows
from the two preceding assumptions.

- Unequal adherends (thickness and material properties) and unequal adhesives if a five-layer
overlap region is considered.

The derivations of the differential equations, continuity and boundary conditions are

presented by Van Straalen (1999C).

The result of these derivations is a set of first order differential equations and matching
continuity and boundary conditions. An overview for the three- and five-layer overlap regions
and the outer adherends is given in Appendix A. The derived boundary value problem for the
three-layer overlap region is of the 12th order, for the five-layer overlap region of the 18th
order and for the outer adherend of the 6th order. The derived sets of differential equations
contain the unknown functions of the displacements of the adherends (longitudinal
displacement in the centre line u, transverse displacement w and rotation (/) and the cross-
section forces of the adherends (normal force Ny, bending moment M,,, and shear force Qy,).
The matching continuity and boundary conditions are also formulated within these
displacements and cross-section forces. The stress and strain states within the bondline (shear
stress T,, transverse normal stress 0 ,,.,, shear strain y, and transverse normal strain €,,.,)
are formulated in terms of the unknown functions.
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Boundary value problems can be solved with a numerical algorithm. Well known are
shooting and finite difference methods. As proposed by Thomsen (1992B) and Mortensen
(1998) the multi-segment method of integration developed by Kalnins (1964) is used in this
study (Van Straalen, 1999B). It is based on a transformation of the boundary value problem
into a series of initial value problems. To avoid loss of accuracy the geometry has to be divided
into a number of segments. For each segment a solution in terms of the unknown functions at
both segment endings, is accomplished by a standard numerical method like the Runge-Kutta
formula. The values of the unknown functions at all segment endings are determined by
solving a set of equations, which represents the requiring continuity between all segments
together with the already given continuity and boundary conditions. To use this method for
the overlap joints considered in this study, the original version is extended by Van Straalen
(1999B). With this extended version of the multi-segment method of integration it is possible
to divide the overlap joint in a number of elements. The advantages of this extension are that
the mixture of continuity and boundary conditions between the overlap region and the outer
adherends can be modelled properly and that each segment can have its own properties. This
last mentioned advantage is important if physical non-linear material behaviour of the
adhesive and geometrical non-linear behaviour are considered. It is generally concluded that
the multi-segment method of integration is generally applicable and that its results are
accurate.

To model geometrical non-linear behaviour most solutions presented in literature simplify
the problem by determining second order effects separately from the stress and strain states
within the bondline. For example the well-known solution of Goland and Reissner (1944)
assumes for a single overlap joint with identical adherends that the adherends are lumped
together in the overlap region neglecting the adhesive layer. It derives a solution for the
second order normal force, bending moment and shear force acting on the overlap region. The
calculated cross-sectional forces are applied on the overlap region. A separate closed-form
solution is derived to calculate the shear and transverse normal stresses within the bondline.
Drawbacks of the solutions presented in literature are that these only consider the single
overlap joint and that various simplifications are made. The deformations over the adherends
in the overlap region are ignored and long outer adherends are assumed. The unified approach
on the other hand can be formulated in such a way that the geometrical non-linear behaviour
is predicted more accurately without restriction on the joint geometry.

The geometrical non-linear behaviour of overlap joints is modelled by extending the derived
set of differential equations. Firstly the effects of the transverse deflection of the adherends on
the equilibrium equations are taken into account. Secondly the effects of stretching of the
middle surface of the adherends due to large deflections are modelled. An overview of results
of these additional derivations according to Van Straalen (1999C) is given in Appendix A for
the three- and five-layer overlap regions and for the outer adherends. This adapted boundary
value problem can not be solved directly with use of a numerical procedure. The reason for
this is that the value of one parameter, the derivative of the transverse deflection of the
adherends dw/dx, is unknown. The problem can only be solved with use of an iterative
calculation procedure. The following procedure is used:

1) Perform a geometrical linear calculation by taking start values of dw/dx at each point of
the adherends equal to 0.

2) Add for each point of the adherends the results for dw/dx of the preceding calculation and
perform a new calculation.

78




3)

Chapter 7

Repeat steps 2 and 3 until the results converge and stabilize.

To obtain the best calculation results the load has to be applied gradually.

To evaluate a loaded overlap joint under the assumption of the defined stress-strain

relationship and the hydrostatic dependent yield criterion, the simplified calculation
procedure based on the principles proposed by Thomsen (1992B) and Mortensen (1998), is
followed:

1)

2)

3)

1)

5)

6)

7)

Determine the stress-strain relation for bulk adhesive under tension according to equation
7.1 and determine the ratio between compressive and tensile stresses A ;. Both are based
on unidirectional tensile and compression tests.

Calculate the stress and strain states within each point of the adhesive bondline. A
uniform Young’s modulus based on a unidirectional tensile test is assumed.

Calculate the principal stress and strain states with use of equations 7.10 to 7.15.
Calculate the effective stress and strain states with use of respectively equations 7.2 and 7.7.
Calculate for each point of the bondline the reduction of the modulus according to
equation 7.1 that matches with the effective strain state calculated in step 4. It is proposed
to use the secant modulus (Thomsen, 1992B) as illustrated in figure 7.13. The tangent
modulus can be adapted as an alternative, but the calculation procedure will be
complicated by the appearance of an initial stress for a strain equal to zero.

Calculate the stress and strain states of each point of the adhesive bondline with use of a
linear elastic prediction model in combination with the reduced secant’s moduli for each
point of the bondline.

Repeat steps 3 to 7 until the results converge and stabilize.

The load acting on the overlap joint might be increased until the calculated effective strain
within a point of the bondline reaches the maximum strain of the unidirectional tensile test.
This calculation procedure can be combined with the procedure of the geometrical non-linear
calculation.
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Figure 7.13 Determination of the reduction of the secant’s modulus
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7.1.6 Comparison between tests and predictions

To validate the proposed prediction model and to study various effects, calculations are
compared with test results on double strap joints and single overlap joints. The geometry of
the studied overlap joints are given in figure 7.14 and the nominal dimensions are given in
table 7.4. The endings of the adherends were clamped and loaded in tension. The loading of
the specimens was displacement controlled. The applied load and the displacement over the
joint with a span of 100 mm were continuously recorded. For each situation 6 or 7 specimens
were tested. A complete description of the test and the results is given by Van Straalen (1999E)
and (1999F). The ultimate loads and the load-displacement curves are compared, and the
effects of the bondline thickness, the selected stress-strain curves and geometrical non-
linearities are studied.

a)

| ] 1

b)

' —— i

w
< »>- > >

Figure 7.14 Geometry of the studied joints: a) double strap joint, b} single overlap joint

The used prediction model is based on the unified spring model approach discussed in the
preceding section. For the stress-strain relations of the adhesives DP 490 and UK 8202 the
average tensile curves given in table 7.3 are used. For the properties of the steel adherends a
Young’s modulus of E = 210000 MPa and a Poisson’s ratio of v = 0.3 are used, while for the
properties of the aluminium adherends a Young's modulus of E = 70000 MPa and a Poisson’s
ratio of v = 0.3 are used. Since the geometry of the double strap joint is symmetrical, only
the left hand side is modelled. The geometry of the single lap joint on the other hand is
completely modelled. Figure 7.15 gives an overview of the division of these two types of
overlap joints into elements. The mechanical behaviour of each element is described by a set
of differential equations. These elements are connected with proper boundary and continuity
conditions. Boundary conditions are formulated for the line of symmetry of the double strap
joint, and for the free endings of the overlap region and the clamped endings of both types of
overlap joints. Continuity conditions are formulated between the outer adherends and the
overlap region. An essential aspect of the modelling is the division of each element in a
number of segments. It is possible to give each segment its own properties, which means that
the iterative procedure proposed in the preceding section can be performed to take the
geometrical and physical non-linear behaviour into account. The length of each segment has

80




Chapter 7

to be selected in such a way that the difference between the derivative of the transverse
deflection dw/dx and the reduction of the Young's modulus of the adhesive vary only slightly
between connecting segments. Detailed information about the used differential equations,
boundary conditions, continuity conditions and geometrical non-linear effects is given in
appendix A.

Table 7.4 Nominal dimensions of the studied joints

joint type adherend  bondline adherend overlap widthw length outer
material  thicknesst, thicknesst lengthl adherend I
(mm] (mm] (mm]  [mm] (mm]
double steel 0.2 2 10 25 175
strap 20 25 175
40 25 175
4 10 25 175
20 25 175
40 25 175
6 10 25 175
20 25 175
40 25 175
single steel 0.2 2 10 25 170
overlap 20 25 165
40 25 155
4 10 25 170
20 25 165
40 25 155
6 10 25 170
20 25 165
40 25 155
aluminium 0.2 2 20 25 170
4 20 25 165
6 20 25 155

To illustrate the ability of the prediction model to take geometrical and physical non-
linearities into account, a single overlap joint with 4.03 mm thick steel adherends, a 19.75 mm
overlap length, a 25.05 mm width and a 0.18 mm thick adhesive bondline is studied for the
adhesive DP 490. The calculations are based on nominal values for the adherend properties
and mean values for the adhesive properties. Linear-elastic, geometrical non-linear, physical
non-linear, and combined geometrical and physical non-linear calculations are compared. To
perform the non-linear calculations, it is necessary to apply the action (displacement of one of
the endings) stepwise. If the action is increase by one step, the calculation has to be repeated
until the results converge. After the results are stabilized, the following step can be made. To
avoid problems with the accuracy and stability of the iteration process without long computer
runs, it is important to divide the three elements of the specimens in a limited number of
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Figure 7.15 Modelling of the geometry: a) double strap joint, b) single overlap joint

segments properly distributed over the elements. In this study it is found that the overlap
region has to be divided into 10 to 20 segments. The length of these segments varies from 0.2
mm near the overlap ends to more than 12 mm near the middle of the overlap. More care has
to be taken with the division of the segments for the outer adherends. For the thicker
adherends it is found that a division into 20 segments with lengths between 0.2 and 20 mm is
adequate, while for the 2 mm thick adherend these lengths have to be smaller. In figure 7.16
the load-displacement curves are given for the four considered calculations. The main
observations are that the displacement decreases due to geometrical non-linear effects and
that the strength stabilizes due to the non-linear stress-strain curve of the adhesive.

As explained in section 7.1.2 the yielding of the adhesive is described by a hydrostatic
dependent criterion. The stress and strain state within the adhesive bondline is represented
by the effective equivalents represented by respectively equations 7.2 and 7.7. For four load
steps of the geometrical and physical non-linear calculation presented above, the effective
stress and strain distributions along the adhesive bondline are given in figure 7.17. It is
observed that with an increasing load the stresses along the bondline become almost uniform
and stabilize, while the strains are still increasing. The proposed failure criterion assumes that
the ultimate load is reached as soon as somewere along the bondline the strain exceeds a
given value.
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Figure 7.16 Load-displacement curves according to:
a) linear elastic calculation, b) geometrical non-linear calculation,
¢) physical non-linear calculation, and
d) geometrical and physical non-linear calculation
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Figure 7.17 Distribution of the effective stresses and strains along the adhesive bondline
for four load steps

The contradiction that for load step c and d given in figure 7.17 the effective stresses reach
the highest values in the middle of the overlap region, while the matching strains reach the
lowest values, is caused the reduction of the Young’s and shear moduli. Figure 7.18 shows for
step c the distributions of the transverse normal strain €,,.,, the shear angle y; and the
matching effective strain calculated with the concept of Gali, et.al. (1981) given by equations
7.7 to 7.9. Based on the effective strain the reduction of the Young’s modulus and the shear
modulus is calculated according to the method given in figure 7.13. From figure 7.18 it can be
seen that the value of the reduction factor in the middle of the overlap region is much higher
then the value at the ends. This effects the distribution of the transverse normal stress 0 ,,.,
and the shear stress T, significantly and causes the observed contradition in the effective
stress calculated with the concept of Gali, et.al. (1981) given by equation 7.2 to 7.6.

A parameter which influences the calculation results is the bondline thickness. To study
these effects calculations are made for the same single lap joint as studied above. Bondline
thicknesses of t, = 0.09, 0.18 and 0.36 mm are considered. The load-displacement curves
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according to geometrical and physical non-linear calculations are given in figure 7.19. The
maximum loads are equal to 11651,.11886 and 12052 N respectively. The main observation is
that the bondline thickness has some effect on the displacements, while the influence on the
strength is not significant.

A direct comparison between the prediction model and the test results is made by
considering the load-displacement curves. A double strap joint and a single overlap joint with
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Figure 7.18 Stresses and strains calculated for load step c given in figure 7.17
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Figure 7.19 Load displacement curve for three adhesive bondline thicknesses:
a) 0.09 mm, b) 0.18 mm, and c) 0.36 mm
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4 mm thick steel adherends and 20 mm overlap length are considered. Tests were done under
ambiant laboratory conditions within the temperature range 21-25 °C. The calculations are
based on the mean value of the measured bondline thickness, overlap length and width of the
tested specimens. Nominal values for the adherend properties and the average adhesive
properties are used. It is noted that in the tests of the single overlap joints the specimens
endings were not only clamped, but were also displaced in transverse direction. This is
because the two clamps of the tensile test machine were placed in line. The performed
calculations take this additional boundary condition into account, by adding a transverse
displacement equal to the sum of the adherend thickness and the adhesive bondline thickness.
For the adhesive DP 490 the load-displacement curves of both joints are given in figure 7.20
together with the calculated maximum effective strain within the bondline. From these curves
it is concluded that the strength is predicted rather well. For the single overlap joint the
calculated displacements are slightly overestimated. This is caused by the fact that the test
specimens were slightly curved. In figure 7.21 the effect of an additional transverse
displacement of the specimen endings is illustrated. From this comparison it is concluded that
this does not affect the calculated strength. Before the calculated maximum load is reached,
the matching effective strain already exceeds the value of the ultimate tensile strain
€y:t:uie = 0-031 according to the tensile bulk test as given in table 7.1. It is believed that this
value is not representative as the actual value of the failure criterion, because the measured
values are influenced by a local necking of the tensile bulk specimen if the failure load is
reached. Since the maximum strength is predicted rather well it is concluded that the
extrapolated stress-strain curve might be used for the adhesive DP 490.
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e ——test |
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z
- load at €, = 0.031
g
0 double strap joint ngouble strap joint
30000 ) - -
£ ‘ test |
g ==~ i
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K] . ! -
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1] 0.2 0 0.2
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Figure 7.20 Comparison between the calculated load-displacement curves and the
curves based on the tested joints for the adhesive DP 490, together
with the calculated load-maximum effective strain curves
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Figure 7.21 Effect of the transverse displacement of the specimen

endings on the load-displacement curve, compared with the curves

based on the tested joints for the adhesive DP 490; total transverse
displacement equal to: a) 0 mm, b) 4.21 mm and c) 8.42 mm

For the adhesive UK 8202 the load-displacement curves of both joints are given in figure
7.22 together with the calculated maximum effective strain within the bondline. Not only the
calculation based on the average stress-strain relation is presented, but also calculations
based on the highest and lowest stress-strain relations of the tensile bulk tests presented in
section 7.1.3 are given. The used values of the coefficients of equation 7.1 are presented in
table 7.5. From these load-displacement curves it is concluded that the match between the
prediction and the test results is less significant than for the calculations performed for the DP
490 adhesive. It seems that the determined stress-strain curves are not fully representative for
the actual behaviour of the adhesive, but it is believed that the calculations can still be used
to predict the strength. Before the calculated maximum strength is reached, the matching
effective strain already exceeds the value of the ultimate tensile strain €,,;.y;, = 0.181
according to the tensile bulk test as given in table 7.2. It is assumed that this value is not
representative as the actual value of the failure criterion, because the measured values are
influenced by a local necking of the tensile bulk specimen if the failure load is reached. Based
on a comparison between the predictions and the test results it is assumed that the
extrapolated stress-strain curve with a maximum strain of 0.75 might be used for the adhesive
UK 8202.

The general conclusion of the comparison is that with use of the unified spring model
approach in combination with a pressure dependent yielding criterion, the strength of overlap
joints can be predicted rather well.

7.1.7 Calibration of the partial factor

The essence of the procedure to calibrate the partial factor is the comparison of a set of data
with matching strengths calculated by the proposed prediction model. For the studied overlap
joints the procedure described in section 4.3.2 is used. It is assumed that the prediction model
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is deterministic, which means that equation 4.18 is used. The calculations of the matching
predicted strengths are based on the measured mean values for the dimensions, nominal
values for the adherend properties and the average stress-strain curve of the adhesive. The
results of these calculations give also the characteristic strengths, which are used to calibrate
the actual value of the partial factor. Referring to the considerations made about the tests and
the calculations in the previous section, overviews for the adhesives DP 490 and UK 8202 of
the measured data and calculated strengths are given in respectively tables 7.6 and 7.7. To
illustrate the potential of the used prediction model, the predictions are compared with the
measured load-displacement curves in figures 7.23 to 7.26.
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o single lap joint| ol load at €, = 0.181
0 0.8 0 1
displacement [mm)] strain [-]

Figure 7.22 - Comparison between the calculated load-displacement curves for the
average (straight lines), maximum and minimum (dotted lines) stress-strain
relation and the curves based on the tested joints for the adhesive UK 8202,
together with the calculated load-maximum effective strain curves

Table 7.5 Overview of the determined values of the coefficients of equation 7.1 and the ratio A,
between the compression and tensile stresses, for the adhesive UK 8202

adhesive curve E, o 2 g F, 3 P2 Ay
[MPa] g y [MPa]  [MPa] g g tl

UK 8202 average 726 791.0 1.64 7.03 36.10 102.0 112 1.2

highest 918 688.0 1.69 9.46 33.44 109.8 129 1.2
lowest 525 1934 2.20 5.98 39.49 83.47 0.91 1.2
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Figure 7.23 Comparison between the calculated load-displacement curves and the curves based on
tested double strap joints for the adhesive DP 490; for the graphs indicated by an *, plastic yielding
of the adherends was observed

According to the calibration procedure described in section 4.3.2, there are various methods
to quantify the differences between the set of data and matching calculated values predicted
by the model. The proposal for adding a factor K, to the prediction model, see equation 4.20,
is not prefered here for two reasons. First of all the analyses will end up with a design value of
the factor Ka;d, which has to be added to the prediction model. As a consequence the value of
the partial factor is not a constant value, but it is a function of the strength level. Secondly a
Weibull distribution which is prefered for adhesive bonded joints as explained in sections
4.2.3 and 4.2.4, can not be used to determine the design value of the factor K,.4. This is,
because the Weibull distribution will not give negative values of the factor .4, which are
necessary for a realistic description. The proposal for multiplying the prediction model with a
factor Kp,; according to equation 4.21 is prefered here. The value of the determined partial
factor is a constant and a Weibull distribution can be used to describe the stochastic nature of
the strength realistic.
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Figure 7.24 Comparison between the calculated load-displacement curves and the curves based on
tested single overlap joints for the adhesive DP 490; for the graphs indicated by an *, plastic yielding
of the adherends was observed
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Figure 7.25 - Comparison between the calculated load-displacement curves and the curves based on
tested double strap joints for the adhesive UK 8202; for the graphs indicated by an *, plastic yielding
of the adherends was observed

To explain the calibration procedure the followed steps are described for the double strap
joints with the adhesive DP 490. The graphs shown in figure 7.23 indicate that the test results
for the 2 mm thick adherend with an overlap length of 20 and 40 mm are influenced by plastic
yielding of the adherends. These results are excluded. The experimentally determined failure
loads Ryeg.; (46 in total) are compared with the predicted strength Ry,p,,.;. The graph shown in
figure 7.27, with the set of test data points i on the vertical axis and the corresponding
predicted values on the horizontal axis, indicates that the prediction model slightly
underestimate the test data. The differences between both provide quantitative information
that is used to perform a probabilistic analysis. As mentioned above, here the procedure to
multiply for all data points i the prediction model with a factor K, ; is followed. The
determined values of this multiplication factor are also indicated in figure 7.27. The estimated
mean and standard deviations of the sample of these correction factors are equal to
respectively my., = 1.15 and sg.;; = 0.051. For a Weibull distribution with the estimated
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Figure 7.26 Comparison between the calculated load-displacement curves and the curves based on
tested single overlap joints for the adhesive UK 8202

93



Design Rules for Overlap Joints

shape parameter equal to B'K;m = 28.1 and the estimated scale parameter equal to
O'g.p = 1.17, the design value of the factor Kp 4 is determined according to the principles of
equation 4.11:

King = Xy [ In(1 = D0t BN ka o ) (7.21)

where n is the number of correction factors. The value the parameter kaRB(") depends on the
value of the product of the weighting factor and the reliability index &tgf8 = 0.8-3.8 discussed
in section 3.2.2. In this example with n = 46 the value is calculated in addition to table 4.2
and its value is equal to kuRﬁ (46) = 0.92, which means that the design value of the
multiplication factor is K. = 0.90. Now the design values referring to all data points i can
be calculated with equation 4.23. It is assumed here that the characteristic values of the
strength according to the prediction model are equal to the already calculated values. Now the
partial factor is calculated with use these two values of the strength according to equation
4.24. For this example a value of the calibrated partial factor equal to yg = 1.11 is determined.

60000 ~ 2
h 5
= 9
& & .
£ § 1 [ RR nmlorme
17 ! I x
2 =
- ¥ i
(e ]
0 60000
prediction model [N] data points

Figure 7.27 Determination of multiplication factors for double strap joints with
the DP 490 adhesive: a) comparison of test data with corresponding predicted values,
and b) corresponding values of the factor Kp,;

For the studied joints with the adhesives DP 490 and UK 8202 the results of the calibrations
are given in table 7.8. The results have been excluded within the calibration procedure as
indicated in this table. The graphs shown in figures 7.23 to 7.26 indicate that these test are
influenced by plastic yielding of the adherends. It is noted here that the determined values of
the partial factors only match with the defined characteristic values of the strength. This
means that the values have to be based on nominal values of the measured bondline
thickness, overlap length and width of specimens, nominal values of the adherends properties
and the average adhesive properties. The results of the calibrations indicate that the value of
the partial factor for the single overlap joint is slightly higher than for the double strap joint.
Based on these results it is proposed to use in general for overlap joints with the adhesive DP
490 a partial factor of yg = 1.2 and for the adhesive UK 8202 a partial factor of yy = 1.9.
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Table 7.8 Overview of results of calibrations

adhesive joint type n my Sg B o' kgep® Kg ¥R
curve (] r [l [ [l ! Lo
DP 490 double strap?) 46 115 0051 281 117 092 090 1.11
single overlap? 47 115 0.070 204 118 092 083 121
UK 8202 double strap? 52 1.03 0.092 13.7 1.07 092 063 159
single overlap 72 112 0.147 9.06 118 094 053 1.87

1} Results for the 2 mm thick adherend with an overlap length of 20 and 40 mm are excluded
2) Results for the 2 mm thick adherend with an overlap length of 40 mm and the results for the aluminium
adherends are excluded

3) Results for the 2 mm thick adherend with an overlap length of 40 mm are excluded

7.2 Ageing behaviour

7.2.1 Studied overlap joints

This study focuses on the degradation behaviour of the strength of overlap joints under short-
term static load conditions. The geometry of a 25 mm wide single overlap joint with 12 mm
overlap length as indicated in figure 7.28, is selected. The adherends are 1 mm thick polyester
coated steel sheetings of Corus and the bondline thickness is approximately 0.2 mm. A cross
section of the coating is given in figure 7.28. The two adhesives studied in detail are the cold
cured two-component polyurethane adhesives UD 400 of Scholten Lijmen and 1897 of Casco
Products.

a) -« ¢

106 mm adhesive

bondline (0.2 mm)

polyester topcoating
(20 um)

primer (5 pm)
chromate layer
zinc (20 mm)

steel plate (1 mm)

Figure 7.28 Studied overlap joints: a) geometry, b} cross-section coating
To be able to provide quantitative information about the degradation of the strength of the

studied overlap joints, the CIB/RILEM procedure is applied. In addition to what is described in
section 6.2.2, the following remarks are made:
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1) Definition. The users' need is specified as the quantification of the degradation of the
strength during lifetime. Short-term static load conditions and normal Dutch weathering
conditions are identified as the considered building context. The performance requirement
of adhesive bonded joints is represented by the target reliability level as defined in section
3.2.1. The strength of the joint after a period of ageing is the performance criterion to be
used in the analyses.

2) Preparation. This phase deals with the definition of ageing tests and methods of
interpretation. Water is considered to be the most relevant environmental action. As
discussed in section 6.2.3 the degradation mechanism is described by an empirical function
that gives an exponential relation between the strength and time. Degradation
characteristics of in-use performances are induced by ageing tests, assuming constant
environmental conditions and severe humidity conditions. Based on meteorological data it
is concluded by Botter (1997) that the average relative humidity of the Dutch climate is
rather high. To accelerate the ageing process higher temperatures have to be used. Results
available for various levels of temperature provide information essential to extrapolate the
results for in-use environmental conditions. It is assumed that the average year temperature
of 10 °C (Botter, 1997) is representative for the Dutch weathering conditions.

3) Pre-testing. Preliminary short-term ageing tests demonstrate which failure mode is
dominant and indicate degradation mechanisms. To limit the ageing period the specimens
have to be aged at a high temperature and under severe humidity conditions.

4) Testing. This phase deals with the actual testing of specimens aged under short-term
laboratory based environments and the in-use environment. Short-term laboratory based
environments with a high relative humidity have to be defined for at least two
temperatures. The selection of ageing periods, after which the strength has to be
determined by testing, has to be based on the results of the pre-testing phase. The in-use
environment is represented by outside exposure for a period of many years. For the short-
term ageing tests the rate of the degradation of the strength has to be determined. The
short-term test results have to be extrapolated to the in-use environmental conditions by
using time transformation functions. It is noted here that if the prediction based on the
short-term tests is not representative for in-use environmental conditions, the analysis has
to be continued from phase 1 on.

5) Discussion and interpretation. If a relationship between short-term and long-term tests is
found, the degradation of the strength during lifetime has to be formulated on basis of the
results of the preceding phases.

Based on this procedure an experimental research programme was worked out. This

programme contained two phases. In the first phase a preliminary study with short-term

ageing tests was done to support the definition of the main part of the test programme. In the
second phase the main tests were done. The results are analysed and a prediction of the
degradation of the considered overlap joints is made.

7.2.2 Preliminary study
Within the preliminary study accelerated ageing tests were performed on various types of
adhesives (Van Straalen, 1997E). The aged specimens were immersed in demineralized water
with a constant temperature of 40 or 60 °C to accelerate the ageing process. Ultimate
strengths of both aged and not-aged specimens were determined.

The results for the two studied cold cured two-component polyurethane adhesives are given
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in table 7.9. In figure 7.29 the mean values are plotted. Based on these results the following

findings were drawn:

- Compared with the results without ageing, the strengths increase after ageing at 40 °C for
43 days. For the UD 400 adhesive this effect was moderate and for the 1897 adhesive
significant. This is probably caused by post-curing of the two-component polyurethane
adhesives.

- Due to ageing the strength of the UD 400 adhesive decreased significantly for the longer
ageing periods. For the 1897 adhesive on the other hand no significant change was observed.

- None of the cracked surfaces showed a completely cohesive failure mode. For the UD 400
adhesive it is concluded that the drop of strength is related to the change of failure mode.

- During ageing the specimens corroded easily in demineralized water. This effect probably
influenced the degradation behaviour.

Table 7.9 Results of preliminary short-term tests

adhesive water ultimate strength failure mode!)
immersion indication?
T t test results m s A B C D
[°C]  [days] (N] Nl [N]
UD 400 - 0 5069 4623 4700 4147 4088 4805 4572 383 X (x)
40 43 4892 5361 5468 5240 306 X X
60 43 4580 3965 3909 4151 372 X
60 106 2837 2397 1676 2303 586 X
1897 - 0 3008 2524 2898 2977 2860 2962 2872 179 x (%)
40 43 5555 5443 4913 5304 343 «x X
60 43 4747 5422 5299 5156 360
60 106 5509 5535 5345 5463 103 x X

1) A is cohesive failure of the adhesive, B is failure within the interface between adhesive and primer, C is failure
within the interface between primer and zinc, and D is failure between zinc and steel
2) A qualitative indication is given which failure mode was dominant; a less significant failure mode is indicated

by a marking between parentheses

Based on these findings the following recommendations for the main test programme were

made:

- Ageing the specimens by soaking them in demineralized water might cause additional
effects due to corrosion of the used materials. To avoid such effects the specimens will be
aged in air with a relative humidity of 95%.

- Accelerating the ageing process by using constant temperatures of 40 and 60 °C seems to be
reasonable. It is expected that at 40 °C the strength will degrade significantly within a
period of one year. To be convinced that the degradation mechanisms will not be affected at
a temperature of 60 °C, an additional series specimens will be aged at 50 °C.

- An ageing period of maximum 12 weeks for ageing at 60 °C seems to be reasonable. For
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ageing at 50 and 40 °C maximum periods of respectively 24 and 48 weeks will be proposed.
Since less is known about the actual degradation behaviour of the considered adhesive bonded
joints under the selected conditions, it was decided not to use an optimized test plan as
suggested in section 6.2.5. A traditional test plan is preferred, because more information will
become available about the degradation process if the specimens are equally distributed over
various ageing conditions.

o 5 2
vy w W

¥ oE 09 FoE 9

T T - B

™M M o

v ¢ @ = g ¢ 9 =

S @ @ @ H @ @ @

9 U v v ° U U U

g 5 § % 8 2 % %

6000 & S 8 8 g § 8 8

L]

strength [N]

UD 400 1897

Figure 7.29 Mean values of strength based on the results of
preliminary short-term ageing tests

7.2.3 Prediction of the degradation

To quantify the degradation of the two studied cold cured two-component polyurethane

adhesives UD 400 of Scholten Lijmen and 1897 of Casco Products, accelerated ageing tests

were performed according to the test plan given in table 7.10 (Van Straalen, 1999G & 2000C).

For each situation 6 or 7 specimens were tested. Also the situation without ageing was

considered. Additional specimens have been exposed outside on the roof of the Structures and

Materials Laboratory of Delft University of Technology in The Netherlands. All specimens were

cured under normal laboratory conditions for approximately 7 weeks, before they were placed

in the climate chamber. To maintain the constant humidity conditions during the ageing
period, the specimens were placed in a closed container inside an oven with the required
temperature. The relative humidity of 95% was guaranteed by placing an open tank with
water and calcium sulphate (250 gram per litre) into the container. Tests were done under
ambiant laboratory conditions within the temperature range 21-25 °C. This plan was based on
the recommendations of the preliminary study.

The results of the ageing tests are given in table 7.11. In figure 7.30 the mean values of the
strength as a function of time are plotted. Based on the results presented in table 7.11 and
figure 7.30 the following conclusions are drawn:

- Compared with the results without ageing, the strengths for the adhesive UD 400 decreased
after the first period of ageing, while the strengths for the adhesive 1897 increased. This
phenomenon was probably caused by post-curing of the two-component polyurethane
adhesive. The not-aged specimens were tested approximately 7 weeks after manufacturing.
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Table 7.10 Test plan accelerated ageing tests

ageing conditions

no ageing

95% RH at 60 °C
95% RH at 50 °C
95% RH at 40 °C
outside exposure

0
test
start
start
start
start

ageing period [weeks]

3

test

6 12
test  test
test test

test

24

test

Table 7.11 Results of ageing tests of the main test programme

adhesive 95% RH

T

[°C] [days]

UD 400 -
60

50

40

outside
1897 -
60

50

40

outside

t

0
21
46
84
46
84
166

84
166
362
327
0
21
46
84
46
84
166

84
166
362
327

5693
5049
4619
4355
4492
4434
4531
5303
4639
4453
4922
4746
4814
5010
4600
5156
4844
5117
5020
4893
4668
5127

5342
5342
4502
4600
4111
4658
4326
4990
4678
4551
5254
4531
5049
5029
4980
4932
4854
5098
5029
4932
4551
5098

ultimate strength

test results

5459
4990
4766
4688
4072
4473
4746
4990
4395
4199
4844
4375
5371
4902
5029
5156
4834
4727
5225
5000
4668
5088

N]

5410
5498
4590
4688
4531
4512
4795
4805
4717
4121
5234
4219
5117
4951
4941
4961
5020
4727
5146
4746
4238
5264

5518 5615
5420 5254
4443 4707
4561 3926
4238 4336
4512 5000
4512 4482
4600 4668
4512 4365
4092 4453
5361 5117
4414 4580
5166 4990
4814 4883
4883 4922
4893-5010
5107 4941
5049 4551
5029 5293
4932 4990
4141 4502
5283 5342

5264

4697
4883
4170
4541
4473
5254
4375
4102

4370
5303

4814
5088
5088

5313
4902
4668

48

test
test

m
(N]

5472
5259
4618
4528
4279
4590
4552
4944
4526
4282
5122
4462
5116
4932
4881
5028
4955
4878
5151
4914
4491
5200

5
[N]

150
203
116
310
181
194
164
272
152
197
202
172
189

81
142
107
117
240
128

84
218
109

Chapter 7

failure mode1)2

[%]
A B C D
51 30 19
72 28
85 11
8 1 10
87 7 6
93 7
87 13
96 4
83 11 6
95 1 4
65 12 23
79 19 2
96 4
92 8
93 7
97 3
91 9
92 8
84 16
93 7
90 10
93 5

1) A is cohesive failure of the adhesive, B is failure within the interface between adhesive and primer, C is failure

within the interface between primer and zinc, and D is failure between zinc and steel

2) For each failure mode the percentages of the fracture surface is given in the columns by taking the average

observed value for the considered specimens
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The results indicate that for the adhesive UD 400 the post-curing effect was stabilized,
while for the adhesive 1897 this effect was still going on.

- The strength of both adhesives decreased significantly after longer periods of ageing.

- The cracked surfaces for the adhesive UD 400 were dominated by cohesive failure of the
bondline, but the not-aged specimens also showed a significant contribution of failure in
the interface. The cracked surfaces for the adhesive 1897 were mainly dominated by
cohesive failure of the bondline.

- For the adhesive UD 400 aged at 50 °C a sudden drop of the strength was observed after
6 weeks. For overlap joints this is a known phenomenon. Within the British MTS Adhesive
Project (Beevers, 1995) this behaviour was replicated by different laboratories and with
different treatments. It is suggested that this is due to changes in modulus of elasticity and
stress relaxation with absorbed water in the adhesive.

- For none of the specimens corrosion of the coated steel plate was observed.

In general these finding are confirmed by the results of the preliminary study.

6000 UD 400 6000~ T 1897
4 not aged
i + 60°C
= * = . 0 50°C
5 \ [ ] ~ +‘D el ray 4’0°C
%D - ? R @ outside
il
b . O--. 3
“ ,':g S " X .
a0 T .
4000 4000
Y 400 0 200
ageing period [days] ageing period [days]

Figure 7.30 Mean values of the strength based on test results of the main programme

A relationship is defined that gives a proper description of the degradation process and the
effect of accelerated ageing. As mentioned in section 7.2.1 it is decided in step 2 of the
CIB/RILEM procedure to describe for the studied adhesive bonded joints the degradation of the
strength with an empirical relation. The following assumptions are made:

- The relation between the strength R and time t is exponential.

- The strength at time t = 0 is equal to a value R,

- After a long period of time the strength stabilizes and becomes equal to a value R;,f.
Based on these assumptions, the time dependent strength R(t) can be described as:

R(t) = (Ry = Ry exp(Cy t) + Ry ¢ (7.22)
where C; is an unknown constant. To extrapolate the accelerated ageing test results
determined at 60, 50 and 40 °C to an in-use environmental condition, it is decided in step 4 of
the CIB/RILEM procedure as mentioned in section 7.2.1, to use a time-transformation function.
If the acceleration is only controlled by temperature, the well-known Arrhenius relation
{Martin, 1982) might be used. This time transformation function p(t,T) is formulated as
follows:
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C
pien = exp[C2 - —;—]r (7.23)

where T is the absolute temperature in Kelvin, while C, and C3 are unknown constants to be
determined on basis of test results. Combining equations 7.22 and 7.23 gives the following
general relation of the degradation of the strength as a function of time t and temperature T:

C3
R(T) = (Ry - Ry exp(C, exp|C, - T] H+R, (7.24)

To determine the values of the unknown constants of equation 7.24 on basis of the data set
Ryest:i(t,T) as presented in table 7.11, a least squares method is mostly used (Mood et.al., 1974).
The values of Ry, Ry, C1, C; and C5 that minimize the following sum of squares of the total
number of test results n,:

Ttot

2 (Rtest;i(t'n - R(t>T))2 (7.25)
i=1

are defined to be the least-square estimators. Since there is no tendency that the values of the
standard deviations given in table 7.11 decrease or increase as a function of time, it is
assumed that the error of equation 7.24 can be described by a constant value of the standard
deviation. But the used least squares method does not give an estimator for the standard
deviation. An alternative estimator s is proposed, which is based on equation 7.24 and the
least-squares estimators determined with equation 7.25:

1 Mot

5= \/n -5 ingtest;i(t'T) - R(t,T))z (7.26)
tot

It is noted here that this estimator s only partly represents the stochastic nature of the

relation given by equation 7.24. The determined values of the unknown constants are mean

values; within a full statistical description also estimated values for the standard deviations of

and correlations between the constants are included. To avoid complicated statistical analyses

in this study the engineering approach to consider only the estimator s is adopted.

For the adhesive UD 400 all 69 test results are taken into account to determine the values of
the unknown coefficients of equation 7.24. To minimize the sum of squares according to
equation 7.25, built-in functions of modern spreadsheet programs can be used. But attention
has to be paid to the fact that these functions can find more than one optimum solution. In
table 7.12 the results of two attempts are presented. It is found that other attempts stabilize
around these two. The two determined relations are compared in figure 7.31 with the test
results for the temperatures 60, 50 and 40 °C. These graphs show that the two determined
relations fit well with the test data. Based on the fact that the sum of squares for the first
attempt is smaller than for the second one, it is concluded that the results of the first attempt
is considered to be the most representative.

For the adhesive 1897 only the 61 test results of the aged specimens are taken into account
to determine the values of the unknown coefficients of equation 7.24. As explained earlier this
is, because the not-aged specimens were not fully cured. From various attempts to calculate
the values of the unknown coefficients it is observed that in spite of the fact that the sum of
squares are close together, the results as presented in table 7.12, differ significantly. For
attempts 1 and 3 this effect is illustrated in figure 7.32. From a statistical point of view it is
concluded that there is not enough data available to determine a proper relation. Valid test
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results of not-aged specimens might improve the least squares method, but for a better
description of the relation test results for longer ageing periods have to be determined. Since
the results of the preliminary study as shown in figure 7.29, indicates that the magnitude of
degradation is low, it is expected that the first attempt is representative.

Table 7.12 Overview of values determined for the coefficients of equation 7.24 and values for the
estimator s of the standard deviation

adhesive attempt sum of Ry Rine Cq C, C3 s
squares  [N]  [N] [s7] [ K N

UD 400 1 5.47-10% 5491 4416 -11.13-103  10.01 2995 292
2 7.43-10% 5075 1946 -29371103 1006 3482 341

1897 1 1.58-108 5243 4181 5350103  9.427 3171 168
2 1.52-106 5203 2771 -9.510:103  9.749 3082 164
3 1.57-105 5157 -19 -2.760103  5.027 1493 167
6000 6000 S 6000 S
attempt 1 60°C 50°C 40°C
— X x
Z h ﬁ \\\ xh
5 < L L
a x
&
2000 2000 2000
0 400 0 400 0 400
6000 60°C 6000 [ o°c] 6000 ~
attempt 2 S ' 40°C
z \g\i\
= ¢
5o x % \
=
2000 = 2000 2000
0 400 0 400 0 400
ageing period [days] ageing period [days] ageing period [days]

Figure 7.31 Comparison of determined relations with the matching test results of
the adhesive UD 400; the middle line represents the best fit, while the outside lines
indicate plus and minus the estimated value of s
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Figure 7.32 Comparison of determined relations with the matching test results of the
adhesive 1897; the middle line represents the best fit, while the outside lines
indicate plus and minus the estimated value of s

To predict the degradation of the strength under normal Dutch weathering conditions, the
determined relations for both adhesives are extrapolated. A constant temperature T = 10 °C is
assumed, as is decided in step 2 of the CIB/RILEM procedure mentioned in section 7.2.1. In
figure 7.33 the predicted degradation of the strength during the first 10 years is compared
with the test results of the specimens exposed outside for one year. The comparison between
the predicted curves and the test results of specimens exposed outside indicates that the
predicted curves are conservative. To draw a final conclusion, additional specimens have been
exposed outside for longer periods of time. The resuits of tests of these specimens will become
available during the coming years. Together with the observations that mainly cohesive
failure occurred and that the failure mode did not change during ageing, it is concluded that
the relation according to equation 7.24 might be used to predict the degradation behaviour of
the considered overlap joints.

7.2.4 Calibration of the conversion factor for time dependent effects

Based on the results of the preceding section, conversion factors are calibrated with use of the
procedure proposed in section 4.3.3. This simplified procedure can be used if the action is
stationary and the strength decreases continuously during time. The essence is that a design
value of the strength R .4 representative for the whole reference period has to be determined
for the target reliability ogf8. Here a product of the weighting factor and the reliability index of
ogB = 0.8-3.8 and a reference period of 50 years are considered. Together with the design value
of the strength for time t = 0, R4(ty), the value of the conversion factor /), can be calculated.
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Figure 7.33 Comparison of the determined relation with the test results of
the specimens exposed outside; the middle line represents the best fit,
while the outside lines indicate plus and minus the estimated value of s

It is a conservative approximation to take for the design value of the strength Rrer.q the
design value at the end of the reference period. For the design value of the strength Ry(to) two
results are available. One is based on the test results for the not-aged specimens and the other
is based on the relation according to equation 7.24. Both are considered here. The calculation
of the design values is based on a Weibull distribution as explained in sections 4.2.3 and 4.2.4.
An overview of the results of the calculations is given in table 7.13. The values of the shape
parameters ' and scale parameters ' of the Weibull distribution are estimated with the
procedure described in section 4.2.1. The design value of the strength is calculated with
equation 4.11. It is noted here that the values of the parameter ko.kﬁ(“) are calculated
additional to those given in table 4.2 (Van Straalen and Vrouwenvelder, 2000I). For the
adhesive UD 400 69 test results are used to determine the five unknown coefficients of
equation 7.24; this number of test results is reduced by the number of coefficients minus 1 to
get the value of n used in table 4.2, which means that n = 69 - (5 -1) = 65. For the adhesive
1897 with 61 test results n = 57. Using equation 4.35 the values of the conversion factors for
both adhesives are calibrated. For the adhesive UD 400 the conversion factor is equal to
Nt = 0.75 if the design value of the strength Ry(t,) is based on the predicted relation, while it
is equal to 17, = 0.71 if the design value of the strength Ry(t,) is based on the results of the
not-aged specimens. For the adhesive 1897 these conversion factors are equal to respectively
Nt = 0.76 and 1, = 1.04. The difference between the values of the two conversion factors
shows that for the development of design rules it is essential to define the value of the
strength for time t = 0 properly.

A more advanced alternative to calibrate the conversion factor divides the reference period
into a number of periods. As explained in section 4.3.3 the unknown design value of the
strength representative for the whole reference period can be found by solving a set of
relations given by equations 4.33 and 4.34. It is expected that the use of this procedure will
not affect the value of the calibrated conversion factor for the adhesive UD 400. This is,
because the degradation of the strength stabilizes within one year as can be seen in figure
7.33. For the adhesive 1897 this process will take approximately 10 years, which might
increase the value of the calibrated conversion factor. An overview of the results of the
calculations is given in table 7.14. For each period of time the probability is giving, which
match with the whole reference period. From this table it can be seen that for the adhesive
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Table 7.13 Overview of the results of a conservative procedure to calibrate conversion factor
adhesive ageing

adhesive  ageing m s B o n o kegpn)  Rq

[N] (N] [l (N] g [l (N]

UD 400 not-aged 5472 150 45969 5539 7 0.61 4355
0 years 5491 292 23.419 5620 65 0.938 4135
50 years 4416 292 18.705 4544 65 0.538 3095

1897 not-aged 4462 172 32,638 4538 7 0.61 3235
0 years 5243 168 39.314 5318 57 0.931 4423
50 years 4181 168 31.212 4256 57 0.931 3375

UD 400 the design value of the strength does not differ from the value determined with the
conservative approximation. For the adhesive 1897 on the other hand there is a minor effect.
The matching probabilities calculated for each period of time are indeed very low for the first
periods and stabilize during the later periods where the degradation of the strength no longer
varies. For the followed calculation procedure this means that the value of the parameter kp(n)
as used in equation 4.33, is a function of the probability p and has to be calculated additional
to the values given in table 4.2 (Van Straalen and Vrouwenvelder, 2000I). It is noted that for n
the same values are used as for the conservative approximation. Another aspect of the
followed calculation procedure is that for the considered Weibull distribution the values of the
shape and scale parameters ' and &' respectively are also time dependent. For the adhesive
UD 400 the conversion factors are equal to those according to the conservative approximation.
For the adhesive 1897 the conversion factor is equal to 1y = 0.77 if the design value of the
strength Ry4(ty) is based on the predicted relation, while it is equal to 17, = 1.05 if the design
value of the strength Ry(t,) is based on the results of the not-aged specimens. There is only a
minor difference between these values and the conversion factors according to the
conservative approximation. It is concluded that the more advanced alternative is only useful
if it takes a long period of time before the degradation of the strength stabilizes.
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Table 7.14 Overview of the results of the advanced procedure to calibrate the conversion factor

adhesive considered period of time matching
from year to year probability [N]
UD 400 0 1 6.737-10* 3096
1 2 1.126:103
2 3 1.185-103
3 4 1.191-103
4 5 1.192-103
5 7 1.192-103
7 10 1.192-103
10 15 1.192-103
15 20 1.192:103
20 50 1.192:10°3
1897 0 1 2.311-10°6 3393
1 2 1.439-10°5 :
2 3 5.287-10°5
4 i -
5
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Design Rules for Sandwich Panels

A sandwich panel is a layered composition of various materials bonded together. Designers use
sandwich panels for a wide variety of structural applications, because of their lightness and ability
to combine and optimise various performances as strength, stiffness, sound insulation and thermal
insulation. To guarantee the required reliability level designers need proper design rules. These have
to deal with the prediction of the mechanical behaviour and the degradation of the performances. In
this chapter design rules based on the partial factor approach are developed on basis of a number of
case studies. Attention is given towards useful mechanical prediction models and the calibration of
the partial factor.

8.1 Mechanical behaviour of the support region

8.1.1 Description of the case study

The case study focuses on the detailing of the ends of sandwich panels. The local geometry,
dimensions and properties of the core and faces influence the mechanical behaviour near
these ends. To investigate these influences, a research programme is worked out. The core
materials studied in detail are the mineral wool core material Conrock 700 of Rockwool and
the polystyrene core material EPS 30 of Isobouw.

The research programme contains a theoretical and an experimental part. Within the
theoretical part a prediction model for sandwich panels loaded in bending with flexible core
materials and thin metal faces is developed. Shear failure of the core material and delamination
of the interface between the core and the sandwich face are assumed. The prediction model as
proposed in section 5.3.5, is based on linear elastic material behaviour and ultimate values for
the shear and tensile stresses of the core material. The core material properties were
determined with use of standard tensile, compression and shear tests. The stress states within

333mm  334mm 333 mm
F S R

Figure 8.1 Four-point bending tests on sandwich panels
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a) b) Q)

diaphragm diaphragm diaphragm

adhesive no bonding no bonding

1 mm Conrock 1 mm Conrock 1 mm EPS 30
steel 700 steel 700 steel

Figure 8.2 Three considered sandwich panel endings:
a) outside diaphragm bonded to the mineral wool core material,
b) outside diaphragm not bonded to the mineral wool core material, and
¢) outside diaphragm not bonded to the polystyrene core material

the core material and the interface are calculated with a higher-order theory. Beside tests on
core materials, the experimental part of the case study contained four-point bending tests on
sandwich panels. These panels with a span of 1000 mm and a width of 400 mm, were made of
a 100 mm thick flexible core material with 1 mm thick steel faces bonded on both sides with
an one-component polyurethane adhesive. The core materials Conrock 700 as well as EPS 30
were used. The dimensions of the specimens and the test set up are given in figure 8.1. The
end of the sandwich panel was strengthened by bending the upperface in such a way that an
outside diaphragm was formed. The three situations indicated in figure 8.2 are considered.
The main objectives of these tests are to verify the proposed prediction model and to calibrate
the partial factor.

8.1.2 Background of considered failure criteria

For the considered case study two possible failure modes are assumed. It is expected that for
the sandwich panels with the outside diaphragm bonded to the core material, shear failure of
the core will occur due to shear stresses. For the sandwich panels with the outside diaphragm
not bonded to the core material on the other hand, it is expected that delamination of the
adhesive bonded interface between the core material and the upperface near the support
region will occur due to transverse tensile stresses. The used criteria for both failure modes
are defined by ultimate stresses.

The design rules given by ECCS and CIB (1995) use the ultimate shear stress of the core
material as the criterion for the shear failure mode. For mineral wool core material the value
of the ultimate shear stress is influenced by the orientation of the fibres. For the tested
sandwich panels with the core material Conrock 700 the fibres are oriented approximately
normal to the faces. In the proposed prediction model it is assumed that the core behaviour of
Conrock 700 can be described with an isotropic model, as long as the shear properties are
determined on basis of a sandwich beam test. For the core material EPS 30 the value of the
ultimate shear stress is assumed to be direction independent. The proposed shear failure
criterion is used within the selected prediction model.

The recommendations given by ECCS and CIB (1995) do not give guidelines how to verify
delamination of the adhesive bonded interface between the core material and the face due to
transverse tensile stresses. But it is generally expected that the actual failure occurs within
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the core material and not the adhesive bondline. For this reason the ultimate tensile stress of
the core material is proposed as an additional failure criterion within the selected prediction
model.

8.1.3 Background of tensile, compression and shear tests on the core material

To determine the ultimate stress and modulus properties of the core materials used for the
case study, tensile, compression and shear tests according to ECCS and CIB (1995) were
performed. The results and interpretations of the tensile and compression tests are reported
by Van Straalen (2000F) and (2000G) for respectively the core materials Conrock 700 and EPS
30. The results and interpretations of the shear tests of both core materials are reported by
Van Straalen (2000E) and (2000H). An overview is given in this section.

Tensile test specimens with a square cross-section were prepared and axially loaded. The
specimens were made of the same 100 mm thick core material as used for the beam test of the
case study. For the core material Conrock the used cross-section was 200-200 mm, while for
EPS 30 the used cross-section was 150-150 mm. To ensure an equally distributed stress
distribution over the cross-section, 15 mm thick steel plates were bonded on both sides of the
core. Care was taken to ensure that the specimens were symmetrically located and axially
aligned before applying the load. Tests were done under ambient laboratory conditions within
the temperature range 21-25 °C. The load was applied at a testing rate of the connecting
devices of 2 mm/minute until the specimen failed. The load cell and the average displacement
over the joint’s height were registered. On basis of these measurements the stresses are
calculated by dividing the force by the cross-section area and the strains are calculated by
dividing the lengthening by the initial height of the specimen. The stress-strain curves for
both core materials according to all tests are given in figure 8.3. It is observed that some of

3) b) <)

stress [MPa)
W\

0.02
strain [-] strain {-]

Figure 8.3 Tensile tests: a) test rig, b) stress-strain curves for the core
material Conrock 700, c) stress-strain curves for the core material EPS 30
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the specimens failed partly in the interface between the core and the adhesive bonded steel
plate. But it is still assumed that for those cases the measured failure load and the calculated
ultimate tensile stress are representative for the core material. On basis of these stress-strain
curves the values of the Young's modulus are calculated by taking the secant modulus at a
strain of 0.2 %.

Compression test specimens with a square cross-section were prepared and axially loaded.
The same type of specimen and testing procedure were used, and an identical method to
determine the stress-strain curves is applied. The stress-strain curves for both core materials
according to all tests are given in figure 8.4. On basis of these stress-strain curves the values
of the Young's modulus are calculated by taking the secant modulus at a strain of 0.2 %.

a) b) 9

PSDS

0.35
g
&
A
g
0
0 002 0 0.02

strain [} strain [-]

Figure 8.4 Compression tests: a) test rig, b) stress-strain curves for the core
material Conrock 700, c) stress-strain curves for the core material EPS 30

To determine the shear properties of the core material the recommendations given by ECCS
and CIB (1995) propose to base these on a four-point bending test. Since the used specimens of
the case study fulfil the requirements of this standardised test, the measured loads and
matching deflection of the middle span are used to determine the shear modulus. A
description of the performed tests is given in section 8.1.6. On basis of the determined load-
deflection curves the values of the shear modulus are calculated by the procedure given by
ECCS and CIB (1995) at a relative value of the deflection divided by the span equal to 0.2 %.
The results of the case study do not provide information about the failure load for shear
failure. For this reason additional four-point bending tests on 1000 mm long and 200 mm wide
sandwich beams were performed to determine these failure loads (Van Straalen, 2000H). The
ultimate shear stress is calculated by dividing the maximum shear force by the core height
times the sandwich beam width.

Overviews of the properties based on the test results of the core materials Conrock 700 and
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Table 8.1 Overview of properties based on test results for the core material Conrock

tensile compression shear
properties properties properties
Octult  Ect Oecuir Eoxc Teoult Ge
[MPa] [MPa] [MPa] [MPa] [MPa} [MPa]
testresults  0.21  50.1 0.23 64.6 0.079 861 7.42
035 910 0.21 56.2 0.096 871 7.72
0.16 538 0.24 65.4 0.091 7.0Y 812
0.07 209 0.25 68.6 0.11 991 942
034 762 0.25 64.3 0.11 8.8} 7.62
0.26 66.8 0.10 7.00 772
m 022 584 0.24 64.3 0.098 82
s 0.12 268 0.016 43 0.012 0.95

1) Based on the sandwich panel with the outside diaphragm bonded to the core

2) Based on the sandwich panel with the outside diaphragm not bonded to the core

Table 8.2 Overview of properties based on test results for the core material EPS 30

tensile compression shear
properties properties properties
Ocrut Ect Oceult  Ece Tt Ge
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
testresults 0.14 126 0.13 9.6 0.11 5.5
0.10 14.7 0.13 8.7 0.11 5.0
0.14 139 0.15 11.3 0.11 53
0.15 139 0.16 13.8 0.11 49
0.14 14.4 0.14 11.0 0.12 5.5
0.14 13.0 0.13 9.0
m 0.14 13.8 0.14 10.6 0.11 5.2
s 0.016 0.81 0.013 1.9 0.004 0.29

EPS 30 are given in respectively tables 8.1 and 8.2. These tables include the mean and standard
deviation of the considered test sample. A significant observation is that the tensile properties
of the core material Conrock 700 show a large scatterband. It is believed that this is caused by
the used test setup and the non-homogeneity of the material. If a weaker part of the core
material near one of the outer parts of the specimen fails, the specimen will be loaded
asymmetrically and high peel stresses will occur near the failed region. Further research is
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needed to confirm the cause of the high scatterband found for the tensile properties of the
core material Conrock 700.

The characteristic values of the core properties are determined with use of statistical
techniques. The calculation of the characteristic values of the ultimate tensile and shear
stresses is based on a Weibull distribution. Based on the same considerations as discussed in
section 4.2 for adhesive bonded joints, it is assumed that this distribution function can be
adopted for mineral wool and polystyrene core materials. An overview of the results of the
calculations is given in table 8.3. The values of the shape parameter ' and scale parameter
o’ of the Weibull distribution are estimated with the procedure described in section 4.2.1.
The characteristic values of the tensile and shear stresses are calculated with equation 4.12 for
a target probability of 0.05. The characteristic values of the Young’s and shear moduli are
equal to the mean values. The mean and characteristic values of the core properties as
presented in table 8.3 are used to validate the proposed prediction model and to calibrate the
partial factor of a design rule.

Table 8.3 Overview of the calculation of the characteristic values of the properties of the core
materials Conrock 700 and EPS 30

3

core property  m s B'  « n  koos(n) characteristic
 material [MPa] [MPa] [ [Mpa] [ [ value -]

EPS30 Bl 122 - - e 122

Gex 5.2 - - - - 5.2
Otk 014 0016 1012 0142 6 073 0.095
Tex 011 0004 3244 0112 5 069 0.098

1) For this property the mean value of the tensile and compression tests is used.
2) Instead of using the value of 0.12 MPa as mentioned in table 8.1, a probably more realistic value of 0.020 MPa
is used, which is slightly larger then the value according to the compression tests.

8.1.4 Background of stress analyses
Since the period after the Second World War a large variety of analytical solutions for
sandwich panels loaded in bending has been proposed. Most of the theories are based on a
three-layer concept. A distinction is made between classical theories, superposition
approaches and higher-order theories. Each derivation makes assumptions in modelling the
behaviour of the core, the faces and their interaction. This will result into a set of differential
equations, which have to be solved analytically or with a numerical calculation procedure. To
calculate the stress state near the support region, the higher-order theory seems to be the
most promising of the three distinguished categories of analytical solutions.

Compared with classical theories, higher-order theories apply a more realistic modelling.
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Higher-order theories take into account the fact that the normal stresses deviate over the core
thickness, while classical theories assume one value. Higher-order theories also model a zero-
shear stress condition at a free sandwich end, while classical theories do not. This means that
according to higher-order theories the deflections of the upper- and lowerface are no longer
equal and that the section planes are no longer linear for local circumstances. See figure 8.5.
As a result a more realistic stress state can be determined for sandwich panels with a flexible
core material. Superposition approaches are not adequate alternatives for higher-order
theories, because the local effects are only combined with classical theories without taking
interaction effects into account. Another advantage of the higher-order theories is that the
boundary conditions are described properly. Classical theories assume that the boundary
conditions are the same for the entire height of the section, which is not very realistic for
practical applications. Solutions of higher-order theories for various applications have been
developed by Frostig from the end of the 1980°s on.

l

classical theory

higher-order theory

Figure 8.5 Schematic presentation of the deformations of a sandwich
beam loaded in three-point bending

A number of publications of Frostig about higher-order theories are related to the
considered case study of a sandwich panel under four-points bending. The derivations
presented and discussed by Frostig et.al. (1992A), and Frostig (1992B, 1993A and 1993B) focus
on sandwich beams. The faces are considered as ordinary beams, which are interconnected
through equilibrium and compatibility at the interface layer with the core. The core is
considered to be a two-dimensional elastic medium. Different boundary conditions and
continuity requirements for the two faces and the core are allowed and different continuous
and local loads may be applied on the faces. With these derivations it is possible to analyse
sandwich beams with, see also figure 8.6:

- point loads and support regions (Frostig et.al., 1992A);
- edge and inner delamination regions (Frostig, 1992B);

- edge and inner transverse diaphragms (Frostig, 1993A);
- edge supports (Frostig, 1993B).
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A summary of these derivations is given by Frostig (1993B), while Thomsen and Frostig (1997)
give an experimental verification for a sandwich beam under three-point bending. A further
development is made by Frostig and Baruch (1996) for a sandwich panel, which can bend in
two directions.

(edge) load point inner edge
delamination transverse transverse
diaphragm diaphragm

support region

Figure 8.6 Overview of a sandwich beam with local geometry for which higher-order
theories are available

Instead of using the higher-order theory for sandwich beams as originally derived by
Frostig, for the case study a higher-order theory for sandwich panels is used. The main
difference is that the faces are not modelled as beams, but as plates. The thin plate theory is
adapted, assuming a two-dimensional modelling with cylindrical bending of the faces.
Another difference is that a numerical procedure is used to solve the derived boundary value
problem, instead of solving it with rather difficult analytical methods as Frostig has done.

8.1.5 Higher-order theory

The principle of a higher-order theory for modelling a beam, a plate, a shell or a sandwich is
that the displacement fields as described by a classical theory, are extended by higher-order
terms. The essential contribution of Frostig to the derivation of higher-order theories for
sandwich panels is that this derivation is based on the actual physical behaviour of the
flexible core material, instead of simply adding higher-order terms.

The higher-order theory derived by Frostig can be seen as an extension of the unified spring
model approach for adhesive bonded lap joints presented in section 7.1.5. To model the
mechanical behaviour of a sandwich panel the same general procedure of derivation can be
followed. The kinematic relations of the faces and core, the compatibility conditions of the
interface layer, the equilibrium equations of the interface layer and the constitutive relations
of the faces and core have to be described. A summary of this procedure is given in figure 8.7.

The main differences in derivation are the formulation of the kinematic relations of the core
material and the possibility to meet the zero-shear stress condition at the free core ends. The
kinematic relations of the core are formulated such that the transverse normal stress 0 ;.
varies linear over the core height. Instead of linear (first-order) displacement fields derived
according to the simple spring approach for the adhesive bondline, a quadratic (second-order)
transverse displacement field w. and a third-order longitudinal displacement field u over the
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Faces:

N, I . .
XX constitutive kinematic u
M . € .
xx relations Xx relations w
Qux
equilibrium compatibility
equations conditions
Core:
T constitutive Y kinematic u.
Oz relations €,2:c relations W,

Figure 8.7 General procedure of derivation

core height is derived. The derivation of the higher-order theory also differs on some other

aspects from the simple spring approach. The following assumptions are made:

- Cylindrical bending of the faces. Both the beam theory as described by Frostig, as well as
the plate theory might be used.

- Elastic isotropic material behaviour of faces and core.

- The effect of shear deformation of the faces is not taken into account, because it is assumed
that these effects are negligible.

- Zero shear stress condition at the free core’s ends.

- Constant shear stress over the core height.

- No longitudinal normal stress in the core.

The derivation is originally presented by Frostig et.al. (1992A), and Frostig (1992B), (1993A)

and (1993B).

The result of this derivation is a set of second and fourth order differential equations and
matching continuity and boundary conditions. An overview is given in appendix B. The
derived boundary value problem is of the 14th order. The set of differential equations contains
the unknown functions of the displacements of the faces (longitudinal displacement in the
centre line u,, its first derivative, the transverse displacement w and its first, second and third
derivatives) and the shear stress in the core (T and its first derivative). The matching
continuity and boundary conditions are also formulated within these displacements and
stresses. The section forces in the faces (normai force N,,, shear force Q,, and bending
moment M,,), transverse normal stress within the core (0,,.) and displacement fields of the
core (transverse displacement w, and longitudinal displacement u) are formulated in terms of
the unknown functions.

The boundary value problem according to the higher-order theory can be solved with the
same numerical algorithm as used for the unified spring model approach for adhesive bonded
overlap joints. The derived set of second and fourth order differential equations has to be
rewritten as a set of first order differential equations. Together with the boundary and
continuity conditions this set can be solved with the multi-segment method of integration
developed by Kalnins (1964).

To validate the proposed higher-order theory for sandwich panels, a comparison is made
with detailed finite element calculations. During the Euromech 360 Colloquium 'Mechanics of
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Sandwich Structures’ (Vautrin, 1998), a round robin calculation of a sandwich beam under
four-point bending was initiated. The dimensions and properties of the considered sandwich
beam are given in figure 8.8. Within the round robin it was asked to calculate for 24 points the
displacements, shear stresses and transverse normal stresses. Various calculations were made
within the framework of the Brite/Euram BET2-530 Thematic Network project DOGMA (Design
Optimisation and Guidelines for Multimaterial Applications). The results of the calculation of
the displacements, shear stresses and transverse normal stresses according to the higher-
order theory are presented in figure 8.9. Comparing these results with the finite element
calculations made by Ferreira (1999) shows that the agreement between both approaches is

within a few percent.

50 N/mm 50 N/mm

g
g
<
(3}
t f t } t —>
-250 mm -150 mm -30 mm I 30 mm 150 mm 250 mm
0 mm

Faces: Core:

- 3 mm thick upperface - 17 mm thickness

- 4 mm thick lowerface - Young’s modulus 30 MPa

- Young’s modulus 7000 MPa - Shear modulus 11.5 MPa

- Shear modulus 3000 MPa - Poisson’s ratio 0.3

- Poisson’s ratio 0.17 MPa

Figure 8.8 Dimensions and properties of the round robin sandwich beam
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Figure 8.9 Results of calculations according to the higher-order theory
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8.1.6 Comparison between tests and predictions

To validate the proposed prediction model, calculations are compared with the test results of
the case study dealing with various sandwich panel endings (Van Straalen, 2000B). The
dimensions of the sandwich panel under a four-point bending load are given in figure 8.1,
while the considered endings are illustrated in figure 8.2. The loading of the specimens was
displacement controlled. The applied load, the deflection of the midspan and the initiation of
the delamination of the interface between the upperface and the core were continuously
recorded. The delamination was measured by four displacement receivers, which were placed
in small holes drilled in the upperface near both sandwich panel endings. If delamination
initiated, a significant displacement was recorded. For each situation 5 or 6 specimens were
tested. Tests were done under ambiant laboratory conditions within the temperature range
21-25 °C. A complete description of the tests and the results is given by Van Straalen (2000E).
The ultimate loads, the loads at which delamination initiated and the load-deflection curves
are compared.

The used prediction model is based on the higher-order theory discussed in the previous
section. For the properties of the 100 mm thick core materials Conrock 700 and EPS 30 the
mean values given in table 8.3 are used. For the properties of the 1 mm thick steel faces a
Young’s modulus of Ef = 210000 MPa and a Poisson’s ratio of vf = 0.3 are applied. Since the
geometry is symmetrical, only the right hand side is modelled. Figure 8.10 gives an overview
of the division of the right hand side of the sandwich panel into three elements. The
mechanical behaviour of each element is described by a set of differential equations. These
elements are connected with proper boundary and continuity conditions. Boundary conditions
are formulated for the line of symmetry and for the support region, while continuity
conditions are formulated at both sides of the loaded region. An essential aspect is the
modelling of the support region. The lowerface is simply supported just underneath the
vertical outside diaphragm. The point of the upperface just above this diaphragm is related to
the displacements and rotation of the supported point of the lowerface as indicated in figure
8.10-b. The difference between the situations of an outside diaphragm bonded or not bonded
to the core material is modelled by assuming respectively a vertical displacement of the core
equal to zero or a shear stress equal to zero. Detailed information about the used differential
equations, boundary conditions and continuity conditions is given in appendix B.

The situations of the outside diaphragm bonded and not bonded to the core are studied for
the core material Conrock 700. With the prediction model the shear stress distribution within
the core and the transverse normal stress distribution in the interface between the upperface
and the core are calculated. A total load of 6000 N is applied to the specimen. The results of
these calculations are plotted in figure 8.11. The distributions of the shear stresses are almost
equal for both situations. The only difference is that close to the outside diaphragm the shear
stress lowers only slightly for the situation of the bonded diaphragm, while the shear stress
becomes zero for the situation of the not bonded diaphragm. The difference of the
distributions of the transverse normal stresses becomes more significant. The value for the
situation of the not bonded diaphragm is approximately three times higher than for the
situation of the bonded diaphragm. This conclusion is confirmed by the test results. It was
observed that for the situation of the bonded diaphragm mainly shear failure of the core
occurred, while for the situation of the not bonded diaphragm delamination of the interface
occurred. This example shows that with use of the higher-order theory detailed calculations
can be made.
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Figure 8.10 Modelling of the geometry: a} division of half the geometry into
three elements, and b) support region
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Figure 8.11 Distribution of shear stresses in the core and transverse normal stresses in the interface
between the upperface and the core, for: a) the outside diaphragm bonded to the core material

Conrock 700, and b) the outside diaphragm not bonded to the core material Conrock 700
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A direct comparison between the prediction model and the test results is made by
considering the load-deflection curves. Using the prediction model the linear elastic deflection
of the midspan is calculated. Additional the load levels at which failure occurs, are calculated.
It is assumed that shear failure of the core occurs as soon as somewhere in the core the mean
value of the ultimate shear stress of the core material is reached. Delamination of the interface
occurs as soon as somewhere between the upperface and the core the mean value of the
ultimate tensile stress of the core material is reached. The mean values of the ultimate shear
and tensile stresses for the core materials Conrock 700 and EPS 30 are taken from table 8.3. For
the three tested situations the load-deflection curves are given in figure 8.12. From these
curves it is concluded that the stiffness is predicted rather well. But this is not a surprise,
because the shear moduli of the core materials are based on the same test results. For the
situation of the diaphragm bonded to the core material Conrock 700 the predicted strength is
higher than the measured ones. This is caused by the fact that for most specimens the
diaphragm and the core were not completely bonded. It was also observed during the tests
that in some cases delamination of the interface occurred. For the situations of the not bonded
diaphragm the predicted values are in agreement with the measured values. The load-
displacement curves show that after initiation of delamination the load carrying capacity
increased slightly until final failure occurred. The general conclusion of the comparison is that
with use of the higher-order theory in combination with ultimate stress criteria, the actual
mechanical behaviour of sandwich panels loaded in bending can be predicted rather well.

delamination
(17618 N)
10000
a) b) <) shear failure
shear failure shear failure
et | ey [
3 75
) : M
o
= delamination delamination
0
0 15 0 15 0 15
deflection [mm)] deflection [mm] deflection [mm]

Figure 8.12 Comparison between the calculated load-deflection curves (straight lines) and the
curves based on the tested sandwich panels, for: a) the outside diaphragm bonded to the core
material Conrock 700, b) the outside diaphragm not bonded to the core material Conrock 700, and
¢) the outside diaphragm not bonded to the core material EPS 30

8.1.7 Calibration of the partial factor

The essence of the procedure to calibrate the partial factor is the comparison of a set of data
with matching strengths calculated by the proposed prediction model. For the case study the
procedure described in section 4.3.2 is used. It is assumed that the prediction model is
deterministic. The calculations of the matching predicted strengths are based on nominal
values for the dimensions, nominal values for the face properties and mean values for the core
properties. Additional calculations are performed to determine the characteristic strengths,
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which are also used to calibrate the actual value of the partial factor. These calculations are
based on nominal values for the dimensions and face properties, and characteristic values for
the core properties as given in table 8.3. Referring to the considerations made about the tests
and calculations in the previous section, an overview of the measured loads and calculated
strengths is given in table 8.4.

Table 8.4 Overview of measured failure loads and calculated strengths

test results predictions
initiation of delamination®  max. remark delamination shear
failure failure
left side of  right side of load core
specimen specimén Rn Ry Ry Ry
IN] N} [N] NN N OIN[N]
mineral wool - - 6018 5908 6042 b),c) 17618 12012 7879 5467
bonded 7312 7251 - 4016 7458 b), )
- - 5237 5188 5249 b), d)
- 8093 - - 8105 b)¢)

- - 6140 5640 6604 b),q)
- - 6946 4492 7068 b))

mineral wool.

i 7781 5399
not bonded :

7031

6079 d),e)

polystyrene 3760 4102 - - 6067 d),e) 4536 3078 8653 7709
not bonded = 3552 2930 3589 4260 5908 d),e)
4858 4688 - 4126 6140 d)

5054 5542 4590 4651 5884 d)
- - 5579 5505 6995 d)

a) no value is given if no initiation of delamination was registered

b) the diaphragm is only partial bonded to the core

c) dominated by shear failure of the core

d) dominated by delamination of the interface

e) the interface between the upperface and the core near the support is not fully bonded

To explain the calibration procedure the followed steps are described for one situation. For
the core material Conrock 700 with the outside diaphragm bonded to the core the experimentally
determined six failure loads Ryggy.; are compared with the predicted strength Rpm;i assuming
shear failure of the core material. The graph shown in figure 8.13, with the set of test data
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points i on the vertical axis and the corresponding predicted values on the horizontal axis,
indicates that the prediction model slightly overestimate the test data. The differences
between both provide quantitative information that is used to perform a probabilistic
analysis. Here the procedure is followed to multiply for all data points i the prediction model
with a factor K, ; according to equation 4.21. The results are given in figure 8.13. The
estimated mean and standard deviations of the sample of these correction factors are equal to
respectively mg., = 0.86 and sg.., = 0.13. Assuming a Weibull distribution with the
estimated shape parameter equal to "k:m = 7-84 and the estimated scale parameter equal to

& 'g.m = 0.911 the design value of the factor K, .4 is determined according to the principles
of equation 4.11:

Rig = K gl In(1 - D (0t B))] ki lMBicon (8.1)
where n is the number of correction factors. The value of the parameter k(xkﬁ(”) depends on
the value of the product of the weight factor and the reliability index &z = 0.8-3.8 discussed
in section 3.2.2. In this example with n = 6 the value according to table 4.2 is equal to

k“Rﬁ(s) = 0.55, which means that the design value of the correction factor is Kp.q = 0.191.
Now the design values referring to all data points i can be calculated with equation 4.23,
which give for all data points i the same value Ry; = 1504 N. The characteristic value of the
strength Ry = 5467 N according to the prediction model, is already given in table 8.4. Now the
partial factor is calculated with use these two values of the strength according to equation

4.24. For this example a relative high value of the calibrated partial factor equal to yg = 3.6 is
determined.

10000 )
"" I Riegtsi (N] Rpm;i [N] Km;i
% 1 6042 7879 0.77
§§ 2 7458 7879 0.95
z R 3 5249 7879 0.67
2 X 4 8105 7879 1.03
ES X 5 6604 7879 084
& 6 7068 7879 0.90

0

prediction model [N]

10000

Figure 8.13 Example of comparison of test data with corresponding predicted values

An essential step within the calibration procedure is the selection of a valid and useful data
set. The above given example of the core material Conrock 700 with the diaphragm bonded to
the core shows that without reviewing the validity of the actual data set, a rather high and
probably unrealistic value for partial factor is found. If the test result dominated by
delamination of the interface between the upperface and the core is excluded, the calibrated
value of the partial factor will be lower. Table 8.5, which gives an overview of the results of
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the calibration on basis of various data sets, indicates that for this situation the calibrated
value of the partial factor is reduced to yg = 2.8. This value is still rather high, mainly
because the number of test results is limited. To increase this number it is decided to take also
the failure loads of the tests with the diaphragm not bonded to the core into account. This
will be a conservative approximation, since these values are influenced by delamination of the
interface. The result of this estimation is promising; an acceptable value of the calibrated
partial factor of yg = 1.8 is determined for the core material Conrock 700 with the outside
diaphragm bonded to the core.

For the core material Conrock 700 with the outside diaphragm not bonded to the core a
comparable analysis is made. If all results are taken into account a relative high value of the
calibrated partial factor of yy = 4.4 is determined. See also table 8.5. This value is much lower
if the lowest two or four test results are simply excluded. Values of the calibrated partial
factors of respectively yg = 2.3 and 1.4 are determined. The drawback of this arbitrary
assumption is that a physical background is missing. After inspection of the tested specimens
it was found that for some of the specimens the interface of the upperface near the supports
was not fully bonded. If the results for these specimens are excluded, a value of the calibrated
partial factor of yg = 0.8 is found. This value is low, because the found standard deviation is
rather small. Based on the engineering judgement that a higher standard deviation is
probably more realistic, a value for the partial factor of yg = 1.4 is proposed.

Also for the core material EPS 30 with the outside diaphragm not bonded to the core an
analysis is made. If all results are taken into account a value of the calibrated partial factor of
Yr = 2.4 is determined. See also table 8.5. After inspection of the tested specimens it was
found that for some of the specimens the interface of the upperface near the supports was not
fully bonded. If the results for these specimens are excluded, a value of the calibrated partial
factor of yp = 1.4 is found. This value seems to be realistic, because the value of the standard
deviation is reasonable.

8.2 Mechanical behaviour of a sandwich panel with an adhesively bonded plate

Within the preceding section a design rule is proposed for sandwich panels loaded in bending.
With this design rule it is possible to validate shear failure of the core material and
delamination of the interface. In addition to the research programme to develop a suitable
prediction model and to calibrate the partial factor for this application, another case study is
performed. This case study focuses on a sandwich panel in combination with a loaded plate
adhesively bonded on one of the sandwich faces.

The research programme contains a theoretical part and an experimental part. Within the
theoretical part a prediction model is used, based on the model developed in section 8.1 for
sandwich panels in combination with the model developed in section 7.1 for adhesive bonded
overlap joints. The experimental part of the case study contained tests on sandwich panels
with an angle section adhesively bonded on one of the faces. The panels with a length of 1000
mm and a width of 400 mm, were made of a 100 mm thick flexible core material with 1 mm
thick steel faces bonded on both sides with a one-component polyurethane adhesive. The core
materials Conrock 700 as well as EPS 30 were used. The plate adhesively bonded on one of the
faces in width direction was a steel angle section 80-80-8 mm. The cold cured two-component
polyurethane adhesive UK 8202 of Henkel was used. The dimensions of the specimens and the
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Design Rules for Sandwich Panels

test set up are given in figure 8.14. The angle section was oriented in two positions and the
load on the angle section was applied at two distances A, as indicated in figure 8.15. The
main objective of these tests is to verify the design rules proposed in sections 7.1 and 8.1 for
the combination of a sandwich panel and an adhesive bonded joint.

E
g
g
’ At Aﬁo
g . g a0 o
: 0
4 07 o0
1% ‘/Q/ O B W
‘/
adhesive 80 x 80 x 8 mm
UK 8202 steel angle profile

1 mm steel

/

Conrock 700 or
IsoBouw UPS 30

Figure 8.15 Considered situations: a) angle section in position "I'” and line load
placed at distance A (10 or 25 mm), and b) angle section in position "L" and
line load placed at distance A (10 or 25 mm)
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The developed prediction model is a combination of the models discussed in sections 7.1
and 8.1. Shear failure of the core material, delamination of the interface and cohesive failure of
the bondline are assumed. The combined prediction model is based on linear elastic material
behaviour of the faces, plate and core material, while for the adhesive non-linear material
behaviour is assumed. The same failure criteria and material properties are used as
determined in sections 7.1 and 8.1. In addition to the prediction models proposed in these
sections, a new theory is derived to calculate mechanical action effects.

The theory to calculate mechanical action effects combines the higher-order theory and the
spring model approach. The higher-order theory is applied for the sandwich panel and
provides detailed information about the stress and strain states. The spring model approach
on the other hand is applied for the adhesive bonded joint and provides information about the
stress and strain states within the bondline, including non-linear behaviour of the adhesive.
To combine the two theories, it is necessary that the assumptions as discussed in sections
7.1.5 and 8.1.5 match with each other. A comparison of these assumptions shows that there is
only one mismatch. The higher-order theory does not take the effect of shear deformation of
the faces into account, while the spring model approach does. To solve this problem, the
derivation of the higher-order theory as presented in appendix B is reformulated by Van
Straalen (1999D). The result of this derivation is a set of second order differential equations
and matching continuity and boundary conditions. An overview is given in appendix C. The
derived boundary value problem is also of the 14th order. The difference between this set of
differential equations and the original set given in appendix B, is that instead of the unknown
functions of the second and third derivative of the transverse displacement w, the rotation
and its first derivative are used. For a five-layer concept of a sandwich panel with an
adhesively bonded plate, these derivations are extended by Van Straalen (1999D). The result is
a set of second order differential equations and matching continuity and boundary conditions.
An overview is given in appendix C. The derived boundary value problem is of the 20th order.
The set of differential equations contains the same unknown functions of the displacements of
the faces and the shear stress in the core as for the sandwich panel. The matching continuity
and boundary conditions are also formulated within these displacements and stresses. The
section forces in the faces, transverse normal stresses within the core, displacement fields of
the core and stress and strain states within the bondline are formulated in terms of the
unknown functions. The set of differential equations together with the boundary and
continuity conditions can be solved with the multi-segment method of integration developed
by Kalnins (1964).

To verify the proposed prediction model, calculations are compared with the test results of
the case study. The loading of the specimens was displacement controlled. The applied load,
the vertical displacement of the angle section and the rotation of the angle section were
continuously recorded. Tests were done under ambiant laboratory conditions within a
temperature range 21-25 °C. A complete description of the tests and the results is given by
Van Straalen (2000D). The ultimate loads and the load-displacement curves are compared.

The calculations are performed with the proposed prediction model. For the properties of
the 100 mm thick core materials Conrock 700 and EPS 30 the mean values given in table 8.3
are used. For the stress-strain relation of the adhesive UK 8202 the average tensile curve given
in table 7.3 is used. For the properties of the 1 mm thick steel faces and the 8 mm thick steel
angle section a Young’s modulus of E = 210000 MPa and a Poisson’s ratio of v = 0.3 are
applied. The geometry of the sandwich panel is completely modelled and the loaded angle

125




Design Rules for Sandwich Panels

section 80-80-8 mm is modelled as an 8 mm thick plate, which is loaded by an axial force and
an additional bending moment. For the adhesive bondline a thickness of 0.2 mm is assumed.
Figure 8.16 gives an overview of the division of the complete geometry into three elements.
These elements are connected with proper boundary and continuity conditions. Detailed
information about the used differential equations, boundary conditions and continuity
conditions is given in appendix C.

boundary conditions
a) _~ sandwich ending

m

.~ positionT’

/ .
continuity

ol <
conditions 1
S

position L

boundary conditions
sandwich support

Figure 8.16 Modelling of the geometry: a) division of the geometry into
three elements, and b) applied load on adhesively bonded plate

For both core materials linear elastic calculations are performed to determine the shear
stress distribution within the core, the transverse normal stress distribution in the interface
near the adhesively bonded plate and the vertical displacement of the angle section. In figure
8.17 the shear stress and the transverse normal stress distributions are presented for one of
the considered situations. Based on this type of calculations the elastic deformations and the
load levels at which shear failure or delamination occurs, are calculated. Additional physical
non-linear calculations are performed to determine the strength of the adhesive bonded joint
according to the iterative procedure described in section 7.1.5.

A direct comparison between the prediction model and the test results is made by
considering the load-displacement curves. For the considered situations these curves are given
in figure 8.18. The values of the measured failure loads and predicted strengths are also given
in table 8.6. It is difficult to compare the predicted strengths with the test results for various
reasons. It was difficult to identify the actual failure mode of each test and it was possible
that shear failure became visible while delamination already occurred at a lower load level.
Another problem was that for some tests an adhesive failure of the bondline occurred, due to
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the coating put on the angle section. Unless these problem it is concluded that the prediction

of failure load for delamination is lower than the test results, while most of the test results are
close to the predicted failure loads for shear failure of the core material. Based on these findings
it is concluded that with the proposed model a reliable prediction of the strength can be made.

50000
postion I"

load [N]

0

50000
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load [N]

1000 —— -
/

vertical axis [mm]

vertical axis [mm]

shear stress [MPa]

1000 —

0.8

transverse normal stress [MPa]

Figure 8.17 Calculation results for a sandwich panel with the core material
Conrock 700, angle section in position "I'" and line load of 40000 N placed at
a distance A = 10 mm: a) shear stress in the core, and b) transverse
normal stress in the interface near the adhesively bonded plate

Conrock 700
A =10mm

0 0.8

Conrock 700
A =25mm
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Figure 8.18 Comparison between the calculated load-displacement curves (straight lines)
and the curves based on the tested sandwich panels: a) failure of the adhesive bonded joint,
b) shear failure of the core, and c) delamination of the interface
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Table 8.6 Overview of measured failure loads and calculated strengths

core  position

mate- A T
rial or
L

Con- 10 T
rock mm L
700 25 T
mm L

EPS30 10 T
mm L

a) shear failure core
b) delamination

¢) cohesive failure

test results predictions

maximum failure load {N] m s a) b) )

N [N O[N] O[N] O[N]
41455 35889 39819 20776 28931 31354 8366 24772 14807 43587
18896 23730 29565 23096 23853 25879 25225 2642 24838 15616 48396
12354 13208 15186 10498 14429 13647 13394 1786 11809 7206 21082
14404 12793 13721 11987 12793 12823 709 11850 7681 23755
20972 22266 28320 29175 26733 27051 26709 2671 29741 14414 31241
19653 17798 18115 17896 19263 17285 18071 732 29794 14636 32684
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Chapter 9

Conclusions

In the preceding chapters a systematic approach to develop reliable design rules for structural
adhesive bonded joints is presented. The principles how to apply structural reliability
methods and how to draft prediction models are discussed. Various examples of design rules
for overlap joints and sandwich panels are worked out to illustrate the potential of the
approach. Straightforward models to predict the mechanical behaviour and durability of
adhesive bonded joints are given. Calibration techniques that compare prediction models with
test results are applied. Based on the findings, the following conclusions are made:

- To formulate reliable design rules for daily design practice the partial factor approach is the
most convenient structural reliability method. The introduction of the conversion factor
additional to the partial factor is a practical method to incorporate the effect of the
degradation of the resistance within a design rule.

- Besides engineering judgement, probabilistic techniques provide useful information to
calibrate the values of the partial factor and conversion factor. It is found that the
stochastic nature of the resistance of adhesive bonded joints can be represented by a
Weibull distribution.

- For adhesive bonded overlap joints there is a good agreement between the proposed
prediction model based on the spring model approach and results of tests done for a cold
cured two-component epoxy adhesive and a cold cured two-component polyurethane
adhesive. To achieve this agreement, it is important to model the physical non-linear
behaviour of the adhesive and the geometrical non-linear behaviour of the joint.

- To perform calculations with the proposed prediction model for adhesive bonded overlap
joints, it is necessary to extrapolate the stress-strain curve based on tensile bulk tests. A
reason why this has to be done is that due to local necking of the specimen at higher load
levels the local strain can not be measured. The extrapolation has to be done on
engineering judgement.

- The values of the partial factor calibrated for the design rule developed for adhesive bonded
overlap joints, are consistent. For the studied polyurethane adhesives the partial factor is
higher than for the studied epoxy adhesive. It is concluded that the determined stress-strain
relation of the polyurethane adhesive is not fully representative for the actual behaviour of
the adhesive bondline.

- The five-step CIB-RILEM procedure is a helpful tool to structure the analysis of the
degradation behaviour. It pays attention toward the identification of degradation
mechanisms and the use of accelerated ageing tests.

- The two examples of single overlap joints made of polyester coated steel sheeting and
bonded with cold cured two-component polyurethane adhesives of two suppliers, indicate
that the conversion factor can be calibrated on the basis of accelerated ageing tests.

- For sandwich panels there is a good agreement between the proposed prediction model
based on the higher-order theory and results of tests on sandwich panels loaded in bending
done for a mineral wool and a polystyrene core material. To achieve this agreement, it is
important to model the effects of local detailing. It is also shown that for a sandwich panel
with a loaded plate adhesively bonded on one of the sandwich faces the strength can be
predicted with a model based on a combination of the spring model approach and the
higher-order theory.
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- The results of the performed tests on sandwich panels show that various failure modes
might occur at the same load level. To calibrate the partial factor for the design rule it is
important to make a distinction between the results valid for the actual failure modes.

The presented methodology to develop design rules is straightforward and systematic. Various

aspects of reliable design rules, models to predict the resistance, methods to quantify the

degradation of the resistance during time and probabilistic techniques to calibrate partial and
conversion factors are studied and discussed in detail. The systematic approach is a novel
method to develop reliable design rules for structural adhesive bonded joints.
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Chapter 10

Future Research Activities

Future research activities within the field of structural adhesive bonded joints have to follow
new developments in industry. Within the marine sector adhesive bonding is a promising
technique to join materials such as aluminium and fibre reinforced plastics. The fatigue
properties and fire resistance of adhesive bonded joints are important topics, while for navy
applications also the effects of an impact load are of concern. The interest of the transport
sector focuses on the development of adhesively bonded monocoque structures for buses and
trains. But present knowledge about the impact resistance and the effect of an adhesive
bonded joint on the dynamic behaviour of the structure is limited. Within the building and
civil engineering sector adhesive bonded joints can be used to join dissimilar materials and to
reinforce existing structures. One of the most important issues is the durability of adhesive
bonded joints under long-term loads and environmental actions. For the automotive sector
the use of adhesive bonded joints within the car body opens new possibilities of weight
reduction and performance optimization. For a successful application a better understanding
of durability and impact resistance is essential. The aerospace industry has a long tradition in
the application of adhesive bonded joints and is nowadays interested in optimising designs of
adhesive bonded joints. These examples of developments and needs of knowledge indicate
that a wide variety of research activities is necessary to stimulate the application of adhesive
bonded joints.

Various questions about prediction models are directly related to the relevant mechanical
action. In the present study only the short-term load condition is considered. To validate
designs for impact loads, long-term static loads, low cycle fatigue loads or high cycle fatigue
loads, other prediction models have to be used. Methods of modelling based on continuum
mechanics or fracture mechanics are discussed in section 5.1. A prediction model for impact
loads might consider the absorbed energy within the bondline. The creep behaviour of
adhesives under long term static load conditions can be described by various visco-elastic
models developed for polymers, which take time dependent effects into account. If failure of
the bondline is a progressive process as might be the case for low cycle fatigue loads, a
prediction model based on the theory of damage modelling seems to be fruitful. For high cycle
fatigue loads on the other hand the classical SN-curve approach or a crack growth model
based on fracture mechanics might be used to predict the resistance of adhesive bonded
joints.

Most of the proposed prediction models assume cohesive failure of the adhesive, while in
many practical situations adhesive failure or a mixture of both failures is dominant. The
phenomenon of adhesive failure is ignored for many years, because for various applications
the occurrence of this failure mode is not allowed. But there are no arguments why adhesive
failure is refused, as long as the target reliability level is guaranteed. A better understanding
of the complex behaviour of the interlayer between the adhesive bondline and the adherend is
essential. To propose improved prediction models it is advised to perform physico-chemical
studies together with the development of mechanical models.

The examples of developing design rules for adhesive bonded overlap joints and sandwich
panels show that the use of tests is essential within the proposed systematic approach.
Various aspects of doing tests are still under discussion. It is important to know what type of
small-scale tests is preferred to determine material properties and how the specimens have to
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be produced. To calibrate partial and conversion factors it is necessary to have a better
understanding of selecting specimens representative for practical applications and of
designing an optimum test plan. For accelerated ageing tests it will be helpful to have a better
understanding of the selection of the intensified conditions in relation with the extrapolation
of the test results for in-use conditions. Full-scale tests and in-use exposure of specimens
might extend the knowledge about structural and durability behaviour.

The studies performed for adhesive bonded overlap joints and sandwich panels indicate
that the adhesive material has to be modelled non-linearly, while the core material can still be
modelled linear elastically. But still questions remain about the application of theories to
calculate mechanical action effects. Are fracture mechanics a good alternative for continuum
mechanics and what are the potentials of theories based on damage modelling? Another
controversy is the use of analytical solutions or finite element methods. As long as the basic
assumptions are similar there is only a difference in application; it is mostly easier to work
with an analytical solution while the finite element method is more flexible. Since the
proposed unified spring model approach and the higher-order theory are applied successfully,
the formulation of finite elements based on these theories is suggested.

To calibrate the conversion factor to quantify the degradation of the resistance, a
degradation mechanism and a time transformation function to extrapolate accelerated ageing
tests for in-use conditions have to be formulated. Instead of using empirical relationships, it is
probably better to develop a theory based on mechanistic studies and validated by tests. Not
only the effects of water uptake have to be considered, but also changes in the polymer
structure due to chemical ageing of the adhesive have to be studied. The ageing of the
adhesion properties of the interlayer between the adhesive and the adherend also have to be
modelled. If more knowledge is available it might be easier to make a prediction for in-use
conditions on basis of accelerated ageing tests.

An important aspect within the development of reliable design rules is the effect of the
manufacturing process. In the presented examples it is assumed that the test series are
representative for practical applications. But less is known about the actual influences of the
manufacturing process on the reliability of the resistance. Researching the manufacturing
process in view of structural reliability methods might provide knowledge about followed
procedures, sensitivity of the selected adhesive bonding system and the necessity to qualify
personal. Based on this a qualification system can be developed for adhesive bonded joints,
for example similar to those used for welded joints.

In chapter 4 probabilistic methods are introduced for the calibration of design rules. Simple
techniques are used for the examples of adhesive bonded overlap joints and sandwich panels.
The results of these examples illustrate that these techniques provide valuable quantitative
information about the reliability. If more advanced techniques based on level III or II
probabilistic methods have to be used, a better understanding of the stochastic nature of
various properties is required. Also more sophisticated software programmes have to be
applied or developed. Instead of using test results to calibrate design rules, it is also possible
to perform simulations with validated models, which predict the mechanical and the
degradation behaviour. Probabilistic methods are not only useful within the calibration
process, but will also provide additional information about the influence of various
parameters on the reliability. In spite of the fact that most of the probabilistic methods are
available, it is important to gather more experience with these techniques.

Future research activities on failure modes, test methods, theories to calculate mechanical
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action effects, degradation mechanisms, influences of manufacturing and probabilistic
methods will support further developments of design rules for adhesive bonded joints. Using
the presented systematic approach this process can be structured. A drawback of this process
might be that the proposed prediction models would be more complicated. This is, because
the suggested research activities are focused on getting a better description of the mechanical
behaviour or the durability. For daily design practice on the other hand it is essential to
develop easy to use design rules. For this reason researchers also have to look after simplified
prediction models with matching partial factor and limited test plans to determine the value
of the conversion factor.
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Appendix A

Unified Spring Model Approach

In this appendix all relevant equations of the unified spring model approach are presented.

Information is provided about:

- material properties and stiffness parameters used in the equations;

- differential equations for the three-layer overlap region, the five-layer overlap region and
the outer adherends, including equations to calculate the stress and strain state within the
adhesive bondline;

- boundary and continuity conditions;

- extension of the governing differential equations for geometrical non-linear effects.

A.1 Material properties and stiffness parameters

The used material properties for the adherends are:

- Young’s modulus E; of adherend i;

- shear modulus G; of adherend i;

- Poisson’s ratio v; of adherend i.

The used material properties for the adhesive are:

- Young's modulus Ea;j of adhesive j;

- shear modulus Gayj of adhesive j;

- Poisson’s ratio Vaij of adhesive j;

The following stiffness parameters are used in the governing differential equations:
- Axial rigidity per unit width of adherend i with plate thickness t;:

E;t;

1-v,

A=

(A1)
- Shear coefficient per unit width (Reissman, 1988) of adherend i with plate thickness t;:
B; = K2 Gyt
with: (A2)

K; = 0.874 + 0.162 v, valid for 0 < v; <05

- Flexural rigidity per unit width of adherend i with plate thickness t;:
E;t}

A.2 Governing differential equations, stress and strain state in bondline

A.2.1 Three-layer overlap region
The following geometry, applied loads and coordinate system are considered:
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Ty
adherend 1 %——> Fya %) x
. E z;1
adhesive bondline ’ +
T2 z
,, ) F, x2
E z;2

Z
a
2

adherend 2

The following section forces, stresses and deformations are considered:

wl xx;1
%?%‘ﬁfml

W*?%& B
RIS

; % v, »Mxx;z

X

u0;2 N xx;2
W2

Qxx;Z

The derived set of first-order differential equations is:

d 1
dx Upy = :;1 Ny (A4)
d 1
dx w, = ?1 Q1 — W1 (a5)
d 1

d_X ([)1 =Fl Mxx;l (AG)
d Ga Ga tl Ga Ga tz

—N_,=—u_,+ W, - u,+ —— Y (A7)

xx;1 0;1 1 0;2 2

dx t, 2t, t, 2t,

d G,(t, + ) Gty (t, +t)

a Mxx;l = Qxx;l + 2t U + 4t 17

a a (A8)
Galti +t) . Gt +1)
0;2 2
2t, 4t,
d E E
dx Q)on:Ta Wl‘TaWz (A9)
a a
d 1
ax Yoz = 7 Mox2 (A10)
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d 1
ix 2T g G2 V2 (A11)
d 1
dx Y, D_2 My (A12)
d G, G,t, G, G,t,
a Nxx;z =T — U "/',1 + L10;2 2 (A13)
t, 2t, t 2t,
iM 0+ G, (t, +t,) L Gty {t,+t,)
dx xX;2 XX;2 2t o1 at 1
a a (A14)
G, (t2 + ta) u G,t, (t, +t)
0;2 2
2, 4t,
d Ea Ea
Q=T Wt w, (A15)
dx ta ta
The shear stress state in the adhesive layer is equal to:
G t t
= 22 2 1
Ta= 73 [“o;z “Hon T, Y, - > wl] (A16)
a
The shear strain state in the adhesive layer is equal to:
1 ty ty
= —(u,, ~U,4~— -— Al17
ya ta [ 0;2 0;1 2 (iUZ 2 qjl] ( )
The transverse normal stress state in the adhesive layer is equal to:
Ea
za = (Wy —wy (A18)
; t,
The transverse normal strain state in the adhesive layer is equal to:
1
€za= [ (W2 - W) (A19)
a

A.2.2 Five-layer overlap region

The following geometry, applied loads and coordinate system are considered:

e T
: y 1

H adherend 1 Fya ¢L> 4
— ‘F_. Zy X
> 1

ta1 . adhesive 1 TZ +
T ; 2 Za;1

f adherend 2 Fy % X
— F
- 2 Zz

taz |, adhesive 2 z + 2
Eaa / T3 Za2

t

» L adherend 3 %—) Fys f__; x
— 'F . zq
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The following section forces, stresses and deformations are considered:

Y, Myx1
u,. N,..
kﬁ $w1 o %Q_» wal
Y, ;Mxx;z
¢ ? “0;2 Nxx;z
W2

(IJ3 MXX;3
B uo;3 Nxx;:!
$ wg i §Q

The derived set of first-order differential equations is:

d 1
—u;lz—N 1 (AZO)
dx © A, X
d 1
ax 17, Quxi1 = Y1 (A21)
d 1
x v, =; ;1 (A22)
d Gaa Gty Gy Gar bty
—Ng =B+ - B+ B Ly (A23)
dx =il ta;l o;1 2 ta;l 1 ta;l 0:2 2 ta;l 2
d Gaa (ty +t50) Gap by (6 + t54)
d—Mxx;l = Qxx;l + Uy + Y-
2 ta;l 4 ta;l (A24)
Ga;l (tl + ta;l) u+ Ga;l tz (tl + ta;l)
0;2 2
2 ta;l 4 ta;l
d Eyy Ey
Q1 =2 w, - 2lw, (A25)
dx X6 ta;l ta;l
d 1
d_x Upa = A—Z Nyya (A26)
d 1
ax V2T B, Q2= ¥ (A27)
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d 1
dx Y, = Fz My
d Ga Gan by Gay a2
ENXXZ__t Upy — y [ + ]u02+
a1 2t,, al a;2
Gt G.,t t.
[ a1’ az'2 ]‘I/ Va2 23y
2 0.3 3
2 ta 1 2 ta;2 a;2 2 a;2
d Ga'l(tZ + ta-l) Ga;ltl(tZ + ta;l)
a;Mxx;Z = Qxx;z + uo;l + (ﬁul +
2 fan 4 ta;1
[_ G (t; + 1) 4 a2 {t; + ) ] T
02
2 ta;l 2 ta;z
Ga;l t2 (tZ + ta;l) Ga;Z t2 (t2 + ta;z)
+ ([Jz -
4 ta;l 4 ta;z
Ga;2 (t2 + ra;Z) u + Ga;2 t3 (tZ + ta;Z)
0;3 3
2 ta;z 4 ta:2
d Ea;l Ea;l Ea;?. Ea;z
E;Qxxz_ i w, +[— +?—— ]w.‘,—t—w3
a;l a1 a;2 a2

Ly =L Q- w
3 33 3
dx By ™%
d 1
= W3= T My,
dx D, X
d v = Sa2, Ganly W, + Gaz Gaz b3
xx;3 0;2 2 0;3 3
dx ta;Z 2 ta;z a;2 2 ta 2
d M= n Gaplly + ) Gaplalty + 15
d xx3 T Qxx-3 0;2 27
2 ta;z 4 l‘a:2
Gaplty + 1,5 Gapty 5+ tap)
0;3 3
2 ta 2 4 ta 2
d a;2 Ea‘z
Quxs3 = Wyt W,
dx =% ta ta2
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(A28)

(A29)

(A30)

(A31)

(A32)

(A33)

(A34)

(A35)

(A36)

(A37)




Unified Spring Model Approach

The shear stress states in adhesive layers j = 1 and 2 are equal to:

G L. t
— _al 2 1
Tan = — [”o;z‘ Up ~ > Y- Y ¥, ]
a;l
G t. t.
- a2 3 2
Ta2=—" [”0,3‘ Upp = W3- ?‘pz]
tan 2

The transverse normal stress states in adhesive layers j = 1 and 2 are equal to:

— a1
ozz;agl - (WZ - Wl)
ta;l
(o) =22 (wy,— w,)
2z;a;2 3 2
a;2

The transverse normal strain states in adhesive layers j = 1 and 2 are equal to:

1
€201 = (Wz - wl)
a;1
€ — (W3- w,)
a;2

2z;2;2 ~

A.2.3 Outer adherends
The following geometry, applied loads and coordinate system are considered:

1 T;
t 4—% adherend %—» Fei ~$’——> x
S F . z.

The following section forces, stresses and deformations are considered:

W XX;i
%) Hoi Noxii
wi

The derived set of first-order differential equations is:
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Ny (A46)

% w; = 7}. Quxi — Vi (A47)
(—f; v =31i My (A48)
gx— Ny =0 (A49)
;—x My = Qe (A50)
;—x Qi =0 (A51)

A.3 Boundary and continuity conditions

Three boundary conditions at one end of a considered adherend i, have to be expressed as follows:
- normal force per unit width Ny,; = Fy; or longitudinal displacement ug; =0;

- bending moment per unit width M,,; = T; or rotation;

- shear force per unit width Qy.; = F,,; or transverse displacement w;= 0.

Six continuity conditions at an intermediate point between two adherends indicated by “min”
and “plus”, have to be expressed as follows:

- longitudinal displacement uo;imin - uo;ilJlus = 0;

- transverse displacement w;™in — w;PIUs = o;

- rotation l[/,-mi“ - qjiplus =0;

- axial force per unit width Nxx;imi“ - Nxx;iplus =0

- bending moment per unit width Mxx;imin - Mxx;,-PluS =0

- shear force unit per width Qxx;imi“ - Qxx;iplus =0.

A.4 Extension of governing differential equations for geometrical non-linear effects

A.4.1 Three-layer overlap region
Of the set of first-order differential equations presented in A.2.1, equations A4, A8, A10 and
A14 are modified as follows:

d

_ 1 N 1 [ d ]2 52
dx uo;l_Al w1 9 dx Wy (A52)
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d Ga (t] + ta) Ga t1 (tl + ta)
=Q A gy +—211 @ oy - (A53)
dx xxl xxl 2 ta o1 1 ta 1
G, (t,+¢t) G,t, (t; +t) d
avi al a2 \"1 a
u.,+ Y, - —— w,|N,.,.
2 ta 0;2 4 ta 2 [dx 1] xx;1
d 1 1 d 2
ax 2= 7, Moz s
d Ga (t2 + ta) Ga t1 (tz + ta)
My, = Qo t ——Fu  + 22Ty -
dx XX;2 XX;2 2 ta 0;1 4 ta 1
(A55)

G,(t,+1t) Gt (t, +t) d
2 & U, + =22y, -[ WZ]N
21, 4t,

d
The values of —— w; and

ix w, can be determined with respectivily equations A5 and A11.

4
dx
A.4.2 Fivelayer overlap region

Of the set of first-order differential equations presented in A.2.2, equations A20, A24, A26,
A30, A32 and A36 are modified as follows:

_ 1 Ny 1[ d ]2 AS6
dx Y017 7 2 U ™ (A56)
d Gy (t,+ 1, Gayty (t, +t,)
2 M = Qo + =2 Ly, + LAl g -
2t 4ta;1
G, (t,+t,.) Gt (t; +¢t,.,)
at T by Uy, + P B B W, - (A57)
2ta;l 4ta;l
d
[E Wl] Nexa
d 1 1 d 2
ax Uy = A Nyx2~ > [E Wz] (A58)
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d Gan (tz + t1) Gy 1y (tp + L)
EMXX:Z = QXX;Z + * Ui Wl +
21, 41y,
G, (t, + ¢t G, (t,+1¢t,.
[_ an (2 ¥ Lay) + a2t a,2)]u0_2+
2t 21t
Gty L+ 1) Gaotylty + 1,
[ art2 Y2 el | Fa 2T 5y ] W, - (A59)
4 taa 4 ta;Z
Ga;z (tZ + ta;Z) + Ga;Z t3 (t2 + ta;Z) _
0.3 3
2 ta;z 4 ta;2
d
— W, | N_.
[dx 2] XXx;2
d 1 1. d 2
dx Yo3 ™ A, Nes— 3 [K W3] (460)
i M — + Ga:Z (t3 + ta;Z) Ga;z t2 (t3 + ta;z)
dx 3T Qxx:3 0;2 27
2t 41,
Gapltz + 1)) Ganlats + ty))
’ = Ugy =, - (A61)
2 ta;z 4 ta:Z
d
3 xx;3
[a; ws|N
d d . . . .
The values of o wy, Tx w, and Ix w4 can be determined with respectivily equations A21,

A27 and A33.

A.4.3 Outer adherends

Of the set of first-order differential equations presented in A.2.3, equations A46 and AS0 are

modified as follows:

d 1 1 2

dx Ui T 2, Nyxi = 7[3 W,-] {A62)
d 1 d

dx Vi T —A; xxii [Ewi]Nxx;i (A63)

d
The values of dx Wwican be determined with equation A47.
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Appendix B

Higher-Order Theory for Sandwich Beams and
Panels Loaded in Bending

In this appendix all relevant equations of the higher-order theory according to the derivations of

Frostig are presented. Information is provided about:

- material properties and stiffness parameters used in the equations;

- differential equations for the three-layer sandwich, including equations to calculate the stress and
strain state in the sandwich;

- boundary and continuity conditions.

B.1 Material properties and stiffness parameters

The used material properties for the faces are:

- Young’s modulus E; of adherend i;

- Poisson’s ratio v; of adherend i.

The used material properties for the core are:

- Young’s modulus E_ of the core;

- shear modulus G of the core;

- Poisson’s ratio V. of the core.

The following stiffness parameters are used in the governing differential equations:
- Axial rigidity of face i with plate thickness t;:

for a sandwich beam: A; = Ejt; (B1a)
. E.t.

for a sandwich panel: 4, = —-— (B1a)

1-v
- Flexural rigidity of face i with plate thickness ;:

. E.t3

for a sandwich beam: D, = % (B2a)
. . Et3

for a sandwich panel:p = — 11 (B2b)

To12(1-v)

B.2 Governing differential equations, stress and strain state in sandwich

The following geometry, applied loads and coordinate system are considered:

—r T T,
’ ace 1 n
t Syl q Fyq = x
B T T my ; 2
s Fz;l 1
Vz,

t core

TZ
7 face2 | | ™2
t 21—3.7;1(2]2 Fx;z ‘l' > X
- Fra %
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The following section forces, stresses and deformations are considered:

W, Myxi1
:“; w Yot ) Nxx;l

T

2z,¢

——u

ag,.,.
T

v, Myx:2
$ >y, Nyx2
Wa

Qxx;z

The following set of five coupled differential equations is derived:

d2
Ay i Ut Te=-my (B3)
d2
AZ dx? U= T = -y (B4)
D a4 L E E, t+t, d d -
——W, W, - — W, — —T.=¢,-—m
g T M 7 T ™ (BS)
Cw 4D d* L t.+t, d T d (86)
Wt Dy o Wt T W Dol P Sl L
. dx* t, 2 dx ¢ dx
t+t, d t+t, d t3 d?
U - U - —_—w, - —_—W,  ——"
ol Tz 2 dgx ' 2 dx 2 12E dx?
¢ (B7)
C —
Tc+—G——-TC—-0

These differential functions contain the unknown functions of the displacements of the faces

Ug1(X), Ug.2(x), w1(x) and w;(x), and the shear stress within the core T(x). The normal force,
bending moment and shear force in face i are respectively:

d
Nyyi (%) = 4 ax Ut (B8)
dZ
My () = - D; 2 Vi (B9)
d3
Qxx;i (x) = - Di ﬁ Wi (BlO)
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The transverse normal stress in the core is described by:

C EC tC d
UZZ;C(X.ZC)Z—t—Cwl"‘t_C W2+(_ZC+—Z_)ETC (B11)
and the matching normal strain is:
1
€azic 2 = 7= Opge (02 (B12)

c

The shear stress in the core is one of the unknown functions decribed by the differential
equations. The matching shear angle is:

V) = 70 (B13)

C

The transverse and longitudinal displacements of the core are described by respectively:

z, z, 1 ) d ( )
wxz)=(-—+1w + —w, - — (z°-zt)—— T B14
< ¢ tc tc ZEC C < dx <
2 2
t, d z° d

=

u.(xz)=u, — - )T W - = W, -

(7 = to (2tc T m ™ 2t dx 2 B15)
Zcztc i)i-r +i-r

2E 2 3 "dx® ¢ G ¢

C C

B.3 Boundary and continuity conditions

Three boundary conditions at one end of a considered face i, have to be expressed as follows:
- normal force Ny, .; = Fy; or longitudinal displacement u,; = 0;

. . dw;
- bending moment M, .; = T; or rotation {J; = - =0;

dx
d t;
- shear force e My, + > T.—m; = F,; or transverse displacement w; = 0.

And at any point through the height of the core an additional boundary condition has to be
expressed as follows:

- transverse displacement w. = 0 or shear stress 7,= 0.

Six continuity conditions at an intermediate point between two faces indicated by "min” and
"plus”, have to be expressed as follows:

- longitudinal displacement u, ™ - u, PUS = 0;

- transverse displacement w,, ;™0 - w PIUS = 0;

) d . d
- rotation wimm_ wiplus = _T Wimm+ d_ Wiplus =0:
X X

- axial force NXT?— Nf}:_lis= Feis
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- bending moment — M,g(u:l + M,g:‘:',.s= T;

min d t Plus

d ot X
min i min min plus i plus plus _
- shear force —dx_ M,Qm.+—5—'rc -m; - d_x i =5 T, +m =F
And at any point of the height of the core additional boundary conditions has to be expressed
as follows:
- transverse displacement w Mil — w Plus = q;

- shear stress T~ — T.* = 0.
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Appendix C

Combination of Higher-Order Theory and Spring Model
Approach for a Sandwich Panel with an Adhesively
Bonded Plate

In this appendix all relevant equations of the combined higher-order theory and spring model
approach for a sandwich panel with an adhesively bonded plate are presented. Information is
provided about:

- material properties and stiffness parameters used in the equations;

- revised version of the higher-order theory for the three-layer sandwich presented in appendix B,
which includes shear deformation of the faces and plate;

- differential equations for the five-layer concept of a sandwich panel described by the higher-order
theory and an adhesively bonded plate described by the spring model approach, including
equations to calculate the stress and strain state in the sandwich and within the adhesive bondline;

- boundary and continuity conditions.

C.1 Material properties and stiffness parameters

The used material properties for the faces and the adhesively bonded plate are:
- Young’s modulus E; of adherend i;

- Poisson’s ratio v; of adherend i.

The used material properties for the core are:

- Young’s modulus E of the core;

- shear modulus G_ of the core;

- Poisson’s ratio V. of the core;

The used material properties for the adhesive are:

- Young’s modulus E, of the adhesive;

- shear modulus G, of the adhesive;

- Poisson’s ratio v, of the adhesive;

The following stiffness parameters are used in the governing differential equations:
- Axial rigidity of face or plate i with plate thickness t;:

for a sandwich beam: A; = Ejt; (C1a)

for a sandwich panel:4, = f'—tl (C1b)

—Vi

- Shear coefficient per unit width (Reissman, 1988) of face or plate i with plate thickness ¢;:

Zt,

B; i

1=K.

1
with: (C2)

K;=0.874 + 0.162 v; ,valid for 0 < v; < 0.5
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Sandwich Panel with an Adhesively Bonded Plate

Flexural rigidity of face or plate i with plate thickness ¢;:

. E;t3
for a sandwich beam: D; = '1 2'
. E t3
for a sandwich panel: Dj=—=5t—
12(1-v3

C.2 Revised version of the higher-order theory for the three-layer concept
including shear deformation of the faces and plate

The following geometry, applied loads and coordinate system are considered:

T
] facel | | 1M !
tl — >, Fx.] ¢f_> X
~F Y 1','1‘l d z
e Fz;l 1
Yz,

t core

-t T,
face2 | 4 M2 2
t T Zamlz Fya x
z2 %

The following section forces, stresses and deformations are considered:

v, Mxx;l
4—% ?’—»w T ﬁQ—»le

1 xx;1

T T
Uzz;c
— U

a,.. ]
GRS

(IIZ Mxx;Z
% ) uo;Z Nxx;z
WZ Q

XX;2

The following set of seven coupled differential equations is derived:

d2
Ay o Uy + T, =-ny

d2
Ay dx? U= T =~y
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(Ce)

(€7)

(c8)

(C9)

(C10)

These differential functions contain the unknown functions of the displacements and
rotations of the faces and plate u,1(x), Ug,2(x), Y/1(x), Yo(x), wy(x) and wy(x), and the shear
stress within the core T(x). The normal force, bending moment and shear force in face or

plate i are respectively:

Nxx;i x) = Ai E uo;i

d
My 00 = Dy — W

d
Quy;i (X) = B;Y; + B, Kwi

The transverse normal stress in the core is described by:

E, E t
— w, +

tC

O e (xz)=- :
C

and the matching normal strain is:

1
€2 (x'zc) = E— Oz (x’zc)
c

c ¢, d
_W2+(_Zc+7)_dx_1—

(€11)

(€12)

(€13)

(C14)

(C15)

The shear stress in the core is one of the unknown functions decribed by the differential

equations. The matching shear angle is:

1
Y =7 T

(C16)

The transverse and longitudinal displacement of the core are described by respectively:

zZ, zZ. 1 )
W (xz)=(-—+ Nwy + — wy — — (z/
t, t, 2E,
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u (xz)=1u +—1~([I +(i2- z)—d—w —zc—z—dw

e Tl g FT hge o dx 1 2t dx 2
1z, 22 2 z (C18)
(- )s T+t =T

C.3 Boundary and continuity conditions

Three boundary conditions at one end of a considered face i, have to be expressed as follows:
- normal force Ny, .; = Fy; or longitudinal displacement u,; = 0;
- bending moment My, ; = T; or rotation {/; = 0;

- shear force By, + B, — w,; = F,; or transverse displacement w; = 0.
X g

And at any point through the height of the core an additional boundary condition has to be
expressed as follows:

- transverse displacement w, = 0 or shear stress T, = 0.

Six continuity conditions at an intermediate point between two faces indicated by "min” and
"plus”, have to be expressed as follows:

- longitudinal displacement u,, ™R — u o P = 0;

- transverse displacement wo;,«min - wo;iplus =0;

- rotation (y;min — g Plus = g;

- axial force Ny, /0 - N, [PIUS = F,
- bending moment —My, [ + M, P15 = T;;
- shear force Qyuy /™™ ~ Quy,iPIUS = F,;.

And at any point of the height of the core additional boundary conditions has to be expressed
as follows:

- transverse displacement wcrnin - wcPIUS =0;

- shear stress T." - T.* = 0.
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C.4 Combined higher-order theory and spring model approach for the
five-layer concept

The following geometry, applied loads and coordinate system are considered:

f n
ace 1 n,
T#vi:g;qql %3_) Fea # x
. Fza “
Ve

core

face2 | | ™ T2 A
- v—fv,v;-lgz ] Fx;2 t > X
F_.
z;2 Zy

adhesive
face 3 Vv v T3 A
b Fay
F2;3 Z3

The following section forces, stresses and deformations are considered:

¥, Mxx;l
»iw ; Uo Q) > Nxx;l

xx;1

L4 4

gle
=
=
¥
E2

The following set of ten coupled differential equations is derived:

d2
Mgz ot Te=-m (€19)
d? G G .G, t:G,

Ay Uy ~ — U, +— U, - - -T.=0
2 dx2 0;2 ta 0,2 ta 0;3 Zta 2 2ta "IJB c (C20)
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These differential functions contain the unknown functions of the displacements and

(c21)

(c22)

(€23)

(C24)

(C25)

(C26)

(€27)

(C28)

rotations of the faces and plate Uq:1(x), Ug2(X), Ug.3(X), Y1(X), Walx), Y3(x), wilx), wp(x) and

ws(x), and the shear stress within the core T.(x). The normal force, bending moment and shear

force in face or plate i are respectively:
d

Nxx;i (X) = Ai K uo;i
d

My ®) = D; — ¢,

dx

d
Quii ) = By + B, — w;
: dx
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The transverse normal stress in the core is described by:
A S ) 32
o, Xxz)=—-—w,+—w -z, +5 )T
ZZ.C( C) tc 1 tc 2 ( c 2 ) dX C ( )

and the matching normal strain is:

EZZ;C (X'ZC) = O-ZZ;C (X'ZC) (C33)

1
EC
The shear stress in the core is one of the unknown functions decribed by the differential

equations. The matching shear angle is:

1
Y =71k (C34)

The transverse normal stress in the adhesive is described by:

Ea Ea
T2 (x)=- t_ w, + ‘—t—— Wy (C35)
a a
and the matching normal strain is:
1
Gzz;a(x) = E_ 0-zz:a(x) (C39)

a

The shear stress in the adhesive is described by:

G, G, t, ty
Ta(X) = - t_ Up.y + t— Ugz— = (IJZ—' =z (.I/3 (C37)
a a
The matching shear angle is:
1
Y X) = o aX) (C38)
a

The transverse and longitudinal displacements of the core are described by respectively:

V= ( zZ, z, 1 ( ) d
wxz)=(-—+1hw + —w,-—— (2°-2t)—— T (C39)
e t. t 2B, ¢ Y dx ¢
t z.2 d z2 d
UC(X,ZC) = uo;1 +-E‘ (IJ1 + (—ét— - Zc) 'E; wy P E wy -
¢ (C40)
1 z%, 23 2 z,
— -—)— T.+—T

2E,° 2 3 ax2 ¢ 6, ¢

C.5 Additional boundary and continuity conditions

For the faces of the sandwich and for the core the boundary and continuity conditions as
discussed in section C.3 have to be used. For the adhesively bonded plate the same boundary
and continuity conditions as give in section C.3 have to be applied, while for the adhesive
bondline no additional conditions are formulated.
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