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Abstract 

This work concerns the study of adhesive bonding as a technique to join metallic 

ship stl'llctures. The thesis proposes a study of joints \vith thick adherends and ad

lwsiw bond for marine structures. based on a global-to-local approach considering 

both strength-based and fracture-based criteria. The objectives are to characterise <'1 

semi rigid class of adhesive through a local <'1pproach. assess selected structural joint 

designs pot('ntiClll~" used in ship lmilclillg (lllcl com]mre the t\VO different ap]JlOClches 

of (lSSeSSllll'nt. It is cli\"icled in four parts. lJ(\mel~": 8 loc81 strength approach. a local 

f)"(1(t111·('-1 )ilSed 8pproach. t he assessment of t be strengt h of structural joints dnd the 

clssesslllellt of defect toler8nce criterion. The local strength <'1pproac:h deals \\"ith the 

(lss('ssmc-'llt of <1n adhesive system (adhesin~ - primer - surface preparation) and :-;p

lected adlwrpnds for different ageing conditions. At this stage. the particular focus 

is to characterise the change of beh8viour clue to increasing 8dhesive bond thick

ll(-,SS through both experiment 81 and finite element models. It is outlined that the 

shem strength of the joints decreases in a linear manner \vith the adhesiw bondline 

thickness and a failure mechanism of the joint is proposed thanks to experimental 

results dnd fillite element 8nalysis. The loud fr8cture-based approach deals with the 

assessment of fracture toughness of Double Cantilewr Beam (DCB) adhesiw joints. 

This Hnah"sis is carried out using anal~"tical and numerical models which incorporate 

experimental data from the DCB tests. The adhesiw ~~"stem exhibits a high fr,1C"

ture toughness and the study underlines the influence of the bondline thickness on 

the fracture toughness of the joint while it is shmnl that accelerated ageing process 

lowers it. The structural joint assessment fOCllses on the joint behayiour in a tensile 

mode and aims to explain the mode of failure of two different t~"pes of joints of 

difFerent adherend materials and difFerent adherend thicknesses. The experiments 

and t he numerical anal~"sis helped to locate stress concentration areas and shO\\"ed 

that failure occurs mainly due to tensile stress. To predict failure of these complex 

joints. a practical consel"Yatiw criterion is used. based on both experimental and 

finite element results from the local joint anal~·sis. Eyentunll~". an assessment of the 

defect tolerance of the structural joints is carried out using finite element techniques 

and toughness clata. The anal~"sis considers the behm"iour of structural joints \\"it h 

inserted cracks of clifFerent lengths for a nominnlloaclleyel and the behayiour of the 

joint ·with a nominal crack length and different load lewis. The fracture criterion 

sho·ws good correlation \\"it h the strengt h based criterion. 
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Chapter 1 

Introduction 

Tr8Clitionall~' the shipbuilding industry uses welding. riYeting and bolting as the 

primm)' process for joinillg the different structural parts of a ship. In the case of 

\yeldillg. it is well knmYll that this process results in induced stresses during the fab

rication stage which in turn lead to distortion in the shape of structural components 

and illdeed. the ship itself. Consider3 ble effort h3s thus to be expended to rectif:" 

these weld-induced distortions le3ding to increased production costs. One addition3l 

problem in the case of aluminium is the significant reduction in the f3tigue load C8-

pacit), in case of welded structures (KeCSl113r 6.:: Shenoi 200-1). \Yhen using bolts 

or rivets. the major issues are the stress concentrations induced by the singularity 

caused b~' the hole 3nd galvanic corrosion if different m3terials 3re joined. As a 

consequence. either the structural topolog)' has to be rearranged to cope \yith in

(Teased stress lewIs or the scantlings of the structure h3w to be enhanced. In either 

case. there is an increase in the \wight of the structure. Since structural \wight too 

lleeds to be minimised. especiallY in high speed. high performance ships. there is a 

need to investigate alternative joining techniques for aluminium structures: adhesiw 

bonding is one of them. 

1.1 The bonding technology 

1.1.1 Comparison between fastening techniques 

There are 3 major t)'pes of joint that can be encountered: welded joints. riwted 

joints and bolted joints. There are t\yO topics of comparison that can be made. 

llCUllel)' from a structural point of yie", and from a manufacturing or labour point 

of view (Semerdjiev 1970). These comparisons are summarised in Table 1.1. 

In some situations (not to sa~' most of them) the traditional and \Yell established 

1 
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techniques will not be overtaken by the adhesive technology as they would be more 

appropriate. The reason is because these techniques enable the structure to be 

loaded in either tension. compression, shear or a combination of these different 

lllodes \\'ith less harm than with adhesive. 

1.1.2 A new fastening technique ? 

The adll('sive bonding technology has been used as a fastening technique for thou

s<lllds of vems. Howeyer. it has been us eel in structural engineering only for a 

few decades mainly because structurEd aclhesi\'e:-; are made of chemical product::; 

like pol)'lller:-; the technology of which was not (l\'ailable before that time. It h(\:-; 

been developed ,mel used extensiyel)' for more t lwn sixty )'ears in the aeronautic::; 

()ne! the (lcrosP(lC(' illclustr)'. In ship research. adhesiye has been considered to re

pair fCisten structllud parts of a ship since the late 1980' and early 1990' (Allan. 

Bird L Clarke 1986. Hashim, \Vinkle L CO\\'ling 1990. \\~inkle, Cowling. Hashim L 

Smith 1991). 

\\'ith laser welding. it probably represents one of the last dewlopment in the fasten

ing technolog)' after the traditional methods that are riwting, welding or bolting. 

HO\\,ever. like any tedmolog)· and especially ne\\' ones. this one has assets and dr3\\,

backs: they are listed in Table l.2. 

1.2 Layout of the thesis 

This ::;tudy st arts wit h a review of adhesiw bonding used as a structural fastening 

technique in industry. This chapter presents the latest dewlopment concerning the 

met hods to assess bonded joints: either undamaged or damaged. It also presents 

t he specific research done in adhesiw bonding for the marine industr)'. Based on 

this review. weaknesses in t his domain are underlined and the moti\'ations for the 

present \\'ork are detailed. 

Part of this study was based on \\'orks carried out during an industrial project 

(Bondship 2003), the background of which is presented in Chapter 3 followed b)' 

the methodology adopted during this \\'ork. These chapters are followed b)' two 

chapters regarding a local approach of basic joint designs focusing respectiwl)' Clll 

the strengt h and fracture mechanics aspects of adhesiw joints. Typical considerc1-

hons include the infiuence of the adhesiw thickness and adherend materials on the 

strength of joints Hnd the crack propagation Cllong the adhesiw bond. Chapter Ii::; 
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dedicated to the study of the strength behaviour of more complex structural joints 

designs that are used in a high speed craft and are first presented in Chapter 4. The 

fracture behaviour of these joints is the topic of Chapter 8 where their tolerance to 

clmnage is inYE'stigated: it includes the anal~'sis of joints \yith different crack lengths 

at different load lewIs. Chapter 9 will focus on a discussion about the integratioll 

and the rele\'ance of the two approaches in the design of a bonded lightweight su

perstructure for a high speed craft. 

A final chapter concludes on this stud~' and proposed new directions of research to 

enhallce the knO\vledge in adhesive bondillg for marine structures. 



CHAPTER. 1" INTRODUCTION 4 

Tables 

Structure Labour 

Ach"ant.ages Disadyantages Ach"ant.ages Disad va nt.ages 

\\"elcling Strong joints bL rich Join only similar Technique well es- Tedious labour bL 
clataba.-.;p milterials bL distor- tablished heavy equipment 

t ion problems 

Rive(ing Join different Join thick lllaterial \'"ell established Tools manipulation 

and lllaterials bL strong onl\-_ stress con- technique bL repetitive tasks 

boltillg joints centratioll bL drill 
strnct ure 

Adhesioll Join thin and Lack of data base Straightforward ;\(>ed of clean 
different lnateriab. applicatiOIl E'llyjr(>111nent and 
111lifonn stress technique lal)()llr protection 

Table l.1: Compcuisoll of different fastening techniques 

Advantages Disadvantages 
Join plates of different materials: Illet ill Limitation 11l the load bearing capaCl-
to met.aljoillts" composite to composite ties 
or llletal to cOlllposit.e joints are alllong 
(he llumerous possibilities 

Join relatively (hin plates 6.: high Limitation III the t herIno-mechanical 
strengt h to ,,"eight ratio properties 

The stress distributioll is ahllost ulli- Limitatioll ill their use in hostile em"i-
form ill (he joillt rOlllnent s like water 

Good performance III fatigue are Possible chemical hazards associated 
achieyec\ \\"ith its use during its application and 

fire safety has (0 be carefully looked at 
as it is a flammable product 

Good lloise and yi bra t ion cia l1lping and Application to be done III a reI a ti,"ely 
insulation capacities dean em"ironment 

Frunl a manufact uring point of YJew" Lack of long term data 
the application procedure JS relatiwly 
st ra ight. forward 

Better tolerance to geometrical inaccu- Guide lilles only emerging 
racy 

Table l.2: Advantages and disad\-antages of adhesive bonding 



Chapter 2 

Literature Review 

2.1 Introduction 

\Yhen choosing to use adhesive technology to build a structure, the designer needs 

to haw a basic knowledge of bonded joints that are going to be used. This knm\"1-

edge encompasses the mode of failure. the static and dynamic beha,"iours and the 

behaviour in degraded environmental conditions and will be gained thanks to ex

periment al as well as mathematical modelling. The modelling of adhesi"e joints 

have been t he subject of research since adhesive joints haw been considered in the 

illd ustry to fasten structural elements. It include in particular the assessment of 

the stress field in the bond. the fracture mechanics of adhesiw joints and modelling 

of the long term behaviour via the assessment of the damage due to em'ironmen

tal degradation. These tools are essential in the understanding to design safe and 

durable bonded structures. The follO\\'ing sections present the latest dewlopments 

in the modelling of joint in the field of stress analysis. fracture mechanics and em'i

Wlllnellt al degradation. 

2.2 Assessing adequacy of perfect joints 

The knO\.dedge of the stress distribution in an adhesiw bond is of primar~' 1111-

portance for t he designer to minimise stress concentration and assess safety factors. 

Hence, lap joint theories haw been a matter of inwstigation for now almost 70 years 

and numerous authors have proposed analvtical solutions to compute the stress in 

a bonded joint. These theories haw been dewloped progressivel~' "'ith successiw 

approximations depending on the t~'pes of joints and their configurations but also 

depending on the puwer of t he numerical tools m'aila ble. The follO\ving intends to 

summarise the major met hods derived to elate shO\ving t heir limit ations and the 

major assumptions that characterise them. 
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2.2.1 Analytical modelling 

The first works carried out about adhesive as a structural fastening de\'ice are at

tributed to (Volkersen 1938). This very first analysis took into account the fact 

t hnt the upper and lower substrates were not totally rigid and deform themselws 

ela:,;tically when loaded. Figure 2.1. 

The" :,;pcon<1 nw.Jor contribution in the anal)-tical stud)- of adhesiwly bonded lap 

joints is due to the work of (Goland 6.: Reissner 19.:1.:1). The main imprm-ement 

in t heir work. COlli pared tot he one of \'olkersen. is t ha t t hey first considered the 

bending of the lJOllded plate due to load eccentric-in-. From this assumption. they 

haw idelltified ,,-bat is called the bending moment factor k. This factor represents 

physic-all)- the rate of transfer of the bending moment to the edge of the joint. Figure 

2.2. Their study is described as valid for two limited cases. namely: 

• \Yhell the adhesiw layer is so thin that the fiexibilit~, of the joint is neglected. 

This is the case of bonded wooden and plastic plates . 

• \Yhen the fiexibilit)" of tbe joint is mainly clue to the adhesive layer. This is 

the case of adhesiwly bonded metal plates. 

\Yhereas the pre\"ious theories assumed constant shear and normal stress through 

the aclhesiw thickness. \york done by (Volkersen 1965) introduced this variation in 

the eq ua tions describing t he mechanical be ha\"iour of the joint. He showed t ha t a 

basic theor~' considering constant a y through the adhesiw la~"er underestimates the 

peel stress by almost 50 f,7c . He noticed that shear and normal stress concentration 

decreases with increasing adhesiw thickness suggesting design of joints ,,'ith thicker 

adhesive byer to the detriment of joint strength. He also suggested that failure in 

single and double lap joints is due to peel and not shear stress. 

The major following work on adhesiw bonding \yas due to (Hart-Smith 1973). Sev

eral issues were im"estigated concerning not only elastic-plastic adhesi\'e but also 

failure modes, infiuence of adherend stiffness imbalance and thermal effects. The 

analysis presented in the paper ,,'as an elastic-plastic anal~"sis taking into account 

adhesive plasticity and including adhesiw material and geometrical properties in 

the calculation of the bending factor. 

Hart-Smith identified three types of failure mode. namely: 
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• One clue to load eccentricity coming from direct load stress and bending stress: 

failure is identified in the adherencl outside the joint. 

• Adhesive failure due to shear stress: this mode is potentially extn~mely rare. 

confirming suggestioll from (Volkersen 19(5). 

• Two failure modes associated \yith peel: either aelherend is maele with metal: 

ill this case failure occurs in the aelhesive. or adherenel is made of filamentar~" 

cOlllPosite adherenel and in that case peel strength in the inter laminar fibre 

is much less than of the structural aclhesiye. therefore failure occurs in the 

mlherend. 

Two other effects were inyestigated that an~ thermal effects and stiffness imbalance. 

The aut hor showed that if materials of different thermal expansion coefficients are 

used as aclherencis. t his difference influences t he transfer of load therefore bending 

moment and associated coefficient k are changed. Also. he stressed that a balanced 

joint nwde with the \\"eakest of the adherends im'olved in the imbalance one. is 

stronger than t he imbalance joint. This imbalance also increases stress concentra

tion. Eventually. if there is no stiffness imbalance but thermal mismatch bet\yeen 

adherends. t his will increase t he bending moment in the adherenel of 100\"er coeffi

cicnt of thermal expansion. Generally speaking. stiffness imbalance or thermal co

efficient imbalance ,,"ill reeluce the joint strength. Some restrictions concerning the 

\york of Goland &= Reissner \\"ere pointed out especiallY that their theory (Goland 

&= Reissner 1944) is strictly speaking only yalid for light loads and small overlap of 

joints. Howeyer. (Tsai &= ~Iorton 199-'1. Cooper 1979) confirmed that the theor~" of 

Goland &= Reissner is sufficiently accurate to enable a qualitative assessment of the 

influence of geometrical and material parameters. 

Anal~,tical solutions ha\'e not been able to model the zero shear stress that should 

occur at the edge of the joint. Indeed. equations of solid lllechanics stipulate that 

at the free surface of a solid shear stress is nil. The anal~"sis done by Allman 

(Allman 1977) not onl)' enabled to model this elcmentar)" boundar~' condition at 

the edge of the joint but \\"as also \'alid for a \\"ide range of elastic substrate materi

als. His method used the basic equations of solid mechanics like the pre\"ious onE'S 

(Cornell 1953, Golancl &: Reissner 19-'14. Hart-Smith 1973) but for the conwnience 

of the calculation. a stress function \\"as introduced based on strain energy consider

ation. Once the solution was deriw'd. a qualitati\'e anal~"sis \\"as ShmYll to compare 

the new method wit h the dassical one from Goland &: Reissner for different lap joint 

designs. It \vas found that stress concentration is reduce from 15 to 307r compared 
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to classical theory Goland 6z R.eissner: this is due to the possibility of modelling 

zero shear stress at the edge of joints. 

The following closed form analysis are all improwments of Goland 6z R.eis:mer·s with 

additional refinements conceming adherends: orthotropic ad her ends were included 

in the models of (Renton &: Vinson 1977), and (Delale. Erdogan & Aydinoglu 1981). 

Results of the first one were in good agreement \\'it h photo-elastic analysis and re

sults of the second were confirmed by finite element models. (Ojalyo &: Eidinoff 19(8) 

out lined the importance that YCll'iation of shear through the t hic:kness can haye in 

t he outcomes of analysis. Their stud)' included also bond thickness yariation and 

;-,howecl that difference between c1r\Ssical theories and the De\\' theory occurs only at , , 

the edge of jOillts \yhere stresses me the highest. 

As it hilS been seen. the preylOUS analysises focused onl)' on some specific joint 

designs like orthotropic or isotropic adherends. single lap joints or sometimes non

identic,:'] adherends. (Big'wood &: Crocombe 1989) tackled this problem and set up 

a method that considers that an)' suitable bonded structure can be reduced to an 

ndherend-adhesive sandwich where complex loading can be applied. Although the 

method does not model a zero shear stress at the edge of joints. it has been success

fulh' yalidated with finite element anah'sis. HO\yewr. like (Hart-Smith 19(3). it \\'as 

highlighted that adherend mismatch introduces errors in the results. 

Eyentually. some authors like (Carpenter 1991) and (Tsai &.:: :\lorton 199--l) eyalu

ated the accuracy of seyeral analytical theories. compared them to each other and 

investigated the influence of the different assumptions made in the yarious methods. 

(Carpenter 1991) shO\wd that shear and peel stresses are generally insensitive to the 

assumptions except in the case \\'here neglecting shear deformations in the adherend 

causes the stress to yary b)' up to 307c. The author also showed that inconsistencies 

highlighted in (Goland &: Reissner 19--l4) are balanced by the absence of shear defor

mations in the adherend. (Tsai &: :\Iorton 199--1:) compared some ayailable anal),tical 

solutions to a finite element model incluclillg geometric non linearities to accOllllt 

for large deformations due to bending moment. They concluded that the model b~' 

(Hart-Smith 1973) is appropriate to assess edge moment in the case of short overlaps 

and varied adhesive thicknesses \\'hereas t he proposed modified Goland &:: Reissner's 

model is suitable for long overlaps in the definition the)' giw for this parameter. 



CHAPTER 2. LITERATURE REVIEW 

2.2.2 N ulnerical Inodelling 

Since the early 1970' it has been noted an mcrease m the use of finite element 

met hod to 8ssess the stress in adhesive bonded structures. Since it is considered as 

a powerful and aCCUl"8te tool for structur81 design. it h8s been progressiwly used to 

\'aliclate clllalytical solutions and experimental modelling. The interest of numeric81 

model compared to closed form analysis is that it is possible to easily analyse stress 

in more cOlllplex structure and the influence of different parameters such boundan' 

conditions or material properties t lUlt em analytical met hod C811l10t do. 

Finite element techniques to assess stresses Il1 lap joints \wre first reported b\" 

(\Yoole~' 6..= Caryer 1971). The analysis was based on a linear displacement fullC

tion with two elements through the thickness of the adhesiw la~"er. The analysis 

"'as clone for a range of elastic modulus ratios from 0.1 to 1000 and 8dherendlength 

to adherencl thickness ratios. Although simulations \\"ere done considering plell1e 

stress analysis. comparison was made with results from Goland ~ Reissner's theor\" 

and good agreement \\"ere found according to stress concentration. 

An early use of finite element tool was also proposed b~" (Adams 6..= Peppiatt 1974). 

Their work focused on stress concentration at the end of the joint and a par8metric 

stud)" \\"as carried out concerning end effects "'ith the presence of spew fillet at the 

edge. Comparison between joint with and without fillet \\"as done and it \\"as ShO\\"11 

a reduction in maximum stress up to 707c in the case of shear and 807c in the case 

of peel stress. Also. the influence of the fillet size on the stress distribution \\"as 

obser\"ed: a 707c reduction in maximum shear stress \\"as obtained at the end of the 

aclhesi\"e layer and maximum stress occurs in the adhesi\"e at the adherend corner. 

Ewntuall~·. it was shown that the existence of a chamfer due to etching of adherend 

reduces maximum stress in this area to up to 407c. 

(Hem'is £.= Adams 1984) used a non-linear finite element technique to predict the 

lllode of failure and failure load of single lap joints with a series of different ad

herends and adhesives. The results were compared \\"it h experimental and ana

lytical results. The finite element anal~"sis used "'as able to account for the large 

displacement rotations that occur in a single lap joint under load. and elasto-plastic 

behaviour of both the adhesiye and the aclherends \\"as considered. A failure crite

rion based on the uniaxial tensile properties of the adhesiw \"as used: depending on 

the t~"pe of adhesive used. the authors found that a maximum stress criterion can 

be appropriate, whereas a maximum strain criterion can be emplo~"ed for other cases. 
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(Reddy &= Roy 1988) investigated the influence of three different t)'pes of boundary 

conditions in the stress distribution in the adhesive layer. Their modeL validated 

,,·it h classical analytical theories. showed the importance of these conditions as they 

can significant Iv alter the stress distribution in a lap joint. They also outlined the 

influence of the mesh in the stress distribution: it \';as found that a non-uniform 

mesh implies less scatter in the results than a uniform one. 

The use of Cl local failure criteria is subjected to n1llnerous possibilities: maxmll1IlJ 

shear or peel stress or principal stress or modified \ 'on ~Iises citerion among others. 

Hence. (CroCOllllw HJ89) used finite element ClnCllYsis to predict failure in bonded 

joints and proposed a failure criterion bftsed on global yielding (as opposed to local 

failure criterion like peak stress) that describes more the onset of failure rather than 

the global rupture. This global yielding applies ",,-hen a path of adhesive along the 

OYerl,lp region reaches a state in which it can no longer sustain significant increase 

of applied load". 

(Bigwood &= Crocombe 1990) used finite element method to \'alidate an analysis 

taking into account non-linear material behaviour of the adhesive. Further \'alida

tion ,,-as carried out in comparing results of different elastic plastic models and close 

agreement were found between t hem for t he shear and transverse stresses. :\loreoyer. 

based on the study in (Crocombe 1989) adhesiw thickness effects were inYestigated. 

It was shown that unlike elastic analysis that predicts increase of strength with 

increase of adhesiw thickness, )·ielding progresses more rapidlY in thick joints there

fore leading to the expected loss of strengt h. 

In order to ftssess different lap joint theories, (Carpenter 1991) presented a spe

cial adhesiw element that allowed to control parameters for different assumptions. 

Results using this element conwrged with the corresponding closed form anal~-sis 

ha\'ing the same set of assumptions. However. it ,,-as shO\\"11 that increasing the num

ber of eleTnents in the adhesiw thickness leads to an increase in the stress magnitude 

confirming the equations of elasticity that predict stress singularity at a bi-material 

interface. The author therefore concluded that stress predicted by either finite ele

ment or closed form analysis are cOlwenient artificial yalues. 

(Tsai &: 1\1orton 1994) outlinecl that geometric non-linearities are due to the eccen

tricity of the load path implying large rotation deformations, The~' used a finite 
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element method to assess the k-factor (ie joint edge rnoment) and compared the 

stress distribution ill the adhesiye layer with selected closed form solutions. Close 

agreement Wi'tS found ,yithin a 10 S{ margin between dassical solutions and the non

linear model for both shear and normal stresses. An interesting feature v,as that 

norlllalised longitudinal. peel and shear stresses decreased with increasing load. This 

is caused by the reduction of edge moment due to the eccentricity and large deflec

tion effects. The numerical study also f'mphi'tsised a zone of uncert ainty confirming 

suggestiolls done by (OJ alyo 6.= Eidinoff 19(8). 

In t he shipbuilding incl ustr:y. joints used are thicker and an increase of adherend or 

adhesiw thickness modifies the stress clistrilmtion in both the substrate ancl the acl

hesiw bond. (Bezine. Ro.v 6.= Vinet 1996) used finite element modelling to inyestigate 

5tr<:'ss ill composites aclherends. Their anal~'sis showed that the stress concentration 

leads to delamination but that stress distribution is insensitiw to oyerlap length. 

They also showed that the stress concentration can decrease by 50'7c when usmg 

tapered joints. 

Thanks to finite element anal~·sis. two studies by (Tsai. :\lorton &: 1\latthe,\"s 1995) 

and (Li, Lee-Sullivan &: Thring 1999) outlined that longitudinal stress in the adhe

siw is not negligible. \\~ith a 2-D geometrical non-linear analysis. (Li et al. 1999) 

showed that maximum stress occurs in a single lap joint in an area dose to the 

adhesive-adherend interface at corner ends. This suggests a critical locations for 

adhesive failure initiation that are at opposite ends of joint owrlap and confirm a 

failure theory proposed by (Ojah-o 6.= Eidinoff 1978). The inwstigations carried out 

by (Tsai et a1. 1995) concern composites lap joints and shmwd that large deforma

tions in adherend near the owrla p must be taken into account in t he anal~·sis. 

Eventually, finite element analysis was used by (Li 6.= Lee-Sulliyan 2001) to compare 

the influence of stress state assumptions and the boundar~' conditions in the stress 

distribution of lap joints. It was concluded that the distribution is more sensitiw 

to the boundar~' conditions than to the stress state. Howewr. it ,,"as noticed that 

these boundary condition effects decrease together ,,"ith the load. 

2.2.3 Environlnental degradation 

One of the major challenges faced when using structural adhesiw bonding in in

dustry is the understanding of degradation clue to em"ironmental attacks. This 

degradation is due to a complex combination of damage of both the aclherencls and 
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the adhesive itself as well as their interfacial zone leading to uncertainty about the 

durability of adhesive joints. The durability of an adhesive joint depends not only 

011 the time of exposure and type of environmental attacks (such as for example 

wRter and temperature) but also on the type of surface preparation of the adherend. 

Extensiye research hRS been carried out on these cliffel'ent facets of durabilit)· aspects 

of adlwsiyf' joints. 

EnyironmentRI degrRdation of adhesive joints can be caused by man~T different fac

tors listed b)' (Kinloch 1990) though \yater is generally considered as the main one 

u\Using joint degradation. Differellt modes of access are identified (AclRms. Comyn 

"'= \YRke 1997) as: ingression from aud along the interface, ingression h~' micro-crack::; 

iu the adhesiw. absorption by the clclhesiw, absorption from the adherencl (rare). 

This le8Cb to different weakening processes: swelling. causing internal stress in the 

acllwsiw bond. damage at the interface between adherend and adhesiw or degrada

tion of t he bulk adhesiw properties. 

(Lee. K\\'on &= Cho 1998) haw investigated the strength of bulk adhesiw and com

pared it to the strength of an adhesiw tubular joint \"ith respect to the level of 

absorbed moisture. They found that adhesive joints are stronger than bulk adhe

siw because of swelling effects. The~' also pointed out. like melDY others (Venables 

1982. Bowditch 1996). that surface treatments increase strength retention under h,'

grot hermal environment. 

Similarly. (Zmmi-Deffarges &= Shanahan 1995) haw compared the beha\'iour of bulk 

adhesiw and adhesiw joints using a grayimetric technique. They shov,'ed that the 

elastic modulus of the bulk adhesiw deo'eased \"hile \yater diffused into the adhe

sive. They also dewloped a model that predicts diffusion in adhesiw joints taking 

into account changes in the owrall elastic behaviour of the bulk adhesi\'e. Discrep

ane'ies between experimental and numerical results led them to suggest capillarity 

diflusion at the interface between adhesiye and adherend accelerating water ingress. 

(Crocombe 1997) assessed the response of bonded lap joint in a degraded em'iron

ment such as water within a numerical framework including a mechanical-diffusion 

analysis to determine the spatial ,'ariation of moisture in the adhesi,'e. He studied 

the effects of the adhesi\'e fillet and its influence \yas shO\\"11 to be significant OWl' a 

long period of time. Also, after translating material data from thick adherend shear 

test into tensile properties from the open literRture. he showed that degradation of 
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the bulk adhesiw Young's IIlOdulus could be degraded by 80 o/c after 8 weeks at 50()C 

and 95% relative humidity. The analysis led him to predict failure of the joint: he 

suggested a failure initiation in the middle of the overlap as the bondline is shmnl 

to be morc hrittle there than at the edge in a wet em·ironment. 

(Annstrollg 1997) studied the influence of long term agemg on adhesiw joints in 

distilled water at room temperature. Different adhesives and different surface treat

ments \wre tested through a \\'edge test programme over a five year period. He 

suggested that the durabilit~· of adbesiye joints depends more on the durability of 

the oxide la~'er deyeloped at the interf8ce of the joint than on the durability of the 

bulk 8clhesiyc. 

Bulk mlhesiw as well as interi8ci81 degradation aspects were discussed by (Bowditch 

1996). He particularly studied the effects of temperature. time and external load 

on immersed lap joints. He outlined that at high temperature. surface preparation 

is not a ke~' aspect in the strength of the joint as failure is cohesiw. unlike at 1m\' 

temperature where failure becomes interfacial. He also concluded that weakening 

effects due to interfacial attack can be b8lanced b~' strengthening effects due to relief 

of internal stress by water. 

As preyiously noticed. surface pretreatment is of great importance to retain the 

strength of adhesi\'e joints oyer a long period of time. In this respect. (Brockmann 

1986) showed that an adhesiye joint is a three dimensional multi-material s~'stem 

in \\'hich all the materials influence each other. This influence is emphasised in the 

case of ageing process. (Jones, Pitcher. Pool 6..:: Stone 1986) have studied the per

fonnance of four different pre-treatments on fiye different titanium alloys through 

a wedge test programme. The)' demonstrated the importance of micro-mechanical 

interlocking in the durability of adhesiw joints. 

(Beewrs 1999) has studied the effects of stress in the adhesiw on the en\"ironmentell 

ageing process and re,"iewed duralJilit\" test methods \\'ith stress applied to the joint. 

He emphasised that the analysis and interpretation of durabilit~, test data are sub

ject to a good understanding of the mechanisms im'olwd in the degradation process 

with a particular importance in the deri\"ation of life prediction models. In this 

respect. the author studied the uncertainties due to extrapolation of durabilit), test 

data by means of acceleration factors. The method is \"alidated with an application 

case using historical data obtained from em anal~'sis of old bonded structures. 
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The difference of degradation due to distilled ,vater. salt water or salt spray en

vironment has long been determined. Huwever. contradictory results were found. 

~Ic~Iillan (cited by (Adams et a1. 1997)) showed that joints exposed to salt spray 

water for three months were more damaged than joints exposed to semitropical en

virollment for three years. But Albericci (cited by (Armstrong 1997)) showed that 

distilled water did more damage on epoxy. acrylic and polyurethane paint coatings 

t han salt 'Yater. (Holton. Spinks 6:. Isle 1992) did a comparison of unloaded and 

loaded joint behaviour in still water, 0.5 Yc salt \yater and 5 % salt v·:ate1'. The:,,

concluded that lOll' salt concentration \\'as l1lore dal1laging to the joints than distilled 

\nlter or high salt conccntration water. 

Recentl~-. (Hart-Sl1lith 1999) has emphasized that tests used nmyadays do not say 

ml~,thing about durHbilit~- of adhesives but help to assess the quality of the surface 

preparation (ie before bonding) in the case of metal to metal adhesive bonding. 

As a result he also aclnxates the need of similar durability test as the one devel

oped bv Boeing for metals (AST~11998). In a shipbuilding em'ironment. the ,,'edge 

test can be used to assess the adhesive system including the adhesive. the surface 

preparation and the surface coating applied on the adherends. Earlier. (\\'ilson. 

Sheasb~' &.: ~lacldison 1997) had already emphasized that more than one durabilit~

test met hod should be implemented to achieve the best bond in term of strengt h 

and durability. through three different test methods they demonstrated the impor

tance of combining the data in the selection of the best combination of adhesive and 

surface treatment. 

Another attempt to develop a durability test method ,yas made by (Knox &.: Cowling 

2000b) who considered accelerated ageing as a means to assess long term performance 

of surface pre-treatments. The specimens consisted of steel plates ,yith a thick film 

of adhesive to be tested. The test consisted of ageing the specimens at 100% rel

ati,'e humidity (1'.h) and testing them b:,,' stripping the adhesive and recording the 

load required to remove it. The tests ,,'ere ShOll'll to be successful in rapidly detect

ing changes in strength at the interface of and adherencl/ adhesiw /primer s~-stel1l. 

Furt her. they inwstigated the performances of adhesiw joints wit h thick steel ad

her ends in a degraded environment (Knox L: COIYling 20000). ~lore specificall~'. they 

showed the beneficial influence of spell- fillet in the strengt h of aged lap joints and 

found that water affects bot h the bulk adhesiw and the interfacial region ,yit h the 

aclherend. 
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2.3 Assessing adequacy of damaged joints 

2.3.1 Introduction 

)'Ian)" types of defects can be found in the adhesive joints due to \"oids, foreign mM

tel's. llon-sticky areas, weakl)" bonded regions or mechanical and chemical attacb. 

Hence. a C"ombilla tion of these in a high stressed region can lead to crack propa

gHtion. Tlwrefore fracture mechanics anal)'sis is a practical tool to predict how a 

defect will propagate within the joint in such conditions. This approach used to 

anal)"s(' ildhesiw joint behaviour should be considered as a complementary met hod 

to the st ress - strain anal)"sis. 

'\Iore gellerall)·. it can be said that fracture mechanics help to anS\\'er a senes of 

questions: 

• \Yhat is the remaining strength for a corresponding crack size? 

• What is the critical crack size for a gi\'en service load? 

• Hmv long does it take for a crack to grow from an initial size to a critical one? 

• \Yhat is the tolerable flaw size at the beginning of the structure's life? 

• Concerning non-destructiw testing. how often should the damage structure be 

inspected? 

As the stress - strain approach is used to assess the strength of an ideal bonded 

structure (ie non damaged). the fracture mechanics helps to characterise the tough

ness of the adhesiw itself and understand the mechanism of crack propagation. 

Generally speaking. this characterisation relates 3 fundamental parameters that are 

applied load. crack size and fracture energ)' (Griffith 1920. Ripling, .\10sto\"oy 6: 

Corten 1970. Kinloch 1990). 

As shown by Figure 2.3 there are three different modes of fracture that can be 

considered. namely: tensile opening mode or mode 1. in plane shear mode or mode 

II and out of plane shear mode or mode III. In most structures. the predominant 

and most damaging mode is the mode I but it is usually a combination of two or 

three modes that v,ill effectiwly be observed when the crack propagates. 
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2.3.2 Analytical lTIodelling 

The first reported analytical model is clue to Griffith (Griffith 1920) and 'was orig

inally applied to glass materials. The author stated that a crack \vill grO\v when 

sufficient energ~' is released. In ot her worcls. crack \yill grow ·when all the work clone 

by the applied external forces and the elastic energy stored in the material is c:on

YE'rtC:'cl ill elastic surface energy. 

Cnlike Griffit h \\'ho considered an energ)' approach. (Invin 1957) considered a stress

stnlin approach to crack propagation. He demonstrated that the stress field around 

a brittle crack can be described with two parameters: the applied stress normal to 

the crack and an inYariallt parameter (inyariant \vith respect to the material) called 

the stress intensity factor. 

The (,pproach of fracture mechanics applied to adhesive bonding was also divided 

into two: all energy approach and a stress strain approach: the equations associated 

\\'i t h these concept s are present ed in Appendix A. 

An elastic stress-strain approach was considered by (Erdogan 1963) and (England 

1965). It was found that the stress surrounding a crack tip of dissimilar materials 

is proportional to )/L too. where r is the radial distance from the singularity. Also 

it was shown that the stress presented an oscillating behm-iour at the crack tip that 

is not physically possible. 

On the other hanel. the energ~- approach which is more experimental-based and \V,IS 

dewloped b)- (Ripling. :\lostoYo)- 6.= Patrick 1963. Ripling et aL 19(0) based on Grif

fith principles. The aim is to obtain a description of the adhesive \vith a resist ance 

curve (R-cun-e) plotting the fracture energy Gc YS crack length t::,.n. Figure 2.4. Tht'y 

chose to use this concept rather than a stress field description of the crack tip because 

adhesive materials are heterogeneous systems and defined G]c as a being a materi,d 

constant. (Rice 1 9G8) proposed a met hod based on a path independent integrcl1 to 

calculate the deformation at the tip of a crFlCkedlinear or non-linear elastic materied. 

The definition of an adhesiw bond can encompass both adhesion of met allic or 

composite sheets and matrix of composite materials. Hence. a series of studies have 

been carried out concerning delamination of pol)-mer composites and have been 

applied to adhesiw bonding aftennmls. (Hashemi. Kinloch &:: \Yillimns 1989) a.nd 

(Hashemi: Kiuloch &:: \Yilliams 1 99()) showed t ha t a series of correction ,,-ere needed 
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in the calculation of fracture toughness of composite specimens. This is due to: 

• Deflection and rotation of the crack root, 

• Large displacement obseryed during testing of the specimen, 

• Stiffening effects if end blocks are used. 

Deflection and rotation of the crack tip are not taken into account in beam theOl'~' 

()llal~-sis that considers them to be zero. Therefore the authors proposed a correc

tion factor proportional to the height of the composite ply and taking into accoullt 

elastic properties of the material. Large deformations of the specimen are due the 

combination of slender beam and high toughness of the material but also to the 

presence of end blocks that tilts causing the specimen to distort. The stiffening 

effects imply to conect the measured wrtical displacement. The correction factors 

t (Ike into account bot h large defOl'llla tion and end-blocks effects. Further inwstiga

tions hc1\'e been carried out concerning different testing procedure and are going to 

be discussed lat er in this cha pt er. 

(Blackman, Dear. Kinloch &: Osi~'emi 1991) outlined the attention to pay \\'hen 

choosing a met hod to analyse experiment al dat a from Double Cantilewr Beam spec

imens and reyie\\'ed the different approaches that can be used. derived from simple 

beam theory. Howeyer. all the four methods described in the Letter \\'ere based on 

an original formula and result on a combination of different parameters. Also. proof 

of the useful character of the correction factors described b~' (Hashemi et al. 1989). 

(Hashemi et al. 1990) were shown experiment Clll:-'. 

2.3.3 N ulTIerical lTIodelling 

(Trantina 1972) \\'as the first author to report numerical analysis of cracked adhesiw 

joint through finite element analysis. Fracture toughness and stress intensit~, factor 

were assessed yia compliance method and displacement method respectiwl~'. The 

author also investigated the influence of adhesiw thickness in the stress distribution 

around the crack tip. He found that fracture energy G I decreases \\'ith increasing ad

hesive thickness. Also remarkabl)'. for ver~' thin adhesiw thickness. fracture energ~' 

of adherend-adhesive system becomes similar to t he fracture energy of the aclhereml 

alone. The analysis allowed to shm\' the equi\-alence between fracture energ)' G and 

stress intensity factor K in the case of fracture in bonded sheets. 
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(\Vaug. :\fandell 6z .t\1cGarry 1978) numericall)' investigated the influence of adhesiw 

thickness on the stress field surrounding a crack tip. Effect of adhesive thickness 

on the stress intensity factor ,vas found negligible for various adhesive to adherend 

modulus ratios and it was outlined that the stress singularit), is limited close to 

the crack tip. Effect of adhesive thickness were shown more apparent with stress 

distri but ion exhibit ing sIllall divergence around it. Further conclusions \\'ere dra\\'n 

cOllcprning the infiuence of modulus ratios: it was found that the singularit), is re

duced between the case of monolit hie system and the case of an adhesive adherend 

system. Also. they showed that the trend of stress at the crack tip decreases with 

inCTeasing adherPlld to adhesive ratios: the st ress intensity factor decreases 'wit 11 

increasing stiffness of mIberends. 

(Ou('zciou &: Chuclnovsb' 1988) investigated the adherencl adhesive interaction and 

proposed a model that took into account the adhesiw layer in a Double Cantilewr 

Beam. The)' outlined that the adhesiw layer notabl)' affects the strain energy re

lease rate. The latter is increased with increasing adhesi,'e layer and as the adhesiw 

rigidit), decreases for a giwn geometr)'. The authors also noticed that ewn if adhe

siw and adherends stiffness are of the same order of magnitude. the adhesive layer 

still contributes to the fracture toughness, 

Following the work from (Fernlund &: Spelt 1991). (Fernlund. Papini. :\lcCammond 

&: Spelt 1994) used finite element anal)'ses to \'alidate the concept of the J-integral 

approach combined with large deformation beam theor)'. to obtain a closed-form 

expression of the fracture energy taking into account applied loads in cracked adhe

siw sancl\\'ich. Their assumptions \wre fairl)' restrictiw for the application of the 

expression: the adhesive layer v,'as assumed to ha\'e minor effects on the deformation 

of t be joint and t he cantilever \\'as assumed perfect I)' built-in implying no rot Mion 

of t he beam root. However. their results correIa ted \\'it h non-linear finite element 

analysis and experimental data \yithin less than a 107c margin. The interesting fp21-

ture of this method 'was tlwt it is not necessar)" to haw the knowledge of stresses 

in the adhesiw layer but just 21pplied loads prO\'iding a more general approach as 

presented b~' Bigwood &: Cl'Ocombe (Bigwood &: Crocombe 19(9). 

(Hamoush &: Ahmad 1989) den'loped a failure criterion to estimate the interface 

separation load for adhesive joints with dissimilar materials based on the eyaluation 

of the J- integral. Their met hod was a combination of anal),tical. numerical and 

experimental analysis as the finite element analysis \\'as usee! to compute the strain 
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energy release rate based on the input loads from experiments. They concluded that 

t he critical energy release rate can be used as a material property and as a failure 

criterion for interfacial crack between t\VO different materials because it is indepen

dent of adhesive thickness. initial crack length and type of applieclload. \Vhile the 

critical energ~' release rate Gr remained constant \yith the latter parameters. it was 

outlined that the mode I and mode II components of Gc are not. 

(Pradhan. I~'engar &: Kishore 1995) used finite element analysis in order to assess 

the st rnin ('nerg~' release l'i'l te of various aclhe:-;iw .i oint geometries. Their model 

\\'(IS not l)(lsed on the J-integral evaluation 1 JUt on a crack closure represent atioll 

and onl~' required knuwledge of nodal forces cllld displac:ernents. Single-edge notch 

tellsile specimen. four point bending of a cracked lap shear specimen and a crackE:'cl 

double lap .ioint \\'ith t\\'o different boundary conditions were considered. Abo. 

they cOllsidered clifi'ereut locations of the crack at the interface and different grm\,th 

dirC'ctiolls. Their inwstigations led to t he conclusion that crack growth and crack 

10catioIl are sensitive to boundary conditions but critical crack length is independent 

of rigidity of constitutive materials and independent of \\'hether or not a pre-crack 

is made: thi:,,; was the same cOllclusion made by (Fernlund et al. 1994). Concerning 

adhesive thickness influence. low adherend to adhesive thickness ratio implies fast 

and unstable crack growth and low failure load. They therefore highlighted the 

importance of haying low adherend to adhesiw elastic modulus ratios. 1m\' overlap 

ratios and high thickness ratios in order to get strong double lap joints. This last 

point confirmed conclusions made b~' (Ouezdou &: Chudnoysk~' 1988). 

2.3.4 Influence of geon1etry 

Although Ripling &: ~Iostovo~' assumed that the fracture energy \\'as a material con

stant. it was sl1O"wn b~' sewral authors that the adhesiw thickness and the adherends 

materials can influence the fracture toughness \'alue of adhesi\'e joints. 

Previously cited, (\Yang et al. 1978) initiated inwstigc)tions on the influence of ad

her end materials on the stress field surrounding the cntC'k tip. (Bell 6.:: I-\:inloch 1997) 

experimentally and showed that the aclhesiw fracture energy may depend on the 

t)'pe of adherends used even \\'hen cohesive failure occurs. This dependence \\'as 

numerically Shm\'ll to arise from the elastic modulus of the substrate that influence 

t he stress profile ahead of t he crack. In t lwir case. t he higher the stiffness of the 

aclherend. the higher the G]c value. 
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(Yan. :;\1ai. Yuan. Ye &= Sun 2001a) conduded experimental and finite element anal

ysis on DCB specimens. They showed that critical energy release rate Gc and criticHI 

J-integral Jc depends on the adherend stiffness. The values were lower in the case 

of stiffer aclherend (steel compared to aluminium adherend) 'while the J-integral ap

proach was less sensitiw to the ch;mge of adhrrrnd material properties but giYes 

more conSCl"\'atiYe results. The stress approach \\"as in agreement \yith the results 

foundb)" (\Yang et a1. 197~) but the results from the fracture approach were different 

to the results given b~' (Bell & Kinloch 1997. Blackman, Kinloch &= Paraschi 2001). 

(BlclCklllan. Kinloch. Paraschi &= Teo 2()()3) haw used the main three analytical mod

cl5 l)(ISed un the energy approc)('h clec;cribed in Appendix A to measure the mode I 

fr,lctUlC energy of adhesiw joints. They considered bot h DCB and TDCB specimens 

\\"it h three different set of aclherends and assess the inft uence of each anal~-tical mod

els and the adherencls. They showed t Ildt the G Ie yal ues were independellt of the 

joint geometr)' but dependent upon the substrate materials used due to the cuning 

process and the glass transition ternperature of the different materials. 

(Kinloch &= Shmv 1981) \\"ere one of the first authors to im'estigate the fracture 

behyiour of joints with thick adhesiw. The)- considered TDCB joints 'with steel 

adherends and increasing adhesive thickness (0.1 mm to 3 mm) and assessed the 

fracture encrg~' G1c for a range of adhesiye thicknesses. temperatures and rate of 

loading. They found that the fracture toughness reach a maximum yalue for a spe

cific bond thickness but remain than the fracture energ)- from the bulk adhesiye. 

The)' explained t his phenomenon yia the shape of the plastic zone dewloped at the 

crack tip. ie. in terms of constraints. 

(Dagh~'ani. Ye s.: ~Iai 1995) used compact tension (CT) specimens made with alu

minium and rubber-toughened resin to assess a relationship bet\wen the fracture 

energ~' and the bond thickness. considering elastic-plastic model of the adhesiw. 

Hence the~' llsed the J-integral approach to obtain the fracture energ)'. The)' found 

that Jr was highly dependent on the adhesiw bonel and increases with the thickne~s 

tovvards the fracture toughness of the bulk adhesiw. They identified brittle fracture 

for thin between 0.04 nUll and 0.5 mm and tough fracture mechanisms for bond 

thickness beyond 1 mm. 

(Yan et a1. 2001 a) also considered the effects of adhesive thickness on t he fracture 

toughness of DCB joints. The anal~-sis was carried out \yith aluminium substrate 
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and elastic-plastic analysis for adhesive hetween 0.4 and 1.8 mm. Like the previolls 

authors. they show the complex behaviour of the fracture toughness of the joillts 

with respect to adhesive thickness. The)' showed that for a same load leveL the 

opelling stress ahead of the crack was higher in the case of smaller bond thickness. 

(Yan. ~1ai &: Ye 2001b) proposed a model to explain the dependence of the joint 

fracture with bond thickness. According to their stud~'. this dependence is due to 

a competition between two fracture mechanisms. Linear increase of toughness with 

thin adhesive bonds is explained by the high constrained from the adherends ""yhile 

for thick bonds. it decreases clue to the blunting of the crack tip '\yith increasing 

load. 

2.4 Actual marine applications 

Before adhesive joints were considered to connect structural elements in ships. ,\yorks 

,\wre carried out in the 1980's on the possibilit~, to use adhesiw for crack repair. 

The interest is that it is cost effectiw and can be used in a straightforward manner 

compared to welding. (Allan et a1. 1986) haw inwstigated the possibility to bond 

high Young's modulus patches (steel and carbon fibre) to (Tacked aluminium ship 

structures. Fatigue test ,\yere carried out on different configurations of patches '\yit h 

different adherends and adhesives. The method \\'as prowd to be useful '\yith high

light of need of good surface preparation. Steel patch ,\yas s11myn to haw a better 

fatigue life than carbon fibre one and concerning patch design. it was suggested that 

tapering the aclhesiw is more efficient than tapering the plate itself. (Graboyac. 

Bartholomeusz &: Baker 1993. Graboycl(' 2003) haw used carbon fibre composite 

materials as a reinforcement of an aluminium superstructure prone to fatigue in

duced cracking. They shm,'ed that the reinforcement \yas still in place and that no 

furt her crack propagation occurred in a 7-~'ear period. 

Aclhesiye bonding has been inwstigatecl shipbuilding and offshore applicCltions for 

more than a decade. Early studies were nlClcle by Uniwrsit~, of Glasgm\' to investi

gate adhesiye bonding as an alternatiw to welding for the attachment of structural 

stiffening. (Hashim et aL 1990) haw tested different possibilities of steel stiffeners 

bonded to flat plates. They concluded that adhesiyes haw the potential to be Hn 

alternatiw to welding for some structural connections in shipbuilding although it 

should not be a simple substitution. The adhesive bonding process can be imple

mented in shipyards. HowewL the authors outlined lack of data concerning joint 
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beha\'iour such as corrosion effects, creep behaviour of joints, fatigue life and crack 

propagation in adhesive bonds. 

(\Yinkle et a1. 1991) further developed im'estigation concerning adhesive bonding in 

m8rille elNironment. Ternperature and creep effects were studied. fatigue strengt h 

and marine environrnental degradation were assessed. Furthermore. their focus 

turned to bonding of sanchvich structures and dissimilar materials. Their conclu

sions were that 8dhesive offers the possibility to join a 18rge Yariety of materials used 

ill the marine industry. The)' out lined again the 18ck of long term performance and 

a concern with respect to strength at high temperature. COllcerning a more detailed 

8nah'sis of boneled joillts. the)' shcnved that strength llot only depend on adhesin-' 

properties but more on t he stiffness of aelherends. They therefore suggested that 

care should be taken in extrapolating data from small-scale analysis to large-scale 

one. They emphasized the importance of finite elemellt analysis of simple joint to 

quantify the stress lewl in larger structures. 

(Judd. Dodkins &.: ~laddison 1996) carried out an extensiw analysis of an adhe

siwl)' bonded aluminium structure for a 56-metre wssel. Anal~'sis included joint 

design. adhesive selection process. test programme. construction and facilities and 

the implication in terms of weight and costs. They concluded that adhesiw bonding 

'would offer a subsequent weight reduction and eliminate an)' distortion in the struc

ture. However. they emphasized the need to ('arr~' out more extensiw durability 

studies concerning adhesiw joints and reckoned the possibilit~, to further optimise 

t he scantling and building processes. Like (\ Yinkle et al. 1991). they highlighted the 

limitations of anal),tical tools to evaluate stress in bonded joints and pointed out 

the interest of finite element anal)'sis to analyse different joint configurations. 

(Hashim 1999) presented an experimental and numerical programme carried out 

at the University of Glasgow on thick steel aclhesiw joints for shipbuilding. For 

adhesive selection procedure. tests such as shear strength and eleen'age tests were 

considered to be useful to compclre different products. Environment al degradation 

was studied and it was shown that loss of joint strength \vas about lOS{ per year in 

marine environment. It was also pointecl out that it is difficult to correlate result::; 

obtained in laboratory conditiolls anel those obtained in a real em'ironment during 

a relevant period of time. For the use of anal~,tical or numerical modelling methods. 

it was suggested to use beam theor~' with a suitable correcting factor to assess stress 

and deflection of longitudinal elements aclhesiwl)' bonded. Closed-form and finite 
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plement analysis ,yere considered to be reliable design tools to assess local stress in 

simple and complex bonded structures respectively. 

(Hashim &: Knox 1999) carried out an extensiw work on the design of joints with 

thick aclherend and epox)' aclhesiw. They considered hvo dpsign concepts: cloublp 

butt strC1p joint with composite adherencls and steel straps and shell-to-frame joints 

\lncler t ensile loading. They conclndecl that the strengt h of the joints depended on 

the geometry of the substrate (thickness C1nd design) and identified critical zones 

prone to stress concentration at the interface of the adhesi,'e and the composite. 

(Hashim &: h"llOX 2004a) also inwstigC1ted the 1 JE:'bayionr of other joint design ,\'it h 

thick aelhereucl. The)' presented three case st\ldies ,,·here they investigated the in

fiueuce of joint tapering. the nse of thick cOlllpo~ite aclherencls and the beha,'iour of 

joints at high temperature. From this stuck they concluded that joint design can be 

more important than the materials used. The)· also ,·alidated the creep resistance 

of bowled stiffened panels under fire conditions. 

Recmtly. the BO.'\DSHIP programme (\Yeitzenbock. ::'dcGeorge &: Osnes 200.Ja. 

Rolaud . .\lanzone, Kujala. Brede &: \Yeitzenbock 2(04) aimed to promote adhesiw 

bonding in European ship)'ards in order to reduce production and operating costs in 

shipbuilding. '\lore specifically. work was carried out on adhesiw modelling (\Yang. 

:-Iicth &: Capeletti 20(4) and the design and construction of an aluminium super

structure that is reported by (Cantril!. Kapadia &: Pugh 2004). 

2.5 Summary - Motivations 

The preyious sections were dedicated to the presentation of the state of the art 

concerning the assessment of adhesiw joints for structural applications. This en

compassed the evaluation of stress distribution ,,·ithin the adhesiw bond of perfect 

joints and the assessment of damaged joint assemblies yia a fracture mechanics ap

proach. From this anal)·sis. fe,\' comments can be done concerning certain issues: 

• An extensive work has been carried out in the past decades on linear and n011-

linear analytical solutions to assess stress and strain distribution in adhesiw 

bone!. Nonetheless. except in the work b)' (Bigwood &: Crocol11be 1989). none 

of them alluws complex loading or load applied em cOlllplex joints. This Celn 

only be done using numerical analysis such as finite element . 

• Because the use of aclhesiw teclmolog)· '\"(1S mainl)· limited to the aeronautics 



CHAPTER 2. LITERATURE REVIEW 

industry, that considers thin f:iheets. few studies have been carried out on the 

behaviour of bonded joints 'with thick aeIherends. 

• ~lost of the adhesives involved in the researches presented above exhibit rigid 

material properties with Young's modulus bet\yeen 1 and .s GPa. Indeed. 

hardl~' any adhesive with semi-rigid and non-linear material properties h8w 

been considered to date. 

• Some resemch has been cmried out on the influence of adhesi\'e 18~'er on t bp 

strength of adhesive joillts but for a limited range of thickness: up to 2 mm. 

This is due mostly to the fact that mllwsiw technolog~' has been identified 

wit h aeronautics industry that ilchiews a high lewl of tolerance 8nd quality 

assurance that the shipbuilding industry is not capable of without considerable 

expenses. Also as in the caf:ie of thick aclherencls. high adhesive thickness 

illlplies a bending moment harmful for the joint. 

• Strictly speaking. analytical methods to assess stress/strain distribution "'mdd 

be no longer valid in the case of large adhesiye thickness. It is therefore 

necessar)' to understand the mechanism of failure and the behayiour of joints 

with high thickness with all other tool other than dosed-form solution. 

• The studies carried out on the influence of adherend materials on the fracture 

toughness of adhesiw joints only consider adherend "'ith same stiffness and 

results a\'ailable are usuall~' contradictory. 

• Few works h8ve im'olved the stud)' of complex joint designs whereas an ex

tensive \\'ork have been undertaken on simple lap joints \yith various materials 

and under various conditions. 

• Many researchers haw outlined the lack of long term data either under c-jy

namic loads or environmental degradation. This. implying a lack of general 

guidelines or design rules. explains the 101\' enthusiasm of designers to use such 

a technolog)' as a structural fastening met hod. 

• Generall)' speaking. very fey\' works haw been published regarding the ana1\'

sis of large adhesively bonded structures in a marine em'ironment considering 

a combination of methods such as stress/strain 8pproach and a fracture me

chanics approach. 

The following eha pt er will highlight t he current weaknesses t ha t ,,'ill be addressed 

in t his study and \yill explain hOlY t he research \yill be dewloped in order to fill the 

actual lack of knowledge in this dOll1ain. 
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Figures 
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Figure 2.1: Different concept of stress analysis in adhesive bond: (A) simple analysis . 
(B) Volkersen 's analysis 
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Figure 2.4: Fracture modes 



Chapter 3 

Background 

3.1 Introduction 

In order to consider the possibility of using the adhesive bonding technology in (1 

marine context. it was necessary to choose a structure to \"alidate this concept. From 

a production point of yie,\". the structure had to be large enough to get rele\"ant dat a 

and results in terms of tolerance and costs that could be extrapolated or compared 

to future ,,"orks. Hence. from an analysis point of view it would lead to realistic 

stress lewIs. 

3.2 Case study 

The case study enyisaged here for this analysis is the superstructure of a 34-m ship 

proposed b!" VT Halmatic (UK). partner ,,"ith the Uniwrsity of Southampton of the 

BO:\DSHIP project (Bonclship 2003). This project. funded b~" the European Union 

during the period 2000<~003 aimed at promoting the use of adhesiw bonding as a 

structural fastening technique in the European shipyards. 

The superstructure comprises of four principal units and a mast as shO\\"n in Figures 

3.1 to 3.2. Each unit consists of aluminium extruded box sections. The indi,"idual 

units are assembled (1S grid ,,"ark and then brought together to form the unit-to-unit 

adhesively bonded butt strap connections. The whole assembly is then adhesiwl~

bonded on the deck of the ship made of steel. This adhesion technique enables an 

easier and faster assembly process im"oh"ing less hea"y tools (C811trill et al. 2004). 

All the specimens tested and studied thereafter were chosen, designed (1nd manu

factured by VT Halmatic. 

,)..., - { 
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3.3 Adherend Inaterials 

The material used in the framework of the superstructure are the following: 

- ~'1ild steel. 

Aluminium alloy S083 series 6082 extruded box section. 

- Aluminium alloy S083 series plates. 

28 

On one llRnd. mild steel is used in the primary structure of the ship and in this 

respect represents the deck on which the superstructure is put on. On the other 

han(l. aluminium alloys are used for structures above the deck of the ship as the.\· 

presellt a higher strengt h to weight ratio than steel. The reason for these materials 

to be chosen \\'as because they represent typical materials used in marine industr.\· 

and specificall~' in the superstructure mentioned in the pre\'ious section. Aluminium 

allo~'s Sx..x..x series haw a high corrosion resist ance and al umini um alloy 6x..x..x series 

present good weldability and corrosion resistance that make them suitable for ship

building (Polmear 1995). 

:--Iechanical characteristics of these adherend materials are giwn in Table 3.1. 

3.4 Adhesive system 

The aclhesiw system represents not only the adhesiw material itself but also the 

associated surface preparation and primer if used. 

As mentioned in the literature renew m Chapter 2. there are different t~'pes of 

adhesiws. classified according to their mechanical behaviour: rigid. semi-rigid and 

flexible adhesiyes. In the case of the superstructure. considering a rigid adhesiw 

would lead to a structure to stiff, whereas a flexible adhesiw would not be strong 

enough to sustain the applied loads. Therefore. the intermediate solution of the 

semi-rigid adhesiw was adopted as it met the requirement mentioned abo\'e. 

The selected adhesiw is a Plexus product named ':-IA 550. It is a two-part methacr~'

late adhesive designed for structural bonding of thermoplastic, metal and composite 

assemblies. Kotic:e from the manufacturer indicates excellent fatigue endurance. out

standing impact resistance and a sen'ice temperature range from -55°C to + 120"C 

t hat corresponds to t he basic specific-a tions for a marine environment. Tests carried 
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out by Centre Technique d'Arcueil on the bulk adhesive gave the results presented 

in Figure 3.3 and Table 3.1 summarises its mechanical properties. Although this 

adhesive is considered as a rigid adhesive with a Young's modulus of 309 i\IPa. it 

(",111 be seen that linear portion of the mechanical behaviour is fairly restricted either 

in tensile and shear behiwiour. 

III order to ensure a stronger interlocking bet\\'een the adhesive and the adherends. 

a surface preparation was carried out based on manufacturer requirement for nOll

coated substrates (Cantrill et al. 2004). The aluminium and steel surfaces \yere 

illitially ground using an 80 grit di:-;c. The surface was then cleaned and degreased 

using ,m acetone wipe. A PCT?O primer from Plexus \\"as applied straight after 

to illCTea::;e the long-term strength of the bond after been exposed to the marine 

em"ironment. It was left to dry for five minutes before bonding. The adhesi\"e W8S 

il]lplit'cl b~' two different methods: a pneumatic gun and a i\Iix-Pro dispenser. The 

Plexus :\IA550 adhesive had an open time of 45 minutes and a cure time betv,een 1 

t and q hours at 23°C. hO\wver these times \yere considerably extended due to 8 

relativel~' cold working em"ironment. 

3.5 Butt strap joints 

For the butt strap, the adhesiw ,yas liberall~' applied on both surfaces for the sam

ples wit h the 1 and 3mm adhesive gap. Strips of wood were clamped along one of 

the base plates in order to locate the upper plate. The 1mm gap v,as set using 1mm 

thick washers spaced approximately 100m apart. Three stacked washers were used 

to set the 3mm gap. 

The 5 and10mm thick bond lines were sealed around the edges using tacky tape and 

the adhesive \yas injected through a series of holes. as shO\\"11 in Figure 3.4. Each 

hole was sealed off once the surrounding area of the cm'it~" \yas full. 

3.6 Double Cantilever Bean1 specin1ens 

For the DCB specimens. a 51mm debond area was fonned at one end of the plates 

using PTFE tape with adhesive backing a 111lm thick bond-line \yas formed using 

Imm thick washers at the corner of each plate Figure 3.5. The adhesiw \yas liberally 

applied on the plate. During the curing procedure a 25kg \\'eight was applied to close 

the joint in the middle of the plate. All surfaces were cleaned and prepared using 
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the technique described above in Section 3.4. 

3.7 Structural joints 

As mentioned in Section 3.2. stiffeners are designed as extruded aluminium box 

sections. Two different designs were investigated, namely: 

• Deck-to-superstructure joints. Figure 3.6: they represent the connection of the 

superstructure assembled in units that is bonded to the deck of the ship . 

• Unit-to-unit joints. Figure 3.7: they represent the connection bet\,'een each 

ullit as defined ill Section 3.2. The extruded aluminium box sections are 

bonded as butt str8p connections. 

The reason behind t he choice made b~' the shipY8rd of such frame design "'as that 

it \wmld l~'ad to less complex welding of joints during the f8brication phase. The 

steel-to-aluminium joints \wre 1118nuf8ctured in 500111m lengths and cut into 80 llllll 

lengt hs for testing. The surface preparation and bonding application v;ere follmyecl 

as described in Section 3.4. with the aluminium box section being clamped against 

the side plate and steel box section during the curing process. The aluminium str8p 

\yas 8ttachecl after the main joint had been manufactured. The joint design specified 

that 8 nominal 3 mm adhesive thickness was required bet\yeen all bonding surfaces. 

This thickness \",as 8chievecl using pol)'et hylene tile spacers. \yhich happened to 

he 3 mm tlliclc The manufacturing procedure for the aluminium-to-almuinium 

connection \yas the same as for the steel to aluminium connection. Figure 3.8. but 

\n~re n18de in 1150 mm lengths. 

3.8 Summary 

This chapter has presented all the elements necessary to the understanding of the 

present study such as the adherend materials, adhesive system and different joint 

designs that \,'ill be referred to in the following chapters. Based on this data, the 

next chapter is going to expose the methodology adopted to investigate adhesive 

bonding in a marine environment. 
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Tables 

Adhesive Al 5083 Al 6082 Steel 
E (MPa) 309 ± 42 71000 69500 200000 
~)02 (l\1Pa) 145 310 205 
Rm (MPa) 14 300 340 600 

Table 3.1: ~1echanical characteristics of adherend and adhesive materials used in 
structural joints. E: Young's modulus, 140.2: yield strength, Rm: ultimate strength 
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Figures 

Figure 3.1: Patrol craft and ship superstructure. 

32 
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Figure 3.4: Inj ection of ad hesive for the butt strap joint \\" ith 5 and 10 111m adhesiw 
bond 
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Figure 3.5: Plate for the double canti lever beam specimens 

Figure 3.6: Deck to superstructure st ructural joint 
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Chapter 4 

Methodology 

4.1 Introduction 

As puinted uut in tl1(' literature revie\\". there is a lack of understanding concerning 

t he nsf' of Cldhe::;iw bonding for large structures \\-ith thick adherends and relatiwl~

thick adhesiw (more than 1 mm). especially in a shipbuilding environment. Specif

icall~-. knO\dedge needs to be enhaIlced in t he following areas: 

• The influence of adhesive thickness variations at large scale (typically 1 to 10 

mm) and the influence of environmental degradation on the strength of joints. 

• The influence of different metallic ad her ends of relatiwly high thickness. (typ

ically 3 to 6 mm) in the strength of joints. 

• The mechanical behaviour of large structural adhesiw joints typically used in 

shipbuilding. 

• The integration of both a fracture criterion and a strength criterion for the 

assessment of basic and structural joints. 

The present study seeks to address each of these aspects and to give some insight 

into the behaviour of adhesively bonded joints to be used in a marine em-ironment. 

The reason to cover such different aspects lies in the approach adopted to consider 

adhesive bonding in a global structure. The next sections describes the layout of the 

study and outline the key aspects that are going to be developed in the following 

study. 

36 
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4.2 Overall description 

The goal of this research is to advance knowledge towards a basic methodology for 

t he designer who wants to include adhesive bonding as a structural fastening tech

llique in the design of a ship. Figure 4.1 illustrates the the ow1'all approach on which 

the pres('nt study is based. 

The approach can be diyiclecl into thrpp parts. The first part is more concerned 

a bout decision making and design process than actual inwstigation. dealing with 

strmtural and joint design and selvction of aclhesiw. The second part deals with the 

srn'ngth anal~'sis of joints alld the third. \\'ith energ~'-b3sed analysis of the joints. 

HO\\'eyer. uwr311. t he philosophY t h" t \\'ill guide t his research is based on a .. global 

to local" approach lmt this step b)' step approach does not prevent these steps to 

be interrelated as it will be shown during this study. 

At an t~arlY st age. t he design dat a a\'aila ble are the global structural design. the 

materials to be used and the load specificMions. The structure is based upon a con

yentional all \\'eldee! superstructme of a 3c1l11 CustOl11S ~ Excise Cutter b~' Vosper 

Thol'll~'('roft. It consists of modular aluminium units bonded to each other and a 

steel base plate. Each unit comprised a \wlded aluminium 6000 series framework 

to \\'hich an aluminium honeycomb 5000 series cladding \\'as bonded to form the 

\\'alls and flooring. (Cantrill et al. 2004). The load specifications are deriwd from 

the High Sppecl Craft coe!e from the D:\,V rules (D:\,V 2001). 

Structmal joint s~'nt hesis \\'as carried out b~' Vosper Thorn~'CToft: it implies in par

ticular the specific;:1tion of the joint requirement and its functions. In this case. 

adhesiye bonding was chosen to transmit loads lwt\\'een units: load transmission 

was lllainly through compressi\'e and shear stresses at the ship to superstructure 

joint for hot h the baseline and hone~'Comb clad wrsions. The" range of feasible 

designs" stage in Figure 4.1 implied the choice of one design from a range of pos

sibilities such as T. 1. top hat and box sections. This choice is dictated b~' fHctorS 

such as co:-;t of the joint during production. it::; structural function. em'ironment al 

conditions aud maintenancc capabilit), during in-sen'ice conditions. In this case, the 

aluminium framework consist cd of extruded box sectiollS. the joint bet\wen units 

was based on a double butt strap joint design \yhile the joint between the steel base 

and the whole framework was also based on similar butt strap joint design. Figures 

3.6 and 3.7. 
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Then two questions must be answered that "will strongly determine the future study. 

The first is "Is the joint design a complex one?". If the answer is 1\0. then a sim

ple design leads to a simple stress-strain anah"sis with dosed form solutions e.g. 

(Goland 6.:: Reissner 1944. Bigwood 6.:: Crocombe 1989) and a limited experimental 

program. On the other hanel if the answer to the question YES. then a programme 

inYoh"ing finite element anah"sis and testing at small scale. should be considered. 

The results from the experimental progralllme could be extrapolated for the original 

design. In the present eelse. the joint designs are relatiwl~" simple but are included in 

a rather complex structure. h('nce an FE anah"sis and eln experimental programme 

were considered. Then. hOlll the complex design. a simpler one should be identi

fied as the generic joint design: here tllP designs being based on double butt strap 

joints. it is chosen to use the single butt strap joint as a generic joint design. Figure 

-±.J. This enables the strength assessment of the ndhesiw s~"stem. combining all 

the adherendmaterials found in the structural joints. For the energy based assess

mcnt. double cantileyer beams offered a conyenient mechanism to assess the mode 

I fracture toughness of the adhesiw. This design \\"as chosen for its simplicity and 

because mode I fracture \\"as considered more likely to occur in the joints: it is the 

most damaging mode for the structure. 

The use of closed form solutions for the stress anal)"sis is usuall~" limited by the 

geometr)" of the joint but also b~" restricting assumptions relating to adherend ma

terials. aclhesiw lcl~"er thickness and the stress distribution through the thickness of 

the adhesiw. In this respect. t he~" only proyide an indication of the lewl of stress in 

the Cldhesiw bond as most of them fail to account for zero sheRr stress at the edges 

of the joint. Huwewr. t his t~"pe of anal~"sis is relatiwl~" eas~" to set up and CRn be 

sufficient for preliminary sizing and dimensioning. 

The secane! question to be answered is .. Does the structure hRw load bearing ca

pahilities?". It is related to the cOl1lplexit~" of the joint. It is an important step as 

this \yill determine the type of adhesiw that has to be used. based on basic man

ufacturer specifica tions. If t he joint is designed for aest hetic purpose and carries 

litt Ie load. then a flexible aclhesiw could proye to be sufficient. On the ot her hand. 

if the joint is designed to C'nrr)' a significant load. then a rigid adhesiw needs to 

be considered. The main characteristics of the rigid adhesiws are a high material 

stiffness and relatiwly low strain to failure (t\"picall~" 2-5%). Flexible aclhesiws. 

on the other hane!. tend to be more compliant ane! non-linear in their stress-strain 
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behaviour. Ideally. a comprelwnsi\'e screening test programme needs to be carried 

out to select the most suita ble adhesiw s)'stem for the structure. but this was not in 

the scope of this study, III this case study, an alternative solution to rigid and flexi

ble adhesiws was adopted. choosing a semi-rigid adhesive to achieve a compromise 

between gap filling capabilities. strength and cost. It ,,'as also necessary to select an 

adhesive that \\'ould fall into t be tolerance lllargins 'wit hout too much loss of strength. 

Onc(' these choices han' been made t he assessment of t he adhesive behaviour is car

ried out. This includes the assessment of the bulk properties of the adhesive material 

such as the Young's aud shear moduli as \\'ell as the ultimate strength to failure and 

tl](' stress-strain lwha\'iom. Figme 3.3 5hO\\'s the tensile and shear beha\'iours of the 

adhesiw' used in thi" stuch' and Table 3.1 summarise" its mechanical properties as 

\\'ell as the properties of the adherends used. 

4.3 Field of investigation 

All the data presented pre\'iously giYes all the necessary input to carry out a study 

on generic and structural joints: these steps. described in the bottom part of Fig

me -1.1 are briefly presented in the following and \\'ill be developed in Chapters 5 to 8. 

The load response of the global model concerns the assessment of the load resisting 

capacit), of the superstructure defined in the vcr)' first step of the chart. The re

quirements of the structure are its abilit), to \\'ithstancl a certain leyel of hydrostatic 

and hydrodynamic externalloClding defined b)' regulator~' bodies (D::\V 2001). This 

should identify load transfer mechallisms and the inherent high loaded regions that 

need further detailed studies. 

The structural joint models deal with the load transfer and failure mechanisms at 

generic connections identified in the globCll model to be critical in terms of stress. 

The load input and boundar\' conditions for this assessment are obtained from the 

global model. The nature of the analysis t~'pe is deriwd from the assessment of the 

joint clet ail. 

The local joint model deals with the anCll~'sis of the joint detail. T)'pical considera

tions at this level include topological dimensioning, nwterial choices. anal)'sis t~'pes 

and failure mode. This analysi" is essentiCll in underpinning the scant ling choice 

and production process specification in terms of adherend surface preparation and 
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adhesive application. 

Then t he frame of the actual research is divided as follov,:s and developed thereafter: 

• Basic joint behaviour and assessment of adhesive system from both a strength 

and fracture mechanics approach. 

• Assessment of elwironrnent al degradation on the local joint design. 

• Structllnd clement: behcwiour of perfect joints and assessment of the stress 

state ill the aclhesiw bond. 

• Structural element: behaviour of damClged joints. 

From the design of a superstructure. structural joint desiglls are defined (see (Cantrill 

et a1. 2()04) and Figures 3.G and 3.7). The original design. Figure 3.G. was simplified 

to obtain a more basic experimelltal joint lllodel. Figure 4.2. The butt strap joint. 

Figure 4.3. will constitute the basic joint design on ,,'hich a parametric stud~' ,yill 

be carried out for the strength based assessment of local element. Chapter 5. To 

assess the adhcsiw' s~'stem from a fracture mechanics approach. Chapter 6. local 

elements are defined as Double Cantilever Beam specimens (DCB) made ,yith the 

different substrates presented earlier in Section 3.3. This first part ,yill proyide a 

database concerning the adhesiye s~'stem and a series of input for the assessment 

of non-damaged and damaged structured elements: mode of failure of the joints. 

mechanical behayiour and stress-strain assessment. critical fracture energy of the 

adhesive and joint sensitiyit~, to aclherend and adhesiw thickness. 

The assessment of a structural joint can be subdi,'ided into t,yO parts. The first part 

concerns the assessment and prediction of the strength of perfect joints through ex

perimental and numerical analysis. Chapter I. The second part is dedicated to the 

assessment of the tolerance to damage of structural elements \'ia a numerical anal

ysis, Chapter 8. 

A general analysis will provide data on the behayiour of large bonded structures 

in marine environment for future users. This will prm'ide a better knmdedge of 

adbesiye technology in general and on semi-rigid adhesive joints in particular. It 

"\Yill also serve to improw confidence for the design of ship structural components 

with bonded joints. 
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Figures 
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Figure 4.1: Flow chart presenting the general methodology adopted for the thesis 
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Figure 4.2: From the origimd st ructural design to the test model. not to sca le 
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Chapter 5 

Strength-based assessment of 
adhesive system 

5.1 Introduction 

Tbe preyious chapters defined the context of the study and the philosophy that will 

guide it. In order to justify the use of the materials presented earlier (Chapter 4. 

section 3.3) it is necessary to assess their combination as an adhesi\'e joint in terms 

of ultinwte strength in different conditions. 

During the preli111inar~' design of a structure the criteria are stress-based because the 

structure is assumed to be perfect and defect-free. It is therefore regarded as being a 

continuum. lending itself to stress-based calculations. The calculations at this stage 

can in\'olw relatively simple dosed-form solutions derived from analytical modeling 

as seen in references (Goland L: Reissner 194-J. Hart-Smith 19(3) among others. 

Hmwn'r. tbe more complex the geometr~'. the 1110re difficult it is for the designer to 

use these solutions. therefore other tools such as finite element anal~'sis must be used. 

An import ant aspect for t he integrit~· of an adhesiwl~' bonded structure is the influ

ence of adhesive bond thickness on the strengt h of the structure. Enyironments such 

as shipyards. tooling and experience are not ~'et sufficient to meet the low tolerances 

seen in aeronclUtics. This sometimes lrads to the nWl1ufactme of joints with thicker 

adhesive bonds than originall~' specified. as reported b~' (Cantrill et a1. 2004) and 

studies concerning these effects at sucb a scale are nne (Colak 2001). The design 

of structural joints presented in Chapter -J is based upon a double butt strap joint 

design as shown in Figures 3.G and 3.7. From that design. a more generic design can 

be extracted. Figure 4.3. Although this joint design is not strictly subjected to the 

same t~'I)e of load. sbip~'arcl experiellce sbO\wd that it \\'as at this location \\'here 

-JS 
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18rgc deviations from the llominal adhesive thickness could occur. It is therefore 

of illterest to qualify 8nd quantify the losses of material properties associated with 

these adhesive vari8tions. 

Also. one of the m8jor ch811enges faced when using structural adhesive bonding in 

indllstr~' is tbe understanding of clegr8dation due to environmental attacks. This 

clpgradation is due to a complex combination of damage of both the adherencls and 

the adhesive' itself as 'well as their interfacial zone that leads to uncertainty about 

tbe clurabilit~· of aclbesiw joints. 

In order to ellhance the clllr(lhilit~· uf adhesiw bonds. some chemical treatments 

for adherends are 8vail8ble and ine used extensively in the aeron8utics industr~·. 

Hmn'wL other industries. such as ::;hipbuilding. cannot afford such high quality sur

Llce prepamtion 8nd the process. in this case, has still to remain basic (Cantrill 

('t a1. 200.,1). Another important aspect for the integrity of an adhesiwly bonded 

structure made in a bostile em'ironment such as shipyard. is the influence of aclhesiw 

bond thickness on the strength of joints. 

The present chapter therefore aims to investig8te the influence of large scale vari

ations of adhesive thickness as ,Yell as environmental degradation on the strength 

of simple butt str8]) joints joining steel 8nd aluminium allo~'s aclherends through an 

experiment al programme. 

5.2 Experimental programn1.e 

The objectiw of the experimental programme is to characterise the strength and 

the mechanical beha\'iour of single butt strap joints and inwstigate the influence 

of different vcu)'ing bondline thicknesses and b)"grothermal 8geing on the joint be

haviour and mode of failure. This t)"pe of experiment has been carried out b~' various 

resenrchers (Adams et a1. 1997) on lap shear joints ,yith similar metallic adherends 

such as 81uminillm. steel. titanium or composite. Hmyewr. \'ery little data is avail

able on different joint geometries 8nd on bonding different metallic adherencls. 

5.2.1 Materials 

The joints considered are butt strap joints as presented in Figure 4.3. The butt 

strap joint consists of an 8111miniulll plnte «!!loy Al 6(82) and a steel (grade A) 

pl8te joined together with an aluminiulll strap (allo)" 5(83). These 1118terials were 
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chosen hecause they represent marine grade products that can be used in shipbuild

ing (Cantrill et a1. 2004). !\lechanicsl properties of these materials are presented in 

Table 3.1. 

The selected adhesive is a Plexus product named ~lA 550. It is a two-part rnethacry

late adlwsiw designed for structural bonding of thermoplastic. metal and composite 

asselllblies. Tests carried out by Centre Technique d'Arcueil (eTA) (Brede 2002) 

011 the bulk adhesive gave the results presented in Figure 3.3. The adhesiw has an 

awrage YOUllg'S modulus of 309 !\IPa and an ultimate strength of 12 ~IPa in dry 

conditions at 20°C. 

To lllallufacture the specimens. an aluminium plate (allov Al 6082, 500 mm x 150 

mll1) and a steel plate (SUO nllll x 150 mm), as main substrates, were bonded with an 

aluminium plate (allo)' 5083,500 mm x 80 mm). The following surface preparation 

,,'as carried out prior bonding. based on manufacturer's recommendations for non

coated substrates: 

• Aluminium and steel surfaces were ground, 

• Surfaces \wre acetone wiped to clean and degreased them, 

• Finally a primer PC 120 product from Plexus ,,-as applied straight after and 

left dried at least 5 min prior bonding. 

Four adhesive bond thicknesses vI-ere considered: 1 mm, 3 mm. 5 mm and 10 mm to 

necount for low tolerance that may be encountered in practice. The test specimens 

were then cut in strips of 25 mm in order to get similar specifications as in the 

standard test on lap shear joint (BSI 2002b). In the follO\\-ing, the 1-, 3-. 5- and 10-

111m adhesiw joints \yill be referred to as joints A, B. C and D respectively. The 

geometrical particulars for the joints are giwn in Table 5.1. 

The choice of such coupon test design \nlS dictated by ship design considerations 

for the integration of structmnl aclhesiw joints in the manufacture of a prototype 

of a superstructure for s patrol craft (Cantrill et a1. 2004). 

5.2.2 Ageing environment 

In order to inyestigate the effects of water 011 the joint behayiour, an accelerated 

ageing test programme \\-as carried out. T,yo ageing conditions were considered in 

accordance with the British Standard BS E::\ 29 1-12:1993 (BSI 1993): 
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• Specimens \-"ere immersed in a bath of distilled "vater for 3 weeks at 40° C, 

• Specimens were immersed in a bath of distilled water for 6 weeks at 40° C. 

The stcmclanl is relntiwly open in the sense that it leayes the possibilit~" to use 

different lewl of environmental degradation (relatiw humidity and temperature). 

The conditions mentioned n boy(' were chosen because distilled water ,,"as thought 

to be lllore dalllaging for the adhesiw bond than salt water (Albericci, cited b)" 

(Armstrong 1991)) but also for practical reasons as the leyel of the solution's salinity 

is tedious to keep steady (Earl 2001). The giw'n temperature was chosen because 

it accderatc's t he absorption mechanisms ""hile keeping the enyironment below t be 

glass transitioll tempernture Tg of the adhesiw (Kinloch 1990. Earl 2001): Tg for the 

aclhesiyf' used \"(lS 120°C. Also, it should be noticed that the joints were put in the 

bath so as to be horizontally immersed. the \"idth of the joint being in an horizontal 

plane. This latter point is of importance as some studies (Knox & Cowling 2000(1) 

lUI\"(' shm\"11 that the orientation of the joint during accelernted ageing can affect its 

durability. 

5.2.3 Test set up 

Specimens were tested in an 1nstron uniwrsal-testing machine. equipped with a 100 

k:\ load cell and controlled by an 1nstron 8800 controller, Figure 5.2. Tests "vere 

carried out up to failure of the specimen at ambient laboratory conditions 1 hour 

after being taken out from the em"ironmental chamber and Kiped. The rate of load

ing. const ant during t he experiment. is taken at 1. 0 nlln / min. 

Specimens were clamped with 40 mm of the main substrates between the grips of 

the rig. :\0 tabs were used, because unlike in lap shear joints the main bonded plates 

(AI 6082 and steel) are not eccentric. 

During the test. displacelllent of the cross head and corre.c;ponding load were recorded 

up to failure of the specimen. Crosshead displacement ""as considered adequate \"ith 

extensometer usage being l111neCeSScU)" because: (a) the thickness of the specimens 

was too large (6 mm of main adherend + adhesiw thickness + 5 mm strap ad

herend) and (b) although it "nlS possible to predict from basic principles that the 

overlap between aluminium aclberends should fail first. some samples started to fail 

between steel and aluminium making it impossible to set up an extensometer on the 

specnnens. 
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5.3 Test results 

The results are subdivided in three categories: un aged specimens, 3 week aged spec

imens (md (j week aged specimens. In each category. ultimate and residual strengths 

mere ()bsern~d and mode of failure \vas considered through the visual analysis of the 

iuterfacial failure of the joiuts. 

5.3.1 General observations 

Frolll Figure G.3 and Table 5.2. it \vas obserwd that joints A exhibit a higher ul

timdte IOCle! than the other joints \\'ith thicker adhesive bOllds. The ultimate load 

e!eCT(,dC;(,S (from 10 k:'\ to 7 k.'\) as the joiut becomes more compliant with increasing 

aclhec;iw thickness. Although the ultimate load carried b~' joints A to C is similar. 

the stiH'nC'ss is dearl~' decreasing with increasing adhesiw thickness. HO\\'e\'eL as 

can be uotic-eel from Figure G.4. loss of stiffness due to ageing is not as remarkable as 

the loss clue to increase of adhesiw thickness. It should be noticed that the degraded 

characteristics observed for joints B compared to the other joints are due to a poor 

manufclCture. Indeed. prior to testing. voids \wre observed in the bondline as shO\\'l1 

Figure 5.6. 

During the tests. it was obserwd that failure of the joiuts \vas brittle for small 

adhesiw thickness (ie 1mm) and was getting more progressiw as the bond thickness 

increased. In terms of failure modes. it \vas mainl)" cohesiw \vithin the adhesiw for 

thin adhesive bond \\"hereas for increasing thicknesses more and more interfacial 

failures zones \wre detected. Also. it was obserwd that \vith increasing adhesiw 

thickness. as the failure was much more ductile than for a thin adhesive la~"er. 

cracks could be seen not only initiating at the edge of the specimen but also at the 

midspan of the joints. It should also be noticed that due to a poor bondline. joint 

B exhibited poor mechanical characteristics due to the presence of voids in all the 

failed specimens. 

5.3.2 Unaged specnnens 

5.3.2.1 Load deflection curves 

The load deflection curves for joints A and C (see Table 5.1 for nomenclature) are 

shmvn to be wr~' consistent in terms of beh,1\"iour and ultimate load. Figure 5.3. 

On the ot her hand. joints Band D presented less C'onsistenc)" in both behayiour and 

strengt h. 
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A linear portion of the curye can be easily identified for joints A and B whereas for 

joints C and D. t he linear portion of the joint behaviour is much more restricted. 

5.3.2.2 General behaviour 

It was noticed that although failure occurred mostly longitudinally along the inter

face \\"itb either the lower or upper metallic adherend. it also initiated, during the 

loading process. transyersly from the middle of the owrlap length as shown in Figure 

5.5. The crack propagated as if the adhesiw \\"as ripped. sometimes symmetricall)' 

or onl)' in one side of the bond towards the opposite interface clue to the bending 

of t he specimens. This phenomellon. t bat \wakened the joint and accelerated its 

failure suggests a stress c:oncentnltion at the centre of the oyedap length where steel 

am] aluminium adherends edges face each other. 

For joillts B to D. permanent deformation \\"as obserwd in the aluminium strap as 

ShO\\'11 by Figure 5.5 (b) and (c). This permanent deformation \yas less apparent for 

joints A Figure 5.5 (a). 

5.3.2.3 Failure modes 

Concerning the modes of failure of the specimens: 

• In the case of joints A, despite yoids in some adhesiw bonds. all failures oc

curred consistentl~' cohesiwl)' within the adhesiw: Figure 5.7 (a). It \\"as 

noticed that one of the fiw specimens failed bet\\"een the steel and aluminium 

adherends whereas the others failed het\wen the aluminium substrates. HO\\"

en'l" t his singular case result ed from a \wak bond c a used b)' the presence of 

a washer included as a spacer ,,'it hin the adhesiw bond. This mode of fail

ure between aluminium adherends occurs because aluminium is less rigid than 

steel. hence causing failure between the \wakest adherends. 

• In the case of joints B. failure "'as difficult to assess because of a poor (ldhesiw 

bond implying "large" zones v\" here adhesion did not occur. Indeed. this latt er 

was dotted wit h yoiels spread transwrsall)' \\"it hin t he joint as seen in Figures 

5.6 and 5.7 (b). Owr 6 specimens tested. 5 failed bet\\-een the two aluminium 

adherends Olle failed bet\wen aluminium strap and steel adherend. 

• For joints C specimens. failure occurred cohesi\-ely ,,-ithin the adhesiw for all 

the ~pecimens: Figure 5.7 (c). Ho\Yewr. the failure occurred wry close to the 
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adherend, usuall~' less than a millimetre from the adherend-adhesiye interface. 

Also, failure occUlTed both longitudinally and transversally through the t hick

ness of the adhesive see Figure G.5. Cracks initiated at the longitudinal free 

surface either purely trm1s\'ersally or diagonall~' towards the aluminium strap 

and starting to propagate along the adhesiw-aluminium interface. Hmye\'eL 

failure occurred usually before it could really propagate all along this interface. 

• Joints D presented GO SIc cohesive failure. Very smooth failure zones v,'ere 

obserwd compared to rough areas obserwd for the previous series of joints: 

Figure 5.7 (c). As for joints of class B. transwrse failure through the thickness 

of the adhesiw \\',IS observed. Figure G.5 (c). 

5.3.3 3-week aged speciInens 

5,3.3.1 Load deflection curves 

As for the unaged specimens. the load deflection cur yes of specimens A and B 

present (\ linear portion followed by short non-linear zone leading rapidly to failure. 

see Figure 5.8. The joints C and D exhibit a non linear behaviour during all the 

quasi static loading process. In terms of ultimate load, as shown by the lmv standard 

cl('yiation in Table 5.2. the results are still wry consistent except for the joints B. 

5.3.3.2 Failure modes 

Specimens ,yere tested an hour after being remowd from the bath and dried \\'ith a 

rag. A la~'er of rust "'as observed on the metallic parts indicating corrosion of the 

immersed st eel. 

• Joints A shove a similar pattern of cohesive failure as the unaged specimens. 

Figure 5.9 (a), suggesting a similar load transfer when the joint is loaded. 

~o presence of water was found wit hin the adhesive bond: however one of the 

specimens presented part of adhesiw failure at the edge of the joint suggesting 

damage from ·water. The spe,Y fillet observed at each edge of the joints seemed 

to have prevented ,Yater hom penetrating the adhesi\"e bond. thus strengthen

ing the joint. Four joint failures were of t~'pe III bet,Yeen the aluminium strap 

and the inner aluminium adherend and one failure \\'as of t~'pe II between 

the steel adherend :md the aluminium strap as presented in Figure 5.10 and 

defined by (Adams et al. 1997) p 63. 

• Failure mode of joints B was difficult to assess because of a poor application 

of the adhesive, implying a poor adhesion. Figure 5.9(b). Large \"oids in the 
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bond ClllolVed water to dClmage the interface between adhesi\"e and adherend: 

a combination of corrosion and water itself thClt seemed to have dissolved the 

primer inducing premature failure of the joint. It was noticed that for the 

joint that failed mainl~" acllwsiwly between the adhesiye-primer system Clncl 

the steel. uo spe\\" fillet \\"as CJbseryed at the edge. 

• All specilllens of class C presented a slllall spe\\" fillet at the edge of the adhesive 

bOllc1 Clnd Clll failures occurred behYeC'n the Cll umini Ulll strap and the st eel 

acll1C'rencl Figure 5.9 (b). One specilllen fAiled almost completely adhesiveh". 

\\"hen failure occurred cohesiwl:',. the pattern WClS close to the interface, similar 

to a jOillt \\"ith 1 nUll Cldhesiw thickness: tIle adhesive acted as a sanch\"ich 

core bet\\"t'en 2 metallic substrates. Also. ClS in the case of the unaged joints. 

failme occurred bot h longitudinall~" and trauswr:-;ly through the thickness of 

the Hcllwsiw. 

• Failure of the dass D specimens occurred mainl~" adhesively (between 40 and 

90 7c of the bonding area exhibited adhesive failure). Figure 5.9 (c). \\~here 

cohesiye failure was obseryecl. it \\"as dose to the interface with one or the 

ot her adherend. This is possibly due to a poor surface preparation on the 

steel adherend because the surface of the steel did not appear to be wry 

\Yell ground and sometimes hardly any primer \\"as obseryed on either steel 

or aclhesiw. Failure was also obserwd to initiate transversly through the 

thickness of the adhesiw. 

5.3.4 6-week aged specnnens 

5.3.4.1 Load deflection curves 

Figure 5.11 presents the load deflection curw of the batch of specimens tested after 6 

\weks of ageing. As in the preyious cases, the joints presented a good consistency in 

their bellClyiour. although joints A shO\\"ed Cl higher sCCltter concerning the ultimClte 

load. 

5.3.4.2 Failure modes 

Silllilarl~" as for the 3-week aged joints. a la~"er of rust was observed on the metClllic 

parts consequently to the corrosion of the steel adherend under \"Mer. 

• Joints A showed a similClr mode of failure as presented in Figure 5.12 (a). 

Presence of the fillet seemed to haw prewnted damage due to wClter except in 

one case -where adhesiye failure occurred: the presence of a spacer and absence 
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of a spew fillet probably nllowed the water to corrode the steel interface in this 

ca::;e. thus weakening the joint. Fnilme was of type II nnd III as previously 

defined. 

• For joints B. two of the specimens presented a cohesive mode of failure together 

with n relativel~' good strength. Fnilnre in the fillet 'was of type II for both 

samples. However. other samples \\'Pre of poor qunlity due to water ingress 

through voids in the bondline. Failure occurred hetween the nluminium strap 

nnd nluminium inner aclherend in four out of five cases. Figure 5.12(b). This is 

explained beca use the bonclline \\",1:-; probablY poorer between the aluminium 

Hclherenc\s than bet\\"een the nlul1linill111 strnp nnd the steel ndherend. iIlllJl\'ing 

premature failure in this zone rather than in a zone where corrosion has not 

~'et o('clllTed. 

• The joints C were shown again to have cohesive failure close to adherend as in 

the ca::;e of a thin adhesive layer Figure 0.12 (b). Transyerse cracks initiated 

through the thickness of the joint as preyiously noticed. Infiuence of a small 

spew fillet was not remarkable as alteration of the interface at the edges of 

joints \\"as observed: dark line as circled on Figure 5.12. 

• Joints D presented a similar 10c11s of failure to the 3 week nged senes \"ith 

mainl~' adhesive failure. Figure 5.12 (c). This \\"as due to a poor surface prepa

ration of the steel adherend and permanent deformation of the aluminium 

strap. In some of the ::;pecimens. failure initiated both bet\\'een the steel ad

herend and the aluminium strnp on the one hand and the aluminium inner 

adherend and the strnp on the other. This phenomenon \\"as emphasised b~' 

the presence of gnp in the middle of the over Inp of the joint that nppenred 

during the application and curing process because of t he pnrticularl~' large 

thickness of the adhesive Inyer: Figure 5.13. Fnilure through the thickness of 

the ndhesive \\"as also observed as preyiousl~' noticed for other specimens. 

5.4 N urnerical modelling 

Observations from the experimentnl programme shm\'Pd a series of aspects that needs 

furt her consideration. Among these critical points are the infiuence of adhesive 

thickness in the failure mechanism of the joints. the iufiuence of geometrical 11011-

lineari ties and the infi uence of ma t erial non-lineari t ie'S. Indeed. it \Yns shm\'11. Figure 

5.5 (b) and (c) that significant permanent deform c) tion occurred in the adherend 

\\'hile adhesive t hickllcss increased. Also. the shenr and tcnsile properties presented 
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subsequent non-linear beha\'iour. Therefore a finite element analysis was carried out 

to investigate the infiuence of these parameters. 

5.4.1 Finite elenlent lllodel and boundary conditions 

The model considered is a butt stnll) with 2-D 8<'\ocle structural solid elements from 

A:\SYS ]l8ckage as presented Figure 5.15. The element is defined by eight nodes 

haying two degrees of freedolll at each node: translations in the nodal x- (lLx) and 

y- Il,! directions. TIlP adhesiw is a:ssumed to be isotropic and the analysis done in a 

phllle strnin conditioIl. 

TI)(' geometry 8nd t he finite elelllt'nt models ,,'ere the same in the three cases. The 

first case considers the adhesi\'e to haye linear material properties. the second case 

includes geometric non-linea.rities and the third one considered the 8dhesiw to haye 

non-linear material properties. In t he non-linear case. t he numerical anal~'sis \\"as 

pprforllled using a Hl1llti-linear ela:stic lllethod: this method describes a conserYa

tiw response in which unloading follows the same stress-strain path as loading (ie 

"'ith no hysteresis effects) p(:uticularl~' suitable to model non-linear elastic materials. 

The boundary conditions 1118tch as closely as possible the conditions encountered 

during the tests and a.re described as follm\": the degree of freedom U.T and uy of the 

first four columns of nodes on the left main plate (steel) are blocked to represent 

the clamp. The last four columns of nodes on the right main plate (Aluminium) 

are constrained in the uy direction onl~' and constrained to move together in the u~. 

direction. 

5.4.2 Convergence analysis 

Before any anal~'sis of the aclhesiw stress should be carried out. a sensiti\'it~, anal

ysis to the mesh density has to be done in order to shm\' conyergence of the model 

towards a single solution. Two criteria. \\"pre chosen to check the convergence of the 

results. The first one is stress based. as the main focus of t he anal~'sis is the stress 

in the adhesive bond of the joint. The second one is based on the stiffness of the 

model. The reason for having a second criterion is to cross check the first result 

as the stress analysis showed that a singularit~, occurs at the horizontal free surface 

portion of the bond line, making difficult a sensitiyit~, anal~'sis based on stress yalues. 

The stress-based cOlwcrgence criterion 'was check on joint A (1 mm adhesiw thick-
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ness): the nOn1wl cmd shear stresses along a line of em arbitrary 4 mm dose to 

the gap of the joint (Figure 5.16) vyas computed for an increasing number of nodes. 

hence lllullller of degree of freedom. Figure 5.17 shOl\'s the evolution of both stresses: 

it can he seen t hat be~'ond 900n nodes in the model the results converge for both 

the peel and shear stresses. As joint A has the thinest bond of the four joints the 

singularity at the gap is most pro1101111cecl of the fom joints. hence it is assumed that 

a conyergcnce is met for the following joint B. C and D. 

For the cross check \\"it 11 the stiffness yalues. the sensitiyity anal~'sis was carried 

out in two steps: in fir,.:t i11stance. an anal)"sis was made YMying the mesh densit)· 

through the thickness of the Clcl11csiw cmd a second analysi:-i \\"as made varying the 

mesh density along the OWrlclj) of the joint. Tables 5.3 to J.G summarise the \'ariation 

of stiffness due to the llle,.:h density of the aclhesiw bonel. It can be seen that the 

stiHness is insensitiye to an increase of elements along the OI"erlap whereas it is 

slightl~' sensitiw to a mesh yariation through the thickness of the adhesi\·e. 

5.4.3 Load displacelnent behaviour 

First of all. to assess the range of yalidit)· of the three methods used. the load

displacement results of the three models were compared to the experimental load

displacement curws for joints A to D. Figure 5.1S. 

5.4.3.1 Linear model 

For joint A the linear model fits with the experimental curw up to 7 k:". For joints 

B to D. the linear portion is more and more restricted yielding to a poor agreement 

b('t\\"("e11 the linear model and the experiment itl results. 

5.4.3.2 Geometric non-linearities 

Titble 5.7 presents the diHerent stiHnesses of the butt strap joints modeled with 

linear material properties and including geometric non-linearities. It can be seen 

that except for joint C. including geometric non-linearities results in stiHer models 

than those \,,"ith purel)' linear adhesiw properties. The stiHness is higher because 

taking into account geometric non linearities will make the displacement smaller for 

a given load and then will give stiHer results as sho\\"11 b)" (I\ arasimhan. Shenoi &:: 

Jeong 2004) in the case of single lap joints. 
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5.4.3.3 :Material non-linearities 

For this modeL load was gradually applied to each model up to 8.1 k"\1 with 30 

lond increments. Each load increment was subdivided into a sufficient number of 

sub-steps in order to obtain cOllwrgence of the results. Corresponding displacement 

of a node picked at the nodal force position \yas recorded. 

Results are presented in Figure 5.18. Each experimental curve presented here IS 

represellt(1tiw~ of the corresponding batch of samples tested. 

It is ohserwcl thnt in the case of joints A and B. the numerical model and the exper

imental data are ill good agreement. the joint B rpsults matching ver)' closely with 

the experiment. For joints C and D. it is obsrryed that numerical and experimental 

results do not match as closely as for thinner adhesiw la~-er. Results agree up to 4 

k:\' in the case of joint C and up to less than 2 k:\ in the case of joint D. Hov,-eYer. 

these results although being less accurate than the pre\-ious ones. give consistently 

stiffer results compared to the experiments. 

5.4.4 Stress in adhesive bond 

5.4.4.1 Linear model 

Aclherend and adhesiw materials present linear mechanical properties and each se

ries of joint \yas modelled according to their awrage geometrical dimensions Table 

5.1. Hmyc,'ver. the experiments shm\-ed that significant deformation occurred during 

t he test due to t he aS~'mmetr)- of the joint. This strongl)- suggested the need to 

include the effects of geometric Ilon-linearities in the model. Also. as most of the 

specimens exhibited failure close to the bottom interface. the stress \vas taken as 

close as possible to this interface of the joint. Figures 5.19 and 5.20 shm\- the peel 

and shear stress at a distance ~o a\vay from the bottom adherends (steel and alu

minium) for different adhesiw thicknesses at a loadlewl of 8 k:\. This load level \\-as 

chosen sufficiently away from the portion of linear behaviour of the joint in order to 

shu\\" the difference between purel~- linear model and the model including geometric 

non-line21ri ties. 

The shear stress profile is t~'picall~- one found in single and double lap shear joint 

studies (Adams et 211. 1997) and (Goland &:- Reissner 19--1--1). The butt strap joint can 

be seen as a combination of two single laps. The shear is constant along the adhesive 

bond and peak stress values occur at the edges. In this case. a high shear gradient 
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is observed in the middle of the overlap due to a geometrical singularity. The peel 

stress profile is slightly dis::;imihu to the one in lap shear joint::;: there is still a 

compressive zone around the edge of the main adherellds (steel and aluminium) but 

not at the edge of the strap. It is is noticeable that the magnitude of the peak of peel 

::;tress is far be~'ond tIlt' ultimate tensile strength of the adhesive itself, hmwver this 

peak is due to the mctterial discontinuity observed in this region. This phenomenon 

is then corrected when the effects of geometric non-linearities are included. A lovyer 

,mel lllore realistic peel stress lewl is obserwd close to the gap, \yhereas the trend 

nnc! nwgllitude remain unaffected elsewhere. Also. hardl)' any change is observed in 

the sll(-'()r st ress profile. 

5.4.4.2 :Material non-linearities 

The stress profile in the adhesiw la~'er is presented in Figures 5.19 to 5.22 for normal 

and shear stress. The graphs present the stress at the middle of the adhesiw la~"er 

,mel at a distance l(~J from the bottom adherends. 

The peel stress generally decreases \"ith increasing adhesiw thickness: a peak of 

stress is obserwd at 22 ~lPa for 1 mm aclhesiw thickness and 12. 7 ~lPa for 10 mm. 

Hardly any difference is obsen"ed bet\wen the stress profile at the bottom interface 

and the one at the middle of the adhesive la~"er except a peak that occurs at the 

edges of the joint in the case of the bottom adhesiw la~"er. This peak is noticed to be 

higher than the one at the gap position in tl1P case of the 10 mm adhesive thickness 

joint. A slight iIYlb(llance is observed that is more accentuated for relatiwly small 

adhesive thicknesses (1 and 3 mm). A drop in the stress is also noticeable at the 

middle of the OHTlclP \"here a free surface occurred elt the gap between the main 

steel plate and the main aluminium plate. 

For the shear stress. the profile is noticeabl~" different depending on ,,"bether it is 

calculated near the bottom interface or at the middle of the adhesive. Howe\'er. the 

lewl of stress remains of same order of magnitude bet,,"een 1 and 10 mm of adbesi\"e 

around 7 MPa. The profile is similar for the bottom interface and middle adhesiw 

layer in the case of 1 mm adhesiw thickness \\"ith a high gradient in the gap area. 

This gradient remains \,,'hen ac!hesiw thickness increases. \\"hen the interface close to 

the bottom interface is considered but is smoot bened in the middle of the adhesiw 

and drops tmvards the gelp. 
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5.5 Discussion 

5.5.1 Influence of adhesive thickness 

From Figme 5.1-1 (a). it is obsl~rved that the shear strengt h decreases almost linearly 

wit h adhesiw thickness (a 99 <;C. correlatioll being fonnd). This is justified because 

of the poor adhesiw bond obsen·ed for these joints that biased the results. Loss 

of strength is comparee! to the strollgest joint v,hich is the unaged butt strap with 

1-nm1 adhesive thickness (Joints A tclhle 5.1). The loss of strength for the unaged 

:-;pecilllens B (mel Care 12.1 7r. and 32.0 (7c respectiyply. A similar stncl~' was carried 

out h~' (Colak 2(01) who ObSP1"\'cd the effpcts of both adhesiw thicklless variations 

(mel epox~' composition on the strellgt h of steel rods bonded into a precast concrete 

pmw1. He condnded that the adhesiw shear strellgth \\'as dependent on the adhesiw 

forlllulation: while with a certain aclhesiye composition X. the shear strength would 

remain unaffected b)· the adhesiye t hie-kllEess. allot her composition Y \\'ould present 

more cOlllplex nuiatiolls. 

The bond thickness also influences the general behayiour of the butt strap joints. For 

the joints from B to D. permanent deformation \\'as obserwd in the aluminium strap 

as shm\'Il by Figures 5.5. This indicates that in addition to initial bending. signifi

cant peel occurs during the test. Small initial bending stress \\'as due to geometrical 

aclherend imbalance and the distortion induced by the welding in steel adherend as 

joints B to D had to h,we an additional plate \\'elded to the steel adherend because 

it was origin all)' to short. Ewn \\'it hout these discrepancies. plasticity would haw 

occurred in the strap: the series of butt stnl]) specimens \\'ith 1mm adhesi,'e thick

ness that meet the correct specification \\'ithout an~' adherend imbalance exhibits 

a small ClllTature of the strap shm\'ing start of plasticit~,. As sho\\'n b)' (Adams 

et a1. 1997) for the case of a double lap and double strap joints. the joint does not 

experience all)' net bending moment because t he loads are not eccentric. Hmwyer 

it experiences internal bending bet\wen the strap and the inner adberends. acting 

as local single lap shear. leading to a tensioll-compression phenomenon wit hin the 

adhesiw bond. This phenomenon is empha:-;ized in t he case studied because of the 

asymnwtry of tbe butt strap joint as the centre of inertia of the joint is not on the 

same line as the applied loads and its distance to that line increases ,\'ith increasing 

adhesive thickness. 

Figure 5.H (b) shows the yariations of joint stifflless \\'ith respect to adhesiw thick

ness. The figure shows a sharp decrease in stiffness at the first increment of thickness 
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(from 1 mm to 5 mm) then it still decreases but less sharply from ·5 mm to 10 mm. 

The peel stress magnitude in the adhesive layer of the butt strap decreases with 

increasing adhesiw thickness. Physically. when the adhesive layer is increased. the 

low modulus of the adhesive material predominates inducing a higher flexibility of 

the joint and thus 1o-w('r normal stresses in the adhesive bond. This effect is used 

in the design of peel-stress relief at the edge of adhesiw joints as mentioned by 

Hart-Smith in (Pocius &:: DillEll"Ci 2(02). HO\\·ewr. this predominance of the adhesive 

mnterials has thE' com"erse effect of decreasing the shear strength of the joints as 

ShOWll b~' the Figure o.l-l (n). Indeed. as the ae!hesiw is sufficiently thick. it could 

be treated as an .. adherclld" llwterial causing substaIltial aclllPrend mismatch. shear 

strellgth reduction allCI premature failure of the joint (Hart-Smith 1973). 

Also. as presentee! earlier. experimental results haw' sho\yn that trans,"erse crack

ing clearl~" occurred in the adhesive bonel. Figure 5.5. These cracks are due to the 

presence of a gap between the bottom adherends of the joints thus presenting an 

adhesive free surface. \Yhen the joint is loaded. the strap bends because of the 

eccentricit)" of the load path. causing the horizontal adhesive free surface to be torn 

apart. For the thicker adhesiye bonds (joints B and C). the crack has some ro0111 

to propagate during the test. This sometimes led to failure at the strap interface, 

Figure 5.5 (c). This is also true for joints A but is less apparent. Figure 5.5 (a) 

because failure occurred cohesiyel)" before the crack reached the opposite interface 

\\"ith the strap. 

The results in Figures 5.19 and 5.20 allow the deduction of the failure mechanisms. 

The figure suggests that failure initiating at the gap free surface is due to high 

peel stress associated with a high gradient of shear stress. Finite element analysis 

also showed (Figure 5.23) that the princip81 stress directions are horizontal at the 

free smface and at 45° near the corner of the bottom adherends confirming the 

ob:-;elTations of the experimental results. 

5.5.2 Influence of non-linearities 

5.5.2.1 Influence of geometric non-linearities 

Geometric non-linearities vwre considered because the as)"111111etry of the butt strap 

joint induced large rotations due to the internal bending moment. Taking these 

deformations into account in the model enable a reduction in the stress within the 
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adhesiY8 bond and to haye it at a more realistic level. It can be noticed that for 

joint A, the peel stress profiles are yery similar because no large rotations of the 

joint were observed. Except close to the gap. the peel and shear stress profiles of 

both models are similar for joints A to C showing that the large rotation of the joint 

affect a fairly restricted zone. For joint D. the shapes of the peel stress profiles are 

slight l~' different. suggesting that large deformations st art to affect a larger part of 

t h(~ joint. 

Figlll'e 5.19 emphasizes that inc:lnding the geometriud non-linearities has some sub

stential efI'pcts in the peak of normal stress whereas it cloes not affect the shear stress 

profile. 

5.5.2.2 Influence of material non-linearities 

The multi-linear elastic method used to model the material non-linearities prowd 

to be adequate for adhesive joints up to 5 mm. Be~'ond this limit, the experimental 

ancl numerical models are slightly divergent. One of the cause 'would be the large 

rotation of the joint due to the very thick adhesive bond. 

In terms of stress. by including the material non-linearities for the adhesiw a more 

realistic stress level is achieved. as the effects of plastic deformation are taken into 

account. The stress profilp is usuall:-' unchanged but peak \'alues are le\'eled. 

5.5.3 Influence of ageing 

Figure S.2.J shmvs the infinencp of ageing on joint strength and stiffness. In term of 

performance with respect to time. the highest strength '\\'as shown for the type A 

joints. Howe\,er, the type C joints (5 111m adhesiye thickness). though Shm\'11 to be 

slightl~' weaker than type A. did not present high decrease in strength \\'ith time. 

The loss of strength was of about 5 SIC for joint t:q)e C and IS YC for joint t:-'pe A 

after 6 weeks. Also. Table 5.2 shm\'s that. although the standard de\'iation of un aged 

sppcimens is consistent bet\\'pen each t\'pp of joints (OAI. 0.2:"\ and 0.57 for type A. 

C and D), it is globally inCTcasing with time (1.28. OA3 ancll1.21 respectivel:-' after 

G weeks). Indeed. after G 'weeks joints A present a higher scatter than type C and 

t)'pe D joints. Type C joillts shm\' <1n inCTpase of strength bet\wen 3 \\'eeks ane! 6 

weeks. That may be atributee! to a better ayerage quality of bond \\'ithin the speci

meIlS tested. Similar trends were obseryed b:-' Bre\\'is and cm\'orkers (mentioned b)' 

(Adams et al. 1991) p 302). 



CHAPTER 5. STRESGTH-BASED ASSESSMEST OF ADHESIVE 61 

Figure G.24 summarises the eyolution of stiffness of the joints 'with respect to ageing. 

Only a slight decrease is obseryed v,:itb increasing time. A similar trend was found 

by (Knox &:: Cowling 20000.) 'who noticed a plateau region up to 6 weeks and a drop 

of stiffness heading to an other plateau region up to 12 ·weeks. This decrease of 

tellsile stifi"ness can be explained b\" the aclhesiw that plasticises after being aged. 

III terms of failure lllPchanism. (Knox &:: Cmding 2(000) also noticed that failure of 

joillts cmlllot only be due to water ingress in the adhesiw and in the scope of this 

stuck Llilmc mode (lllal~"sis suggests that failure occurred yia interfacial degrRdation 

frolll ""<1te1". Indeed. Figures .5.9 and 5.12 shem" some shaded areas at the edges of 

the' .iOillts corrC'sponding to water ingress. Also. most of the failure (though not 

all) OCCUlTed at the int erface wit h the st eel adherend. ObserYations suggested t ha t 

failure \\"as not clue to corrosion since the locus of failure (Figure .5.9 and .5.12) does 

not shmy the presence of corrosion within the bondline area. This phenomenon \yas 

origillall~" explailled by (Kinloch 1990) who shmyed that in some cases corrosion is 

a post-failure mechanisrn. 

5.6 Conclusion 

This Chapter has focused on t\,yo mmn Issues concernmg adhesiye bonded single 

butt strap .ioints: the influence of the combination of water and temperature and 

large scale adhesiw thickness yariations on the strength and behayiour of the joints. 

From t his stud~". the following conclusions can be drawn: 

• Signifiumt strength and stiffness reductions occur ""ith increasing adhesiw 

thickness (up to 40 7c loss of strengt h and up to 80 7c loss of stiffness bet\yeen 

1 mm and 10 mm aclhesiye thickness). 

• The loss of strengt h is estimated to decrease linenrl~" ,,"it h respect to adhesiw 

bond thickness but a more complex behayiour is obseryecl \yith respect to time. 

Experimental results suggest interfacial degradation at the steel interface at 

the edges of t he joint. 

• The loss of joint stiffness IS not significant after 6 weeks in a bath of still 

\vater but can also be modeled ,,"ith a linear model with respect to time up to 

some extend. A more complex beha\"iour is obserwcl ,,"ith respect to adhesiw 

thickness. 



CHAPTER S. STRESGTH-BASED ASSESS_~IEST OF ADHESIVE G2 

• In terms offailure rnechanisrns, the finite element anal)'sis suggests that failure 

of ullaged butt strap joints is due to a combination of high peel stress and a 

high gradient of shear due to the presence of an adhesive free surface. 



CHAPTER O. STRE1\TGTH-BASED ASSESSMENT OF ADHESIVE 

Tables 

Joint ta a b c d1 d2 t steE.1 tAl t strap 

A 1 25 80 ISO 39.5 39.5 6 6 5 
B 3 25 90 150 49 40 5 6 5 
C 5 25 84 150 41 42 5 6 5 
D 10 25 83 150 42 43 5 6 5 

G") 
.J 

Table 5.1: Geometrical p<1rticular of joints. all dimensions in mm (nomenclature 
refers to Figure 5.1) 

Aclhesiye t hickne~:-; :\on aged Aged 3 ,yee ks Aged 6 ,veeks 
1 111111 9.79 ± 0.47 9.·52 ± 0.93 8.33 ± 1.28 
3 111111 5.40 ± 1.12 2.64 ± 1.31 -±.76 ± 2.52 
S 11Ull 9.83 ± 0.28 9.20 ± 0.63 9.31 ± 0.43 
10 mm G.88 ± 0.57 6.08 ± 0.31 6.39 ± 0.27 

Table 5.2: Ultimate load of butt strap joints ("alnes are in k~) 

:\ umber of elements :'\umber l\lodel stiffness .\ umber of elements :\umber ~lodel stiffness 

through the thickness of nodes [k:\/mm] along the owrlap of nodes [k.\ / l1ll1l] 
3 7058 19.81 20 3302 19.78 
5 7374 19.81 40 5134 19.78 
10 8094 19.80 60 6614 19.78 
15 8834 19.80 80 8094 19.78 
20 9574 19.79 100 9574 19.78 

Table S.3: Sensitivity of model stiffness to adhesive mesh densit~r for joint A. 
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:\ Ululwr of elelllent s :\ umber Model stiffuess !\ umber of elements :\umber ~lodel st iffness 

t hrollgh the thickness of nodes [k~ / mm] along the overlap of nodes [k:\ / 111m] 

:3 7058 12.94 20 3302 12.85 
5 7374 12.89 40 5134 12.85 
10 8094 12.85 60 6614 12.8·5 
15 8834 12.82 80 8094 12.85 
20 9574 12.80 100 9574 12.85 

Table 5A: Sensitiyity of model stiffness to adhesiye mesh density for joint B. 

:'\ umber of elelllent s :'\ Ulnber !\Iodel stiffness :\ umlJer of elements l'\umber !\Iodel st iflupss 

t hrollgh the thickness of nodes [k~ / lllm] along the oyerlap of nodes [kl'\ / mm ] 

:3 7058 9.94 10 3302 9.84 
5 7374 9.88 20 5134 9.84 
10 8094 9.84 30 6614 9.84 
15 8834 9.82 40 8094 9.84 
20 9574 9.81 50 9574 9.84 

Table 5.5: Sensitivity of model stiffness to adhesiw mesh density for joint C. 

:\ umber of elements Number l\Iodel stiffness :'\ umber of elements l'\ umber :'dodel st iffness 

through the thickness of nodes [kl'\ / mm] along the overlap of nodes [k:,\ / nUll] 

5 7374 7.48 20 5134 7.41 
10 8094 7.41 40 6614 7.41 
15 8834 7.38 60 8094 7.41 
20 9574 7.35 80 9574 7.41 
30 15774 7.33 100 ll054 7A1 

Table 5.6: Sensitivity of model stiffness to adhesiw mesh density for joint D. 

Linear model 
I\lodel with geometric 
non-lineari ties 

Joint A Joint B 
19.8 12.8 
20.6 12.9 

Joint C 
9.8 
9.5 

Joint D 
7.4 
8.4 

Table 5.7: Comparison of the stiffness of numerical models [k::\ /mm]. 
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Figures 
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F igm e 5.1: Butt strap geomet rica l and material specificat ions (not to scale) 

Figure 5.2: Butt st rap test setup 
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Figure 5.3: T~'pical experimental behaviour of unaged butt strap joints: (a) 1 nllll 
(b) 3mm. (c) 5 mm, (d) 10 mm adhesive thickness 
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Figure 5.4: Influence of environmental degradation due to \Yater on the stiffness of 
butt strap joints: (a) 1 mm adhesive thickness. (b) 3 mm adhesive thickness, (c) 5 
mm adhesive thickness. (d) 10 mm adhesi,"e thickness 
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(b) 

(c) 

Figure 5.5: Transverse crack in the adhesiye layer of butt strap joints and permanent 
deformation of the strap: (a) 1 mm. (b) 3 mm. (c) 10 mm 

Figure 5.6: Voids in butt str8p joints ,,·ith 3-mm adhesive thickness 
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(a) (b) 

(c) ( d) 

Figure 5.7: Adhesive failure mode of un aged butt strap joints: (a) 1 mm. (b ) 3 mm. 
(c) 5 mm , (d) 10 mm ad hesive thickness 
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Figure 5.8: Typical experimental beha\'iour of 3 week aged butt strap joints: (a) 1 
mm (b) 3mm, (c) 5111111, (d) 10111111 adhesiw thickness 
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(a) (b) 

(c) (d) 

Figure 5.9: Adhesive fa ilure mode of butt strap joints after 3 weeks ageing: (a) 1 
mm (b) 3mm , (c) 5 mm. (d) 10 mm adhesiw thickness 
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Figure 5. 10: Patt ern of failure in lap joints 
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Figure 5.l1: Typical experimental behaviour of 6 week aged butt strap joints: (a) 1 
mm (b) 3mm. (c) 5 mm, (d) 10 mm adhesive thickness 
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(a) (b) 

(c) (d) 

Figure 5.12: Adhesiye failure mode of butt strap joints aft er 6 weeks ageing: (a) 1 
mm (b) 3m111 , (c) 5 mm. (d) 10 mm adhesi,·e thickness 

Figure 5.13: Central \'oid in 8dhesive layer for 10 mm adhesiw thickness but t strap 
joint 



CHAPTER 5. STRE.\ 'GTH-BASED ASSE5'S.~IE.\:T OF ADHESIVE 1-1 

15 ,---------~--------~---, 25 
x unaged ---8-- Unaged exp 
0 3 weeks -+- 3 weeks exp 
<> 6 weeks -e- 6 weeks exp 

20 4 -6 Unaged fe 
\ 

\ 

E 
E15 -z 
=:.. 
(fJ 
(fJ 

Cl.l 

8 c 
~ 10 
(j) 

o 5 

O L---------~--------~--~ O L---------~--------~--~ 

o 5 10 o 5 10 
Thickness [mm] Thickness [mm] 

Figure 5.14: Influence of adhesive thickness on the strength (a) and stiffness (b) of 
butt strap joints . In figure (b) dash line are numerical results. straight lines are 
experiment al result s 
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Figure 5.15 : Finit e element model of butt strap joint: (a) Global yiew (b) Adhesiw 
bond mesh 
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F igure 5.16: Line of node used to check t he COllyergence of the numerical results. t o 
is t he adhesive bond thickness 

40 

35 -e- Peel 
-A- Shear 

30 

~25 
C\l 

0... 
:2: 
';;;'20 

CJ) 

CD 
I.... -(J) 

15 

10 

5 

0 
0 5000 10000 15000 

Number of nodes 

Figure 5.17: Com"ergence check of the st ress yalues in the adhesive bond 
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Figure 5.1S: Comparison of experimentaL linear and non-linear finite element load 
displacement curves 



CHAPTER 5. STRENGTH-BASED ASSESSMENT OF ADHESIVE 77 

80~--~----~--~--~ 

co 60 
0... 
~ 40 
(f) 

~ 20 
"-....... 
(f) 

(]) 
(]) 

0..-20 

(A) 

-40~--~----~--~--~ 

o 20 40 60 
overlap length [mm] 

80 

80~--~--~----~--~ 

C? 60 
0.. 

~ 40 
(f) 
(f) 
(]) 
"...... 
(f) 

(]) 
Q) 

0.. -20 

(C) 

-40~--~--~--~----~ 

o 20 40 60 80 
overlap length [mm] 

co 
0... 
~ 
(f) 
(f) 
(]) 
"-....... 
(f) 

(]) 
(]) 

0... 

80 

60 

40 

20 

-20 

-40 
0 20 40 60 80 

overlap length [mm] 

-40~--~--~----~--~ 

o 20 40 60 
overlap length [mm] 

80 

Figure 5.19: Nor111al stress in butt strap adhesiw layer of different thicknesses at 
8 k::\: (A) 1 111111. (B) 3 111111. (C) 5 111111. (D) 10 111111; The stress is taken at nodes 
along a line situated close to the interface at a distance ~~ fro111 the lower adherends 
(where to: adhesive thickness, Figure 5.16) 
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Figure 5.20: Shear stress ill butt strap aclhesiw la~'er of different thicknesses at 8 
k~: (A) 1 mm. (B) 3 mm, (C) 5 mm, (D) 10 mm: The stress is taken at nodes 
along a line situated close to the interface at a distance ~o from the lower adherends 
(where ta: adhesive thickness. Figure 5.16) 
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Chapter 6 

Fracture-based assessment of 
adl'lesive system 

6.1 Introduction - Objectives 

eha pt er S was dedicated tot he analysis of joints t ha t \yere considered ideally wit h

out an~' defect. Hmwwr. in some situations, because of the intrinsic nature of the 

adhesiw material. initial defects in bonded joints can arise from voids created dur

ing the production or from damage during subsequent service. If the defect appears 

in ,\ highl)' stressed region (eg at the edge of a lap joint. as seen in Chapter 2 

section 2.2.1 and Chapter 5 section SA). the crack mo.\' propagate to giw a ma

jor deterioration in performance and leading ewntuall)' to a catastrophic failure if 

no repair is carried out. It is therefore neccssary to consider an anal)'sis of such case. 

The assessment of the behaviour of adhesiw joints hm'ing cracks relies on fracture 

lllechanics concepts presented in Chapter 2 and Appendix A. The idea of fracture 

lllechanics approach is that damage in a structure can be tolerated up to a certain 

lewl of load or crack length. Hence it is necessary to assess this lewl of tolerance 

before the design process. In most structures. the predominant and most damaging 

mode is the mode 1. hence t be focus of this Chapter \yill be the characterisation 

of mode I fracture toughness of bonded joints \yit h different adherends. A popu

lar specimen used to characterise this tensile opening mode of adhesiw joint is the 

Double Ccll1tilever Beam (DCB) prescnted Figure (i.l and using the Linear Elastic 

Fracture ~lechanics (LEFl'd) concept. 

1\1uch research has been carried out on specimens im'oh'ing different adherends such 

as aluminium alloys. steel or composites. using differellt geometrical configurations: 

simple DCB specimens, DCB specimens \\'ith end blocks or TDCB specimens (Ta-

82 
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pereel Double Calltilever Beam). The most popular and easy to manufacture is the 

simple DCB specimen sho,,1'l1 in Figure 6.1. Section 2.3 in Chapter 2 presented a 

general review on the use of fracture mechanics for adhesiw joints and particularly 

joints with different adherends and pointed out the lack of data concerning joints 

with different metallic adherends. 

The aim of this chapter is to characterise the crack grO"wth in adhesive joints with 

bot b identical adlwrends and adherend imbalance through an experimental pro

grmlllne and amdytical i'lIlcl numerical models. This inyolws defining a critical en

ergy release rate alld also definillg whelt sort of influence the adherends ha\'e on the 

(T,\ck grm"th and the fracture toughness. Furthennore, as for the butt strap joint 

ill Cbclpter 5. the influence of ageing on the cracked joint will be investigated too. 

6.2 Experimental progran1.me 

The objective of the experimental programme is to generate a series of (load: crack 

lellgth) data and load deflection curws that will enable the derivation of the critical 

fracture ellcrg~' that is necessary for the crack to propagate. 

6.2.1 GeOllletry and Materials 

Figure 6.1 shows DCB specification in t he case ,,,here both adherend materials are 

identical. III t be general case \"here aelherends haw different material properties. 

the thickness Ii of each aelberend has to be defined such that they both present 

an identical flexural rigidit~' to obtain a similar crack wlocity as stated b~' (Bell 

& Kinloch 1997) and so that the tensile force remains perpendicular to the crack 

snrface. This is essential to ensure that pure mode I fracture mechanics occurs dur

ing the experiments and consequently avoid mixed mode failure (Boeman. Erdman. 

Klett &= Lomax 1999). 

The speCImens were produced from a 370 x 250 mm plate: adherends \wre grit 

blasted. acetone wiped and the primer ,,,as applied prior to bonding. Specimens 

were finall~' cut in strips of 25 mm and holes \wre drilled at the position specified 

in Figure 6.1. 

The test programme is sUl1ll1lnrised in Table 6.1: three different configurations were 

considereel: Al 6082 and Al 6082 aelherends. Al 6082 and Al 5083 adherends and 

Al 6082 and steel adherends. These three combinations were considered because it 
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is likel~T that these adherencls me associated in this way in the design of the joints. 

as shuwn in Figures 3.6 aud 3.7. Table G.3 presents a summary of the variations 

the adhesiw thickness for the different specimens. It can be noticed that significant 

variations are obser"ed not only lwtween tbe different sets of specimens but also 

along the adhesi"e bond of each specimen. 

6.2.2 Ageing environlnent 

In order to inwstigate the effects of water 011 the mechanical properties of the joint. 

an (lccelernting ageing test programme was carried out. The ageing conditions \yere 

considered in accordance \yitb the British Standard BS E:,\ 29 142:1993: Specimens 

\\we immersed in a bath of distilled \\'ater for 3 \yeeks (approximately 500 hours) at 

-l0° C. 

Distilled water was chosen because it was considered to be more damaging for the 

aclhesiw bond than salt \yater (Albericci. cited b~' (Armstrong 1997)) but also for 

practical reasons as the leyel of the solution's salinit~, is tedious to keep steady 

(Eml 2001). The temperature was chosen because it accelerates the absorption 

mechanisms \ybile keeping the em'ironment below the glass transition temperature 

Tg of the adhesiw (Earl 2001. Kinloch 1990). 

6.2.3 Test set up 

The test procedure \\'as followed in accordance to British Standard BS 7991:2001 

(BSI 20020). The tests \yere carried out at room temperature using a 100 k:\ In

stroll uniyersal-testing machine operated in displacement control at a constant rate 

of 0.003 nun/sec. Figure 6.2. The design of the grip used for the test is presented 

Figures 6.3. The load and cross head displacement \wre recorded throughout the 

test. the lengt h of the crack \yas monitored "isuall" using a magnifying glass and "ia 

a trip of graph paper place under the adhesiw bond. The corresponding load and 

displacement were noted and the test \yas stopped after a bout 80 mm of crack prop

agation to avoid any finite beam effect that could influence the fracture toughness 

"alnes. :\Ieasurement of the machine compliance \yas done in order to get corrected 

cross bead displacement yalues. This is of importance because if a testing machine 

deflects too much. the strain energ~' stored in the machine will be ,waila ble to feed 

the crack and \vould lead to a crack instabilit~· (Atkins &:: \Iai 1985). 
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6.3 Tests results 

6.3.1 Locus of failure 

After the test. each specimen was cut transversally to allow the obsen"ation of 

the locus of f8ilme. This was to ensure whether the crack propagated within the 

ncllwsiw. nt the interf"8ce of the aclherend or alternatively cohesively and adhesiwh". 

6.3.1.1 Unaged specimens 

Almost all of the srlmples presented a cohesiw mode of failure in the adhesiw \yith 

some spots \I"here Llilme \\"ns obserwd close to the illterf8ce with the primer. Fig

ures 6.4 to 6.6. Tllis shows n good adhesil"e s\"stem (ie adhesive / primer / surface 

prepnraticm) because no interfacial failure \I"as notic('d: in this case, the interlocking 

bet\w-'en the aclhesiw s)"stem shows its good performance. Although all the fracture 

modes \\·ere genernll)" consistent. voids \\"ere observed in all the specimens as pre

sented in Figures 6.4. 

The (Tack path was obserwd after the test to assess whether the crack propagated 

along one or the other adherencl interface or consistenth" through the mid layer 

of the adhesiw. In the case of a DeB \yith steel and Al 6082. PTFE film being 

stuck on :-;tC'cl adherend. it is clear that the cr8ck .. drops·· towards Al 6082 substrate 

and propagates close to the aluminium interface Figure 6.6 (b). As both adherends 

exhibit the same flexural rigidity. this phenomenon cannot be explained in terms 

of lllechanical behayiour but rat her in terms of adhesion and surface energ)": the 

fr,lCture follO\\"s the path of the weakest interlocking of both bonds. For the DeB 

,,"it h Al 6082 and A15083 aclherends. the (Tack propagates in the adhesiw in a 

cohesiw manner with random \Yaws (way~' cohesiw failure as defined b~" Liechti 

in reference (Pocius h.:. Dillard 2002) page (1). The DeB made with both Al 6082 

ac.lherend also exhibited a wavy cohesiw crack through the adhesi,"e but ·wit h higher 

amplitude. Observation of the locus of failure actually showed that large voids 

spotted the adhesiye bond. 

6.3.1.2 Aged specimens 

The specimens were tested soon after being dried wit h a cloth. Test conditions \\"pre 

similar to t he test conditions of unaged specimens. Locus of failure and propagation 

pattern ·were monitored after the test as for the unaged joints. 
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In the case of the Al G082/Al 5083 adherend combination. the crack propagated 

consistently in the adhesive la~'er \vith random oscillations. It was noticed that the 

adhesiw layer was thinner than the un aged series (less than the specified 1 rnm). 

For this reason. it was more difficult to distinguish failure propagation close to either 

the Al G082 or the Al 5083 interface. For the steel(4.1 G()82 configuration. adhesiw 

failme only occurred at the edges of the steel interface for 1 or 2 mm due to steel 

corrosion (Figure G.g). In the center of the owrlap. the crack propagated cohesi\'ely 

close to the Al G()82 interface as for the unaged specimens. The crack path in the Al 

0082/Al 0082 joint was as randomly oscillatorv as the preyious series of DeB joints. 

The locns of failure of aged specimens. in t IlP case of aluminium combinations. \yas 

cohe:::;in'. :\0 visnal e\'idence of \yater ingression was obserw'd on either the tip or the 

side edges of the DeB sample:::;. Failure mode of steel to aluminium was adhesiw 

at the edge:::; anel the tip due to corrosion of the steel but it \yas cohesiw in the 

ccntre of the joint but dose to the aluminium interface. This suggests that ,,'ater 

corroded the steel interface damaging and weakening the interlocking bond between 

the CldllPsiYe-primer s~'stem and the adherend. This shm\'s the distance up to which 

\\'ater affects the integrity of the joint in a 3 \wek period. 

6.3.2 Load displacen~ent behaviour 

Once the crack \H1S initiated all the load displacement curws of the DeB specimens 

tested showed similar trends as Ixpsented in Figure 6.10. Three phases can describe 

the curye: 

• A linear part. preceded sometimes b)' non-linear beha\'iour due to the system 

testing machine - test fixtures. The linear part is follmyed by a non-linear zone 

where a peak is reached around 2.5 k::\. 

• The load then decreases \"ith increasing wrtical displacement non-linearly 

until recording process is stopped. 

• The last pmt of the curw is linear. corresponding to the unloading phase to 

zero load (as opposed to zero displacement). 

The load displacement curws for the Al 6082 / Al 6082 adherends (Figure 6.10 (b)) 

show different trends compared to either the Al 6082 / Al 5083 adherends or the 

Steel/AI 6082 adherencls' C8:::;es. Indeed. the decreasing load phase in Figure 6.10 

(b) is more "'8"), than the other two. In this respect. "oids obserwd in Figure 6..1 on 
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Al 6082 / Al 6082 specimens can explaill this phenomenon: drops of load observed 

in t he Figure could be due to the presence of voids in the adhesive layer. 

This type of CllrW cllso allov,:s the determination of some parameters used for the 

post processing anah'sis. such as compliance of t he specimen and whether perma

ll<:'llt deforlllation occurs in the substrate at the elld of the test, (BSI 2002a). 

The illitiallloll-lirwarit~, is llOt taken into account and in order to eliminate its effect. 

() lillear extrapolation is dOll<:' up to 00 'Ie of the maximum load, usuall~" taken as 

the (,lld of t he linear he ha\"iour. The poillt t hat crosses t his line and the wrtical 

displclcClllcnt axis is compared to the crossing point between the unlodding line and 

this sallle axis in order to assess whether plasticity occurred in the adherend: this 

ndue is llallled 6offs f"!. Plasticit)" in the aclherend is considered to occur if the ratio 

bct\H'ell 6u f fsct and t he maximum vertical clispLwement value 6max is less or equal 

to 5 Vt (:--loore. Pavant ~ \Villiams 200l. BSI 20020). 

The DCB specimens made \vith Al 5083 and Al 6082 adherends. all presented per

mallent deformation after the test. 60f fsct! 6m (LJ awraging CUl. For the DCB made 

,,"ith Al 6082 adherends this ratio was 0.17 and for the DeB made \\"ith steel and 

Al 6082 it was 0.16. 

Visual obsen"ations enabled the assessment of the adhesiw bond quality and how 

a crack propagates \"hen subjected to pure mode I of fracture. The following sec

tion will consider the data post processing \vith allal~"tical models to assess crack 

propagation in terms of energ~' released. 

6.4 Analytical modelling 

The redistribution of stress in a body caused by the introduction of a crack or notch 

may be soh"ed with anal~"tical methods of linear elastic fracture mechanics (LEF':-1). 

LEF'\1 aSSUllles that a linear elastic bod~" contains a sharp crack and then describes 

the change of energy ","hich occurs when such a bod~" undergoes an increase in crack 

area. The parameter of most fundamental importance is the energy release rate G 

or fracture toughness, which is defined as the rate of energy released by the crack 

grO\vth: 

au 
G=-aA (6.1 ) 
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where au is the energy change and DA is the yariation of area. It is this energy 

rplpClsed which is ClvClilable to drive the cmck growth Clnd overcomes the criticClI 

fracture resist Clnce G c' Therefore Clt fracture. 

G= ~DU 
Boa 

(G.2) 

\\'here B is the width of the specimen and Da the yariation of crack length. G is 

determined by the loading Clnd geometry of the cracked body while Gc can be con

sidered as Cl material property Clnd is the energy per unit Clrea necessary to creClte Cl 

new surfClce ClreCl of the (Tm'k: it is called the fracture toughness. 

A frClctme mechClnics anCllysis CCln be done by different met hods, direct or indirect 

(:\loore et cl1. 2(01): 

• Resistance curw description (R-curve). 

• :-1inimum energy vCllue. 

• Onset of non-linearity in 10Cld deflection curves. 

The first t,,'o are direct methods while the third is an indirect but more reproducible 

method. 

The criticClI fracture energy can be represented by the R-curve and can be calcu

lated ,yit h t hree ClnClI~,ticClI met hods. These met hods are namely: Simple BeClm The

or)' (SBT). Corrected Beam Theor)' (CBT) Clnd Experimental Compliance \lethod 

(EC:\I). Their concept Clnd associated equCltions Clre described in Appendix A. 

An R-curw proyides cl comprehensive description of the eyolution of Gc when the 

crack propClgates and the follmying sections describe the different post-processing 

steps gone through to Clssess the frClcture toughness of the adhesive s~'stem consid

ered. 

6.4.1 Conditions of application 

Linear Elastic Fracture ~lechanics can onl~' be Clpplied under certain conditions. ie 

linear load deflection behm'iour and small deformation at the crClck tip compClred to 

the in-plane dimension of the specimen. This is called the condition of small scale 

yielding and expressed by the follmying relationship: 
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E, 0, (HI - 0) ~ 2.5 (Ea~c) (6.3) 

\Ylwre: 

B is the width of the specimen, 

a is the length of t he crack 

\Y. is the effectiw length of the specimen. 

(\Y - a) is called the ligament, 

Gr is the critical frnctme energy, 

ac the !'ielcl stress of the adhesiw. 

6.4.2 Crack initiation 

As t he initial deboncling men is initiall!" modelled by a PTFE film, it is necessar!" 

to ensure that the film will not influence the crack propngation Yalues, this is Iyhy a 

(TrICk initiation is carried out (Blackman et a1. 2003. ~Ioore et a1. 2001). Initial crack 

grmyt h InlS conducted until the crack ,,"as seen to be moying by 1 or 2 mm. One 

set of dat a (crack lengt h nnd corresponding load) was recorded and the specimen 

\I"as unloaded. From this set, the energ!" corresponding to the crack initiation is 

calculated from Equations A.9. A.10 and A.12 in Appendix A. 

Figures 6.11 and 6.12 present a summary of minimum energy for different combina

tions of adherends and different analyticcd methods in the case of aged an unaged 

specimens. This energy is calculated from equations A.9 to A.12 and corresponds 

to the first yalue recorded during the test Idlen the onset of the crack ,yas obserwd 

moymg. 

These figures show that the minimulll energy required to open the crack is less in 

the C(lse of steel/aluminium joints than for the Al 6082 / Al 6082 and Al 6082 / 

Al S083 joints that present similar results. Also. SBT presents consistent results. 

although much more conserYatiYe. compared to the tlYO other methods. Considering 

results from unaged and aged DCB tests. it is seen that em"ironmental degradation 

results in a lowering of fracture energ!" to initiate the crack. Comparing the min

imum energy of unaged and aged DCB specimens. the figures also show that the 

minimum en erg!" to initiate and open the crack is substantiall!" 10lyer in the case of 

enyironmental degradation. This suggests that the IYater ingression increases inter

nal pressure in the bulk aclhesiw facilit ating crack opening. 
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It is also illlPortant to compare minimurn energies when using specimens with PTFE 

insert as opposed to specimens with a pre-crack. Unlike (BlRckman et al. 2(03). it 

,,,as observed that the energy required to open the crack from the insert is higher than 

the energ~' necessary to open the crack from mode I pre-crack by about lOSt They 

explained their results by the fact that the PTFE film produced a sharp initial crack 

that yieldedlm,'er initiation "alues than obtained after pre-crack In the scope of the 

stud~'. the adhesiw used ,yas less brittle than the one used in reference (Blackman 

et al. 20(3): this could explain the discrepancies in the results. 

6.4.3 1\1ean crack propagation 

Resistance C11lTeS (R-clllTes). representing the fracture energy versus the crack prop

agCltion. were clnnnl in order to cleriye the mean crack propagation with the three 

different met hods proposed. These propagation yalues "'ill be taken as the critical 

fracture toughnc-'ss G Ie. 

Figures 6.13 presents exalllples of R-curws. The data points from that figure are 

calculated from equations A.9 to A.12 yia a spreadsheet. an example of v"hich is 

presented in Appendix B. Tables 6.4 to 6.5 present the awraged yalues of fracture 

toughness for the five specimens of each combination of adherends. 

From Figures 6.14 it can be seen that the adhesiw considered presents a relatiyely 

high toughness for an aclhesiw: awraging bet\wen 1600 J /m2 and 3500 J /m2 de

pending on the method and the substrate considered. A material like steel presents 

a t~'pic~ll toughness of about 30 kJ/m2 \,'hereas a yery brittle material like glass has 

a fracture toughness of 0.01 kJ /m2 and tough pol)'mers haw a fracture toughness 

of about 4kJ/m2 (Atkins ~ :'dai 1985). 

From equation 6.3, it can be seen that. the yalue at the right hand side of the 

relation is equal to 13.1 mm. while B = 25 mm. 26 llllll :S: a :S: 120 mm and 249 mm 

:S: \V - a :S: 344 mm during t he test. Hence the condition of small scale )'ielding are 

respected. 

6.4,3.1 Comparison of analytical methods 

Generally speaking. the trellCI of the fracture toughness usmg CBT or ECl\I are 

similar presenting a brief increase of energ)' at the first millimetres of the crack tip 

followed by a plateau region. This plateau region in some cases decays slmd)' when 

the ECl\1 method is used. The SBT method shows also a plateau region but with a 
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less sharper rise at the initiation of propagation. 

For all specimens tested, t he values of G Ie deduced from CB T and ECM are in good 

agreement but the values decluced from SBT are substantially lower than those cal

culated empl()~'ing the CBT ancl EC~l approaches. This is because the simple beam 

tbeor~' cloes not take illto account the rotation of the beam at the encl and induced 

bending rffects are neglected (::\loore et a1. 2001. Ripling et a1. 1970). 

Abo. it is observed from Figure CUS that the SBT method has less variations and 

se-,lUer than the CBT Cllld £C.\1 methCJds. From Figures 6.14, the awrage energ~' 

deriwcl from the SBT met hod sbO\\'s a st alldard cle\'iation which is less than st anclarcl 

(lE·'viCltion obserwcl in the case of CBT and £C\1 met hods. In terms of R-curve. 

Figure 6.1S ::;hO\\"s that the SBT and CBT methods present Gc values that are more 

ccmstnnt \\'ith respect to crack growth theUl the £C\1 method. 

6.4.3.2 Influence of ageing 

Figure 6.16 shows an example of R-curws for aged speomens and different ad

herends and Figure 6.17 summaries the awrage fracture energy. The loss in the 

critical fracture energ~' bet\\"een un aged and aged specimens varies between 26 7c 
and 82 7c depending on the method chosen. This means that em'ironmental degra

dation by \\"ater affects the integrity of the interface causing changes in the value 

of G Ie. Furthermore. these tests suggest the predominance of degradation by water 

OWl' the influence of heat. Indeed. increase of temperature usually implies increase of 

material ductilit~, and thus fracture toughness as stated b:, (Anderson 1995). which 

is not the Cc1se in t he present study. 

Also, it is noted that environmental degrc1dation introduces c1 non-negligible scatter 

in the resistc1nce curves. It was obserwd that. \\"ben comparing results sorted by ad

berend combination (i.e. comparing the G specimens of each series Al 6082/ A16082. 

Al 6082/Al ::>083 or Steel/ A16082). results \\'ere in reasonabl~' good agreement \\"hen 

the specimells \\"ere unaged. But \\,hen comparillg the same series with aged speci

mens, the results did not correlate as well as \\'ith the non-aged series. 

6.5 Numerical modelling 

The previous section proposed the use of anal~,tical models to predict fracture in 

simple adhesive joints subjected to mocle 1. These methods cannot be applied in the 
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case of more complex structures. but a numerical analysis can help to overcome this 

problem. Before using this tool for complex joints, it is necessary to validate the 

model allCl compare the results to those presented in Section 6.4. The aim of this 

section is to perform a finite elemc-'nt analysis of DeB specimens in order to deriye 

the R-cUl"yes of a joint for each cOlllbimltion of adherends and to compare it to the 

analytical solutiolls presellted in the preyious section. 

6.5.1 Finite elelnent n1.odels 

Three different models \,,"ere illwstigated corresponding to the three different config

urations of DeB specimc-'lls tested. The first configuration \\"ith an Al 6082/Al 5083 

combillation presents a geometrical sn11metry but a mechanical imbalance. There

fore a complete finite elemellt model \\"as used. Figures 6.18 to 6.20. The second 

configuration tested presented both geometrical and mechanical imbalance with steel 

and Al 6082 adherends. Figure 6.21. The last combillation of DeB \nlS modelled 

\\"ith s~"mnletrical considerations. as the joint \\'as made \\"ith Al 6082 adherends. 

Figure 6.22. 

The adhesive la)"er \Yas modeled \yith PLA:'\E82 elements ,,"here as the adherend ma

terial was modeled \\"ith PLA:'\E82 bet\\"een the pin hole and the crack tip and \\"ith 

PLA:'\E2 elements ahead of the (Tack tip. This enabled to get a good refinement 

in the finite element model around the crack tip and ayoid too many calculations 

any\yhere else. These elements are similar in their formulation (structural solid el

ements) and are compatible together: PLA.:,\E2 is a triangular 6-node structural 

element and PLA.:\E82 is an 8-node structural element. The:v both haw t\yO de

grees of freedom at each node: horizont all1 1· and yertieal u!! displacement. The crack 

tip. because of a singularity in the solution (the stress yaries in 11ft. \\"here T is 

the radial distance from the crack tip). had to be modelled ,,"ith a special element. 

named singular element. that has to be quadratic \Yit h the midside nodes placed 

at the quarter points (Ansys 20(2). Twent)" four of these elements surrounded the 

crack tip. 

For each data point from the experimental results (i.e. load and crack length). a 

finite element analysis \Yas performed assuming plane strain conditions. to deriw 

the critical stress intensity factor ](!c and then the corresponding critical fracture 

energ)T "aIue G!c giYE'n by the following relation: 
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J '2 
"\ I 2 

G Ir = Eo (1 - v ) 

\Yhere En and v are the Young's modulus and the Poisson ratio of the adhesi\'e 

respectiwl)'. 

The stress intensity factor yalue f{Ic \\'as computed using KCALC function from the 

A:\SYS soft\vare package. This function calcuL'ltes the mixed mode stress inten

sity factors from nodal displacements at the crack tip but is limited to linear elastic 

problems wit h a homogeneous. isotropic material near the crack region (Ansys 20(2). 

Also. the J-integral function. described in Appendix A. \\'RS used to assess the frac

ture energ? of the joint in the cases when the adhesiw had linear and non-linear 

material properties. ERch G Ic and lc \'alue was then compared to analytical results. 

6.5.2 Convergence analysis 

A sellsitivity mwlysis of the Glc and .J \'alues to the mesh density was carried out to 

check that there \\'as conwrgence of the results \\'ith mesh refinement. The analysis 

\\'as carried out for one model and a single set of (load: crack length) \'alues the 

reason being that the other models were based on the same as the one checked for 

conyergence. Table 6.6 summarises this analysis and shO\\'s that conyergence is ob

tained with the KCALC and the J-integral methods for a model with approximately 

11500 nodes. 

6.5.3 Results 

Figure 6.23 presents an example of the fracture energ~' results giYen b~' the K-CALC 

and the J-integral functions from experimental data that was representatiw of each 

combillation. The trend of fracture energ~' giwn by this numerical method follows 

exactly the same trend as the fracture energ)' giwn by SBT method but \"ith a 

higher magnitude. As expected. the J-illtegral with the linear adhesiw properties 

giyes the same results as GJc calculated with the KCALC function. \Yith non-linear 

material properties. modelled 'wit h a multi-linear elastic met hod. the results are 

lower than \",ith the other methods, 

Also, it is obsel'\'ed from Figure 6.23. that ill the case of a steel/aluminium combina

tion, deviation between SBT method and finite element method is minimal compared 
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to an aluminium/aluminium joint combination. As for the analytical models, frac

ture toughness was found to be less in the case v,"here steel substrate is used than 

when aluminium is used. 

6.6 Discussion 

6.6.1 Influence of adherends and adhesive thickness 

It is apparent from both analytical anclllumerical models. that the a\'erage energ~" 

release rMc \"(lries \\'ith the adherends used. Generally speaking, Gc \'alues depend on 

gl'ometrical Llefors such as the \\"iclth of the joillt or the adhesiw thickness (Kinloch 

~ Shaw 1981. Kinloch 1990) or factors such as the curing rate of the adhesiw and 

surLwe prepmntion (Blackman et a!. 2001). Hmwwr. in the case studied. the same 

smfclCe preparation \yas applied to all the adherencls and the curing rate of the joint 

was clone at ambient temperature. 21°('. Concernillg the thickness of adhesiye. the 

nominal thickness \"as 1 111m: hmwyer Table 6.3 shm\'s thM a non negligible scatter 

is observed between the original and the actual \'alue for the different combinations. 

The DeB specimens made \,"ith Al 6082 aclherellds present the highest adhesiw 

thickness (1.45 mm thickness near the FIFE film) compared to the DeB made 

with Steel and Al 6082 (l.26 mm) or Al 6082 and Al 5083 (0.65 mm). The DeB 

specimens with aluminium 5000 and 6000 series present a noticeabl)" thin adhesiw 

la~"er. by a ratio of 2 compared to the other DeB specimens. 

\Yhat can be said from Tables 6.3 and 6.-± is that. comparing line 1 and 3 of each ta

ble, the adhesive thickness influences the fracture toughness of the joints in the limit 

of 0.6 mm and 1A mm because the substrate Al 5083 and Al 6082 present similar 

properties. Comparing the line 2 \"ith line 1 onl~", it can be said that in this case, 

the ad her end materials influence the yalue of the fracture toughness of the joint. Al

though these results are similar to the one found b~" CYan et a!. 2001a) \"ho showed 

that fracture toughness of joints increases ,,"ith decreasing substrate Young's mod

ulus, many studies (Kinloch ~ Shaw 1981. \Yang et a!. 1978) haw highlighted that 

a complex relation exists behwen the adhesiw thickness and the energ)" release rate. 

To further understand the mechanisms of crack propagation. a linear stress anal)"sis 

was carried out to investigate the infiuence of the stress field surrounding the crack 

tip on the crack opening of the joint. For the three different combinations of the 

DeB (Steel/AI 6082, Al 6082/AI 5083 nnd Al G082/AI (082). the stress \"as com

puted ill the case "dlen the crack lws propagated and the stress is calculated for a 
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set of (load; crack length) yalues taken from the experimental results. The load was 

the same for the three models (1370 N). but the corresponding crack length a from 

experiments \",as specific to each specimen. 

Figure 6.24 shows t he stress profile on a logarithmic scale ahead of the crack for 

t he difFerent combinations of aclherends. Close to the crack tip, the normal stress 

(J:!2 follows the classical beha"iour of Jr near the singularity. "'here T is the distance 

from the tip, for a very short distance up to approximately 0.06 mm. After this point 

a more cOlllplex behm'iour is obsen'ed: the stress decreases until 0.3 mm to increase 

s]cm·h, up to about 2 mm aW8Y from the tip and decreases again more sharpl~·. The 

trends of the cun'e for the three cOlllbiniltiolls of adherend are yery similar but the 

steel to aluminium combination presents a lo,,'er stress magnitude compare to both 

ell umilli 11111 combinel t ions. 

Similar numerical analysis were carried out on aluminium alloy and steel DCB by 

(Yan et a1. 2001a) and steel and CFRP DCB by (Bell &= Kinloch 1997. Blackman 

et a1. 2001). A similar stress profile was found but no extremum in the normal stress 

'YCIS reported. ie. in the present case. more distortion in the stress field ahead of the 

crack tip is obseryed. \Yhat must be noticed from this graph is that the higher 

opening stress is associated v,ith the steel-aluminium adherend. this means that 

eYen if the adherends haYe the same flexural rigidit" (E1). the material mismatch 

still influences the state of stress in the adhesi,'e. 

6.6.2 lnfi uenee of ageing 

Qualitatiwly. the ageing process afFects the interlocking bet,,,een the adhesive s~'s

tem and the adherends in the case where a steel adherend is used. This leads to 

adhesiye failure at the edges and the tip of the specimens. Also. Figure 6.16 shows 

that the rise of the R-curyes is less sharp ,,,hen aged specimens are considered. this 

is emphasized in the case of steel to aluminium DCB joints. EYentuall~'. flatter 

R-curyes suggest that the adhesive bond compliance is reduced influencing less the 

results. 

Quantitatively, the accelerated elgeillg process showed a decrease in fracture tough

ness compared to unaged conditions. Table 6.7. (\·eazie. Robinson &= Shi"akumar 

2004) observed more than 50 % reduction in fracture toughness in the case of sand

wich composites after 5000 h. The reduction of G Ie "allIes from one DCB combi

nation to an other are similar at about 35 7c. Table 6.7. This similar reduction of 
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fracture energy regmdless of the adherend suggests that the adhesive failure obserwd 

on steel to aluminium joints do not infiuencp the magnitude of GJc. 

6.6.3 Influence of calculation luethod 

For analytical solutiolls. Table 6.4 and Figure 6.23 shuw that CBT and EC~I 

lllethods are in good clgreement. whereas SBT rnpthod giws substantially lower 

results than the correctecl theories. These results are similar to those presented by 

(Blackman et a!. 1991. ~loore d a!. 2001. Blacklllan et a!. 2(03) who explained this 

different results by the fact that the SBT method failed to take into account the 

crack tip root rotation effects. Furthermore. it call be noticed that the the fracture 

toughness tends to decrease wit h the Experiment al Compliance met hod \yhile it re

lllclillS more const ant \\'it h the CBT met hod. This decrease should not happen as 

Ole should remain independent of tbe crack length. (Blackman et a!. 2(03) found 

tlwt this clecrease was clue to the compliance (or stiffness) of the testing machine 

and proposed a correction factor taking into account this effect. In this study. this 

correction factor \\'as taken into account in the deri\'ation of G]c "alues \yith eBT 

and EC~1 methods but the decrease remained accentuated. 

A reason for the different results can be found in the equations modelling the com

pliance of the system for the different methods CBT and EC~I methods. The com

pliance is given by the ratio of the wrtical displacement 6corT and the corresponding 

load F: 

6corr c=
F 

For the CBT and EC:rd methods this giws respectiwly (?\loore et a!. 2001): 

3 C = kl (0 +~) 

(6.4 ) 

(6.5) 

(6.6) 

\Vith k 1 • k2 constants including geometrical parameters and the elastic moduli and n 

and ~ being found experimentally (BSI 2(020). For Al 6082 / Al 6082 combination. 

'Tl = 1.95 ± 0.19, for the Al 5083 / Al 6082 n = 2.03 ± 0.15 and for Steel to Al 6082 

n = 2.35±0.15. Hence, it can be seen that the compliance is modelled with a pmwr 

law of 3 with the CBT method \vhile it is modelled with 1.95 < 11 < 2.35 "'ith the 

ECIVI met hod. Figure 6.13 (c) shows t ha t good agreement is found bet\yeen EC\ I 
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alld CBT methods when n = 2.35 ie closer to 3. 

The results given by the R-curves from the K-CALC function. lie between the conse1'

vntiw ones from SBT and the more realistic ones from tlw CBT and EC:\1 methods 

whereas using the J-integral assuming non-linear elastic milterial gives the most 

conselTatiw results of the 5 methods. Similar studies on Aluminium DCB and steel 

DCB specimen using the critical fracture energ)" and the J-integral method by (Yan 

et 211. 200ln) sbowed that the critical J-integral is also lo\\-el' than the critical energy 

1'eleHs(' rate Gc . This is clue to material non-linearitv that Hllows material plasticity 

hellce reducing the lewl of stress surrounding the crack tip and the energ)" release 

ratE'. Hm\"cwr. it can he noticed from Figure 6.23 tlwt this latter method giws 

a steadier plateHu region. 'while the SBT and KCALC l1let hods are slightly rising. 

In other words. the standard deviation of the propagation nllues is less when the 

J-integnll is used which means that the method is more reliclble. 

Furtbermore. unlike (Blackman et a1. 2003) \\"bo successfull)" used correction factor 

to take the compliance of the testing machine into account to obtained R-curws 

indepelldent of the crack lengt h. this stud)" sbmwcl that t be bondline can no longer 

be neglected in the calculation of the fracture toughness of the joint. If a dosed form 

solution is to be used for a relativel)" thick bonclline. it has to take into account the 

presence of the adhesiw in its formulation. In this respect. the use of finite element 

solution happened to giw better results (ie the fracture toughness is independent of 

the crack length) than the analytical solution though more consen"atiw. 

6.7 Conclusion 

This Chapter addressed the fracture beha\"iour of double cantilewr beam specimens 

bonding different combinations of adherends wit h a semi rigid adhesi\"e. The frac

tme toughness of the adhesive s)"stem was characterised according to three different 

analytical met hods: a finite element approach \\"as used to correlate these results. 

This study has emphasized the following ke)" points: 

• The role of the adhesiw bond is important in determining the compliance of 

the s)"stem dming the test. Tbis led in SOIlle cases to fracture toughness results 

dependent on crack length which should not happen. 

• Experimental and anal)"tical results suggest t ha t the influence of the adhesive 
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thickness is rnore dornimmt than the influence of different adherend combina

tiOllS. An analysis of the stress field surrounding the crack tip showed that 

the stress field presents different magllitude depending on the adherend used. 

although they had similar flexural rigidity . 

• Each series of aged specimen showed a similar rate of toughness reduction. In 

t he case of steel aeiherend. this loss of fracture toughness \yas accompanied 

with adhesive failure at the steel interface due to the corrosion of the metal. 

• This comparison between different methods therefore provides an envelope for 

a design criterion for a defect tolerance approach that \\Till be investigated in 

Chapter 8. In terms of analytical methods. the corrected beam theory method 

'was found to be the most suitable and accurate to calculate the energy release 

rate GJc . 
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Tables 

Test method Sample material specifications ~ umber of specimens 
l\lode I fracture me- Al 6082 / Al 5083 5 
chanics at ambient 
('olldi tions 

Al 6082 / Steel 5 
Al 6082 / Al 5083 5 

:-lode I fracture me- Al 6082 / Al 5083 5 
chanics after ageing 

Al GOb:2 / Steel 5 
Al G(J(':2 / Al ·5083 5 

Table 6.1: DeB Test matrix 

Adherencl system L 11] h2 to ao 
[nun] [mm] [mm] [mm] [mm] 

Al 6082 / Al 6082 370 12 12 1 51 
Al 6082 / Steel 370 8 12 1 51 
Al 6082 / Al 5083 370 12 12 1 51 

Table 6.2: I\ominal dimensions of the DCB specimens. these refers to Figure 6.1 

Adherend system crack tip root of the awrage thickness 
[mm] beam [mm] along the beam [mm] 

Al 6082 / Al 6082 1.45 ± 0.04 1.31 ± 0.05 1.38 ± 0.07 
Al 6082 / Steel 1.32 ± 0.05 1.20 ± 0.06 1.26 ± 0.08 
Al 6082 / Al 5083 0.74 ± 0.03 0.51 ± 0.03 0.64 ± 0.11 

Table 6.3: Summary of adhesive thickness of DCB specimens 
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Adherend tiystem Glc SET Ole CET Ole ECM 
[J/m2] [J /1712] [J/m2] 

Al 6082 / Al 6082 1678 ± 137 3742 ± 723 3663 ± 830 
Al 6082 / Steel 1693 ± 88 2659 ± 110 2615 ± 117 
Al 6082 / Al 5083 1565 ± 63 3063 ± 173 3001 ± 190 

Table 6.4: Sumrnary of fracture toughness of non aged specimens DCB specimens 

Adherend s)'stem 
Al 6082 / Al 6082 1103 ± 350 2607 ± 310 2534 ± 291 
Al 6CJ82 / Steel 1263 ± 743 1725 ± 302 1582 ± 332 
Al 6082 / Al 5083 1037 ± 519 1956 ± 424 1885 ± 399 

Table 6.5: Summary of DCB test results for aged specimens 

N umber of nodes Ole K-CALC J 
[J/m2] [J/m2] 

6920 303 301 
7545 308 293 
8785 306 291 
11422 306 303 
12941 306 305 

Table 6.6: Summary of\'ariations of calculated fracture energy with mesh refinement 

Al 6082 / Al 6082 
Al 6082 / Steel 
Al 6082 / Al 5083 

Simple Beam 
Theor)' 

34 % 
26 % 
33 % 

Corrected Beam 
Theor)' 
30 % 
35 % 

Experimental Compliance 
Method 

31 % 
39 % 
37 % 

Table 6.7: Loss of toughness due to accelerated ageing \yith respect to the analytical 
methods and the adherend s)'stem 



CHA.PTER 6. FRACTURE-BASED ASSESSMENT OF ADHESIVE 101 

Figures 
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Figure 6.1: DeB specifications , see Table 6.2 for the dimensions 

Figure 6.2 : Setup of DeB test 
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Pin holes 
Figure 6.3: De B test fixtures 

(a) (b) 

Figure 6.4: Failure mode of unaged DeB specimens with Al 6082 / Al 6082 

Figure 6. 5: Failure mode of unaged DeB specimens with Al 5083 / Al 6082 
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(a) (b) 

Figure 6.6: Failure mode of unaged DeB specimens with Steel / AI 6082 

(a) (b) 

Figure 6.7: Failure mode of aged DeB specimens. Al 6082 / Al 6082 

( a) (b) 

Figure 6.8: Failure mode of aged DeB specimens Al 6082 / Al 5083 
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( a) (b) 

Figure 6.9: Failure mode of Clged De B specimens. Al 6082 / Steel) 
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Figure 6.10 : Load displacement curves of the different DeB specimens t ested 
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Figure 6.11 : l\1 inimum fr acture energy of DCB specimen from insert and pre crack: 
non aged specimens. (1): SBT method , (2): CBT method. (3): EC~ 1 method 
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Figure 6.12: Minimum fra cture energy of DCB specimen from insert and pre crack: 
aged specimens. (1) : SBT method , (2): CBT method . (3): EC\f method 
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Figure 6.13: Typical resistance curves of unaged DeB specimens: analytical meth
ods 
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Figure 6.14: Average fr acture toughness of unaged DCB specimens. (1): SBT 
method. (2) : CBT method ; (3) : EC]\!I method 
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Figure 6.15: Comparison of R-curves of DeB with Al 6082 adherends from different 
methods (a): SBT method, (b): CBT method. (c): EC}''1 method. Each curve 
corresponds to a specimen tested 



CHAPTER 6. FRACTURE-BASED ASSESSMENT OF ADHESIVE 110 

Steel AI 6082 
6000 r-------r---,...------r---,...------, 

5000 

N'-'4000 
E 
33000 

() 

(9 2000 

1000 

O~~--~--~--~~ 

AI 6082 AI 6082 
6000 r-------r---,...------r---,...------, 

5000 

N'-'4000 I 

E 
33000 

() 

(92000 .~ 
1000 / ". v 

O I 
~~--~--~--~~ 

20 40 60 80 100 120 20 40 60 80 100 120 
Displacement [mm] 

AI 5083 AI 6082 
6000 ,---------r----,...----,---,...------, 

5000 

N'-'4000 
E 
33000 

() 

(92000 

1000 

O~~--~--~--~~ 

20 40 60 80 100 120 
Displacement [mm] 

crack length [mm] 

-B- SBT 
--.- CBT 
---A- ECM 

Figure 6.16: Typical resistance curves of aged DeB specimens: analytical methods 
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Figure 6.17: Average fr acture toughness of Clged DCB specimens. (1 ): SBT met hod. 
(2) : CBT lll et hod, (3) : EC r-'I'I method 

Figure 6.18: Finite element model of Double Cantilever Beam with Al 5083 and Al 
6082 subst rates 

Figure 6.19: Finite element model of Double Cantileyer Beam: detail of mesh 

Figure 6.20: Finite element model of Double Cantilever Beam: deta il of crack tip 
mesh 
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Figure 0.21: Finite element model of Double Cantile\"er Beam \vith steel and Al 
6082 substra tes 

Figure 6.22: Symmetrical finite element model of Double Cantil ever Beam with Al 
6082 substrates 
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Figure 6.23: Typical resistance curves of unaged DeB specimens: anal~iical and 
numerical methods. (a) steel-AI 6082 substrates. (b) Al 6082-AI 6082 substrates. 
(c) Al G082-AI 5083 substrates 
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Figure 6.24: Stress profile ahead of the crack tip of DeB specimens for different 
combinations of adherends; F= 1370 ~ 



Chapter 7 

Strength of structural joints 

7.1 Introduction 

During the seryice life of a ship. ,'vaye and wind pressure induce tension, compres

sion and bending forces in the structure. Regulation bodies such as Det ::\orske 

Veritas (D:\V 2001) define ultimate loading conditions that ship structures must 

sustain ,,,hile in service. So far. adhesive joints haw been designed to transfer load 

b)' compression and shear usuallv joining thin plates and this technology is ,Yell 

established. However in the context of the marine industry. the structures and the 

plating used could be radicall)T different and so \,'ould the joint designs. Hence. the 

aim of this Chapter is to im'estigate the "iabilit), of adhesiw bonding concept for 

large joints in a marine em'ironment through the stud~' of structural joints based 

on joints designed for the aluminium superstructure presented in Chapter 3. It ,yill 

present ,York carried out to characterise the tensile behaviour of structural joints. b)' 

experimental test programme and explain their failure mechanisms through a finite 

element analysis. 

Hav'ing previously presented the local approach and characterised the adhesi,'e sys

tem in terms of strength and fracture toughness. this chapter presents the third 

step of the study. Once this local approach was done. the following step is to assess 

the strength of more complex joints that can be used in a ship. The objectiw of 

t his chapter is to characterise the tensile and flexural strengt h of structural joints. 

considered damage free, through an experimental test programme and explain its 

failure mechanisms through a finite element anal)'sis. 

115 
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7.2 Geometries and materials 

7.2.1 Joint design 

Two different bonded joint designs were proposed as possible fastening configuration 

for t he superstructure Figure 3.1. They are namel~·. steel-to-aluminium connections 

and aluminium-to-aluminium connections, respectiyely named joint A and B. These 

joints are similar in terms of design as they are extruded box sections aclhesiwly 

bondecl based on a double butt strap configuration. 

Joillt A is a joint lwtvYeen the deck uf the ship and the aluminium framed super

structure as presented in reference (Cmtrill et al. 2004) and Figures 3.1 to 3.6 in 

Chapter 4. It consists of an aluminium l)ox section beam located on a raised steel L 

section reinforced by an aluminium fiat plate as a strap bet\\'een the the t\yO sections 

in order to transmit the load by tension/compression and shear. Howeyer. for prac

tical reasons (cost and fa brication) it was easier to manufacture and test a simplified 

design than the original one. Therefore. represent ative models were produced for 

testing purposes. Figure 7.1 (a). 

The joints were manufactnred in 500 mm lengths. and were cut up into 80mm long 

test sections using a horizontal band saw. The procedure was relatiyely straight

forward with the joint between the two box sections being made before bonding on 

the straps. The standard procedure for surface preparation and joint spacmg was 

followed. 

Howeyer. during the grinding of the steel end faces. it \yas obserwd that a highly 

polished surface finish 'was being produced. This ma~' have contributed to areas of 

adhesive failure found in the structural tests. The polished surfaces \\'ere a result 

of grinding a hardened surface. most probably produced b~' the "'elding of the end 

assembly. 

As the superstructure described in reference (Cantrill et al. 2004) is modular. con

nection B joins each aluminium-framed module to the other. It is made of two 

extruded aluminium beams (6082 alloy series) adhesiwly bonded and reinforced 

with tvv'O aluminium straps (AI 5083 alloy series) so as to be similar to a symmetri

cal double butt strap joint to transmit the load b~' shear. ::\hterial and geometrical 

specifications are presented in Figure 7.1 (b). 
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The bonding procedure for these configurations was similar to the one described 

above for steel to aluminium connections. In the following. the steel to aluminium 

connection and the aluminum to aluminium connections will be named joint A and 

joint B respecti\'E'I~'. 

7.2.2 Materials 

The selected aelhesi\'e is a Plexus product named ~IA 550. It is a two-part methacr~'

late adhesive designed for structural bonding of thermoplastic. metal and composite 

asselllblies. Tests carried out by Centre Technique d'Arcueil (CTA) (\\'eitzenb2)ck 

et al. 200.:1a) on the bulk adhesiw. gave the results presented in Figure 3.3. Although 

this adhcsiw is considered as a rigid adhesiw \\'ith a Young's modulus of 309 ~IPa. 

it can be seen that linear portion of the mechanical behaviour is fairly restricted in 

bot h tensile and shear mode. 

The aelherends used are mild steel and aluminium alloys 6082 and 5083 series. The 

material properties of the adhesive and these adherends are presented in Table 3.1. 

7.3 Experimental modelling 

The experimental programme \\'as set up in order to assess the tensile strength of the 

joints and identif~· their modes of failure in tension. As it has been sh0\\'11 b~· a nu

merical analysis of the global superstructure (J arr~·. Shenoi. Kapadia &= ~1iao 2004). 

the joints \wre likel)' to undergo tensile loads in a \\'orst-case scenario at the corner 

enel of the structure. Therefore. it was of interest to assess the ultimate tensile 

strength of the joint to evaluate the safet~' margin for the bonded structure. Also 

it \\'as decided to assess the strength of the joint subjected to a constant bending 

moment in the direction of the extrusion. Figure C.1. These latter tests. though 

they prm'ided an indication about the failure mode and bending beha\'iour of the 

joints. could not be analysed \yith numerical models in the scope of this stud~' and 

hence. are only presented in Appendix C. 

The specimens A and B \wre tested on FORTRESS (Flexible Orthogonal Rig 

for Testing Real Ship and boat Structures designed b)' Read (Shenoi. Read &:: 

Htrwkins 1995)) equipped with an h)'draulic ram controlled by an 8800 Instron con

troller. The ram could produce 130 k::\ at maximum h)'draulic pressure and the 

specific load was aquired via a 250 k:-\ load cell. The displacement of the crossheacl 

was recorded b)' a Linear Variable Differential Transducer (LVDT). Figure 7.2 giw 
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an owrview of the experimental setup. 

In to'1'111S of mechanical behaviour, the results are presented in Figure 7.3 (a) and 

(b) and TClble 7.2 summarises the tensile stiffness and ultimate tensile load of the 

specimens tested. 

The trend of the 10ad-d0'flection curves for joints A can be summarised b~' two dis

tinct lwhaviours. One \\'here the linear portion is limited in the range of 0 to 2 mm 

followed bv cl0'cll' non linear region leading to brittle failure. The other one v,'here 

the linear portion of the curve is extended up to 4 mm and the non-linear region 

leading to fClilure is shorter t han in the previous CClse. The tensile behaviours of 

joints B are presented in Figme 7.3 (b). After a non-linear part due to take up 

of play. the behm'iom of the joint is relatiwly linear bet"'een 0 and 40 k~ where 

onset of non-linearit~· is obserwd. After that point. the joint starts to behave in the 

non-linear donwin up to an ultimate lOCld at about 50 k~. followed by a catastrophic 

failure of the joint. It can be noticed that failure is also not complete because the 

load lewl did not re8('h zero: the joint can still sustain a certain level of load but 

with a degraded stiffness as indicated in Figure 7.3 (b). Comparing these t\\'o sets 

of joint behaviours. it CCln seen that joint B presents more consistent results than 

joint A and that the non-linear domain of joint B is usually more accentuated than 

for the ot her one. 

TClble 7.2 shuws that the result of the load Clt failure for joint A are fairl)' consistent 

at about 70 k~. The linear limit is estimated to be at about 30 k~. The aYerage de

flection Clt failure for these joints is about 5.5 mm but \\'ith some discrepancies. The 

results for joint B are also consistent for four specimens ,,'hereas a fifth one presents 

a remarkable lower load to failure that ,,'as discarded for the results in Table 7.2. it 

gives an aYerage ultimate load of about 50 k~. The linear limit is estimated to be 

at 40 k:"'. The average deflection at the corresponding failure load is estimated at .J 

mm. A the onset of non-linearit),. It is clear that joints A are stronger that joints 

B by almost 30% and the onset of non-linearity occurs em'lier for joint A than joint 

B. The deflection at failure is higher in the case of joint A compared to joint B. 

A fair agreement bet\veen the estimated (1wraged stiffness for joints A as shown b)' 

Table 7.2. but a common onset of non-linearit), \\'as not e\'ident to 10cClte because of 

the clispa.rity in the behaviour of the joints. Figure 7.3 (a). To estimate the tensile 

stiffness of the joint. the portion of the curw bet\wen 0 and Imm \\'as considered. 
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ignoring the initial non-linearit), due to the take up of play. \Vith this method. the 

awraged stiffness was estimated to be 15 k:\/mm. For joint B, the scnue method 

was considered to obtain the awraged stiffness. The stiffness of four specimens is in 

good agreement as seen in Figure 7.3 (b). whereas a fifth specimen is slightly stiffer 

tlwn the others (this one has not been taken into consideration). It is noticeable 

that joint A has a higher awraged stiffness than joint B, This can be explained by 

the higher flexural rigidity of the steel-to-aluminium joint. 

In terms of locus of failure. all the joints failed consistently in the same pattern 

as shown ill Figmes 7.4 (a) and (b). Visual ol)s(TYations also indicate that failure 

occurred mainh' colwsiwly within the adhesiw but alternatiyely close to the steel 

or the alumillium adherend. as Shm\'ll in the Figure 7.4 (b). HOWeyeL for one of 

the specimens. failure initiated in the aluminium stntp rather than in the corner of 

the aluminium box aud the steel plate. The reason for this difference is that it ,\'as 

obseryed that the adhesi,'e bond bet\\'een the aluminium strap and the t\\'o boxes \\'as 

3 times thicker than the adhesiw bond bet\\'een the steel plate and the aluminium 

box. A t~'pical mode of failure of joint B can be seen in Figures 7.5 (a) and (b). 

Some yoids can be obse1'wd ill the bond line but failure mainly occurred close to 

the adherencL although still in a cohesiw mode. Figures 7.4 and 7.5 suggest that 

failure initiates in the corner ends of the joints and then propagates in perpendicular 

directions tm\'ards the free surface of the strap and along the face of the box sections. 

In one case of joint B. cracks were obserwd at the opposite corner of the joint 

\\'here actual failure \\'as obse1'wc1, shm\'ing a good s~-mllletricalloading. The failure 

patterns are similar for both joints but it \\'as noticed that joints B failed more 

consistently close to the adherend. 

7 .4 Numerical modelling 

7.4.1 Finite elen~ent details and boundary conditions 

In order to clarif~' the mechanisms of tensile failure of these complex joints. a finite 

element analysis was carried out using A:,\SYS package. The model consists of 

PLA;'\E82 elements from the A,\,SYS li brar~'. they are 2-D 8-:.J ode structural solid 

elements usually used to model 2-climensional metallic structure. It is defined by 

eight nodes having two degrees of freedom at each node: translations in t he nodal x

and y- directions (11..1' and u!;), The adhesiw is isotropic and the analysis carried out 

assuming plane strain conditions. Indeed. in the superstructure (Cantrill et a1. 2004) 

the x- and y- plane dimensions are considered much sn1<1l1er than the third one. 
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justifying the use of plane strain conditions. Figures 7.6 and 7.7 present typical 

finite elernent models for these connections. 

7.4.2 Convergence analysis 

As for the butt strap joint models, the conwrgence of the results needed to be 

ched.;:ecl for the structural joints. This analysis was based on the stress in the ad

hesiw bOlld anel particularly dose to t he corner end of the adherends where stress 

concelltration is likely to occur, according to the experimental results described pre

\'ionsly ill Sectioll 7.3. 

The procedure to obtain an illcreasing llumber of nodes ,,'as as follows: for a giyen 

load. the number of elements alollg the straps (AB) and along the faces (CD) was 

illcreased together with the number of elemellts through the adhesive and adherend 

thickness to ,n'oid too high C'lement aspect ratios that would produce suspect results. 

The re::mlts are presented in Figures 7.8 and 7.9. 

It can be seen that for deck-to-superstructure joint model the normal and shear 

stresses reach an asymptotic \'alue after the third iteration corresponding to ap

proximatel)' 20,000 nodes. The unit-to-unit joint model the stresses reach their 

as)'mptotic yalues after 15,000 nodes in the model. 

As Cl result. in both models on \\'hich the stud\' \\'ill be based. the adhesiw la)'er 

has 10 elements through the 3 nllll thickness in order to inYestigate the stress in the 

middle of the bond and close to the interface \\'here failure was shmvn to occur. In 

t he case of joint A. due to the geometr)' of t he joint itself. the mesh could not be 

defined regularly all along the adhesive bond. the model has approximately 18.000 

nodes. At the corner of the joint. the aspect ratio of the element is L \\'hereas along 

CD the aspect ratio is about 5. In the case of joint B. the aspect ratio is 6 along 

CD. 1 around the corner and 4 for the elements along the straps, the model has 

approximately IG.OOO nodes. 

7.4.3 Tensile stiffness 

The first step was to characterise the stiffness of the finite element model and com

pare it to experimental results to ensure that the model is compatible with the 

experiments. 
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The FORTRESS rig on which tests were carried out, was shown to have a certain 

stiffness that allov,ed it to deform significantly beyond a certain load level. It is 

therefore important to take this stiffness into account in the boundary conditions of 

the finite element model. The experimental procedure to characterise the stiffness 

of the rig and then the spring element constant \yas carried out by (Boyd 200.5). 

To measure this stiffness. a steel bar was loaded to a cert ain level. The deflec

tion between t he reaction face and the load cell and the deflection between the t\yO 

specimen fixings were recorded wit h transducers while the bar \yas strain gauged to 

directl~' obtain its stiffness. The stiffness constant of the rig \\'as estimated to be 20 

k:\" jmm. the fixtures had a stiffness of 160 k:\" jmm and the steel bar 3000 k:\ jmm. 

Spring elements \yith the stifhwss constant corresponding to the rig \yere then added 

to the model of the joint. 

The stiffness of t he finite element models \\'as obt ained b~· applying 1 mm displace

ment on one side of the joint and taking the resultant reaction force. E\'en though 

the stiflness of the rig was taken into account. the finite element model \yas still 

found to be stiffer than the experiment alone. For joint A. the stiffness of the finite 

element model is 17.5 k:\jmm \\'hereas the experiment presents an average stiffness 

of 1.5.0 k~jmm. Table 7.2. For joint B. the FE results give a stiffness of 16.6 kI\jmm 

to be compared to the awraged 14.2 k:\"jmm giwn by the experiment. 

7.4.4 Stress profile in the adhesive bond 

Prior to focusing on the failure prediction of the joint. it was necessary to carr~' out 

a stress analysis in the adhesiye la~'er to find areas \\'here stress concentration \\'as 

likely to cause failure of the joint. 

A direct obser\'ation of the specimen geollletr~' and of the test results strongly sug

gested that failure initiated in one of the corner ends of the box adherends. Also. 

experimental results have shown that failure in the adhesive bond occurred cohe

sively close to the adherend. Figures 7.e! and 7.5. Therefore. it \,'as chosen to observe 

t he stress profile in t he adhesive bond from both a clist ance of ~o and ~. where t a 

is the adhesive bond thickness. in order also to characterise the variations of stress 

through the thickness of the joint at the failure loads 70 k'\ and .50 k~ for joints A 

anel B respectively. 

Figure 7.10 presellts the tensile stress and the shear stress profiles along the adhesive 

bond at 70 kN for joints A. The tensile stress is almost constant and close to zero 
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along CD with significant peaks towards the corner ends of the aluminium box sec

tion. It is noticeable that a peak occurs on one side at the corner position \yhereas 

on the other side. the main peak occurs 10 mm av,'ay from the sharp corner. whereas 

a secondary one develops at the corner position. Figure 7.11 gives a more precise 

idea of the tensile stress SX along CD and CD". ie 8t t\",O different positions through 

the adhesiYe thickness. Figure 7.11 also shm\'s that the peaks of tensile stress yaries 

bet\wen 37 :\IPa and 32 .\IPa depending on the position through the adhesiYe bond 

from which the stress was calculated. 

Silllilarl~'. t he stress profile in t he adhesi\'(~ la~'er was obserwd for joint B. The load 

len,l m-ts chosen at SO k:\ the a\'erage failure load. Figure 1.3 (b).Figure 7.12 shows 

the tensile stress and the shear stress in the adhesiYe lawr dose to the adherend: 

in the strap (along A'B', see Figure 7.7) and the so called wrtical adhesiye layer 

bet,,'een the t\\'O extruded aluminium box sections (C'D} By s~'mmetry. the stress 

\\'(mld be the same in the opposite strap of the joint. 

The tensile stress is negligilJle along CD rapidl~' increasing tmyards the corner ends 

and as expected. the peak of stress occurs at the corner end of the joint. Along AB, 

a small peak is obserYed at the free surface (at about 10 .\IPa) and a higher one 

occurs at the middle of the oYerlap (at about 17 '\IPa). The shear stress is constant 

and much Imyer than the tensile stress all along the adhesiw bonds except at the 

corner ends 'where a complex profile is obseryed. 

A cOlllparison bet\yeen the tensile stress (SX) at ~o (along C'D') and the one in the 

llliddle of the adhesiw layer (CD) (~) is sho\\'11 in Figure 7.13. The drop of stress 

lllagnitude between ~o and '2 is not significant: from 38 .\IPa to 37 :'IIPa. 

7.5 Discussion 

7.5.1 Stiffness of the specilnens 

Figures 7.3 (a) and (b) show that the average stiffness deduced from the experi

ments and the stiffness found \'ia t he finite element model are in reasonably good 

agreement. The numerical models of joints A and B are respectively 14% and 6.5% 

stiffer than the experilllentallllocleis. For joint A. the higher difference bet\\"een the 

lllodeis UH1 be explained b)' the aclhesiw thickness. 

The experimental results haw shown that the stiffness of the steel-to-aluminium 
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joint is higher than the one of the aluminium joint. T\ umerical models show different 

stiffnesses (17.5 and 16.6 k:.J/mm respectively) that are higher than the experimental 

models which is a comlllon feature for finite element model as the bond is ideal. 

Comparing the incre8se of stiffness bet,\"een the 81nminium joint and the steel-to

aluminum in both experimental 8nd Imrneric81 model. it is found that it is of 5 S{ 

for bot 11 models. 

7.5.2 Stress profile in the adhesive 

As far as joint A is concC'rnecl. Figure 7.1D shmys tlH1t the normal stress along A'B' 

presents sigllifiulllt ycuiations around the junctioll bet"'een the strap and the t,\·o 

box sections. Tcnsile stress is 0 bserwd t owarcls t he free surface of the joint: as the 

stn1j) slightly bellds alld the box tends to squeeze. the adhesive v,ill stretch ,yith 

the combination of these t,,·o effects. However. c0111pressi,"e stress occurs at 80 mm 

and 95-100 mm: at the jUllction between the strap. the aluminium and the steel 

boxes. the load path encounters stiffer adherends ,,"ith the transverse faces of the 

aluminium and the steel boxes. the adhesiyC' is then compressed between the strap 

and the box frame. The tensile stress obseryed around 90 111m is likely to be due to 

a combin8tion of the stretching of the joint and the strap that tends to retains the 

adhesive that is more bulky. 

Along C'D' and CD, the tensile stress is almost constant and close to zero because 

of load equilibrium. The peaks of stress near the corners are due to the geometry of 

the joint: similar profile are found in double strap joints. (Adams et al. 1997, \Iitra 

L: Ghosh 1995). For joint B. similar explanations can be giwn for the stress profile 

along both adhesive layers. Hc)\vewr. clue to t he geometr~" and the s)"mmetr~' of 

joint. more cOlwentional profiles are obseryed. 

Figures 7.10 and 7.12 shmv that joints A and B present similar peak of stress at 

similar location in the adhesive bond at respectiwl)' 70 k"\" and 50 k:\". Hence, it can 

be deduced that as the adhesive thicknesses are the same, it is the ad her end stiffness 

(via its thickness) that infiuences the stress in the bond. Indeed, joint A was made 

with thicker and stiffer adherencls them joint B (t"wice as thick. as mentioned in 

Figure 7.1), therefore it could transfer more loads than the other with Imver stress 

in the adhesive. 
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7.5.3 COlnparison between FEA and experiments 

7.5.3.1 Background 

124 

As stated at the beginning of the section, according to the experimental failure of 

the specimen::;. it was assumed that failure initiated at the corner of the joint due 

to the ::;harp angle of the box adherend. In terms of failure location and initiation. 

the finite element and experilllental models seem to be in good agreement for both 

joint designs: they showed stre::;s concentration at a similar location and predict a 

fclilure elm' to tensile stress. 

The lll(lgnitude of the stres::; at the experiment al failure load. does not reflect a 

reali::;tic lcwl at failure. Indeed. the ultilllClte tensile stress to failure for the bulk 

aclhesiye lllnterial was recorded to be Rt about 14 \IPa. the maximum tensile stress 

shmnl b)" the finite elelllent model is 36 \IPa. ,yhich is far beyond the experiment al 

ten::;ile aclhesiw~ failure. The reason being t hat in reality. the adhesiw )"ields before 

failure that decreases the leyel of ::;tress: this is not taken into account when linear 

fillite element analysis is considered. Sewral researchers haw tried to tackle this 

problem introducing different adhesiw failure criteria. Authors such as (Adams &-: 

Peppiatt 19(4) and (Harris &:: Adams 1984) suggested a criterion based on the max

in1lll11 principal stress whereas (Hart-Smith 19(3) sugge::;ted a criterion based on the 

lllaximum normal stress. These criteria can onl)' be applied to simple joints like 

sillgle lap joint::;. A criterion such as the Von :dises one could be applied but ,yith a 

certain inacC'unlC)' as it does not take into account the difference in the tensile and 

cOl1lpressiw )'ield strength and the dependence of the )"ielcling on the h)'drost atic 

component of the dpplied stre::;s that occurs in the ca::;e of pol)"mer materials. Hence 

(Raghaya. Cadell &:: Yeh 19(3) proposed a criterion based on a modified Von \Iises 

)'ielding criterion taking into account the conditiolls stated abm'e. 

Hmyewr. Brede ret ol cited b)' (Weitzenbock et aI. 2004a) considered that in a ship

yard eIlyironment. these criteria could be difficult to implement \,'ith in-house or 

commercial finite element codes. They therefore clewloped a pragmatic approach 

based on a cOlllbination of experimental and numerical results that claimed good 

results. The method is emplo)'ecl here and described in Appendix D. 

7.5.3.2 Application 

In the present study, the simple joint geometr~" considered is the butt strap j0111t 

wit h 3 111m aclhesiw thickness ,,"hich (1llcll~'::;is ,yas pre::;ented in Chapter o. This 3 
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nun adhesive joint was considered because it has a similar adhesive thickness as the 

OIle specified for the steel-to-aluminium connection. 

The line of lengt h d = 3 mm was defined from the middle node of the adhesive 

bondline. Figure 5.16. The different stress components calculated and averaged 

nlong t bis line are summarised in Table 7.3 in the first row. Then failure occurs if 

(ln~" of the shear. tensile stress or principal and equivalent stress exceeds 26.2 .\IPa. 

17.31 :\IPa. 57.7 \IPa or 37.29 :\IPa respectively. This ensures a conservative crite

riml m; (weraged values are considered in the simple design while maximum values 

me cOllsidered for t he complex design. Also. it should be noticed that the stresses 

cOllsidered for t hnt criterion \yill llot be reached in the real structure as plastic floy," 

develops in the adhesive. 

The most nit ie-al area \yas idelltified to be the bottom comer end in the joint. there

fore this area will be considered for the design failure load. Table 7.3 records the 

maximum stresses along the line considered. At 70 k:\". the maximum tensile SX 

stress is 36 :\IPa ,,"hich is higher than the design \"alue of 26.21 :\IPa shm\'n in Table 

7.3. The SRlne procedure ,,"as follm\-ed again for 60 k:\" and 50 k\T: at 60 k:\" the 

tensile stress is still above the design criterion ,,-hilst at 50 k:\" the maximum tensile 

SX stress is found to be 26 ~IPa. This is the first parameter to reach its critical 

value. before the shear or principal stress. 

For the joint B. the different stress components computed and Cl\'eraged along this 

line are Slll111l1arised in the first row of Table 7.-1. Earlier. the most critical area \\"as 

also identified to be the comer end in the .ioint. therefore this area is also considered 

for t he design failure lond. !\ umerically. it \"as found t ha t at 53 k:\. the maximum 

tensile SX stress \"as .'lO.1 .\IPa which is higher than the normal stress design value 

26.21 !\IPa. Table 7.3. The same procedure \\"as follm\'ed again for 40 k:\" and 35 

kN: at 40 k:\" the tensile stress is still above the design criterion whilst at 35 k:\" the 

maximum tensile SX stress is found to be 26.1 .\IPa. This is the first parameter to 

reach its critical \'alue (before. the shear or principal stress). Table 7.3 summarises 

t he different critical stress values in both t he local joint design and the structural 

joint designs mentioned above. 
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7.6 Conclusion 

This d1Clpter investigated the behaviour of structural joints made 'with aluminium 

only and aluminium and steel that could be used in a high speed craft, through a 

strengt h approach. Experimental and numerical results gave some insight into the 

lllude of fClil me and t he failure mechanisms of box section joint designs made with 

this combination of materials. 

From t his study. the following conclusions can be dr3\\"n: 

• Tpnsile test results ~howed cohesive failure in the adhesive close to one ad

herend and suggpstecl that stress concentrations oCC'UlTPd at the corners of the 

joints. Finite element analysis showed that failure of the joint is mainly due 

tu tensile stress rClther than shear stress due to the large faces of the butt. 

• The thickness of adherends infiuences the tensile strength \'ia the state of stress 

in the adhesive. Although. joint B presented a larger bond thickness than joint 

A owrall. an average of 30 7c loss of strengt h \\'as observed between these two 

joints. 

• Infiuence of the position in the adhesiw la)'er on the stress magnitude. shO\\"ed 

t hat it only affects the stress values at the corner ends, ie at singularity points. 

• An empirical failure criterion 'was applied that provided consen'atiw results 

useful for the design of complex bonded structures. It showed that failure of 

the joint was due to tensile stress. 
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Tables 

Join1 1J t2 t:l 14 t-.J t6 t7 til 

A :3.:3 ±0.2 2.6 ±0.1 2.6 ±O.2 2.7 ±0.4 2.5 ±0 .. 5 2.7 ±0.2 1.9 ±0.3 3.4 ±O...:! 

B 2.:3 ±0.1 2.2 ±0.2 2.1 :::::0.2 2,"i ±0.2 2.8 ±0.3 2.9 ±0.2 

Table 7.1: Awrage dirnmsions of Cldhesiw bond at difFerent locations. tl to ts refer 
to Figure 7.1 

Deck to superstructure 
Unit to unit 

Ultimate load 
[k:\] 

71.6 ± 2A 
51.1 ± 2.6 

AwrClge stiffness 
[k:\jmm] 
15.0 ± 1.2 
1-1.2 ± 0.8 

FE stiffness 
[k\'jrnrn] 

17.5 

16.6 

Table 7.2: An-rage ultimate tellsile strength and stiffness of structural joints 

:'-Iean !\ I ea n !\Iean !\Iean :'-Iax ~Iax ~Iax ?\Iax 

SY SXY S1 SEQV SY (SX) SXY S1 SEQV 

Butt strap 3 ml11 26.2 17.3 .57.7 37.~~ 

Steel to aluminium connection: 70 k:\' 36.7 4.0 38.1 20.8 

Steel to aluminium connection: 60 k:\' 32.2 3.5 33.1 16.9 

Steel to aluminium connection: 50 kN 26.0 2.9 27.1 14.8 

TClble 7.3: Stress values for failure criterion in steel to aluminium connection (all 
"alues in ::"IIPa) 
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l\lean !l.lean l\lean ~Iean ~Iax !l.Iax ~lax ~Iax 

SY SXY Sl SEQV SY (SX) SXY S1 SEQV 

Butt strap 3 mm 26.21 17.31 57.70 37.29 

Aluminium to aluminium connection: 53 k:\' 40.11 9.96 44.00 21.48 

Aluminium to aluminium connection: 40 k:\' 29.88 7.42 32.77 16.00 

Aluminium to aluminium connection: 35 k.'\ 26.14 6.49 28.67 14.00 

T8 ble 7...1: A \'erage 8nd m8ximum stress Y8lues for f8ilure criterion in 8luminium to 
8luminium connection (811 yalues in :\IPa) 
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Figure 7.1: Sketch of structural joint specimens: (a) Steel to aluminium connections 
(joint A), (b ) Aluminium to aluminium connection (joint B); T he sketch is not to 
scale, dimensions showed are nominal ones, t] to t6 refer to Table 7.1. 

Figure 7.2: Experiment al setup fo r st ruct ural joints test 
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F igure 7.3: Tensile beha\'iour of structural joints: (a ) joint A, (b) joint B. 
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130 

Figure 7.4 : Typical t ensile mode of failure of deck to superstructure joint: unaged 
speomens. 

(a) (b) 

Figure 7.5: Typical Failure in aluminium to aluminium connection in t ension. 
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DD' 

Figure 7.6: Own·iew of finite element model of steel to aluminium connection 

x 

DDt 
(a) 
A15 

Al6082 box 
sectlOll 
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Figure 7.7: Finite element model of ctluminium to aluminium connect ion: (a) globa l 
view, (b) view of the a.dhesive mesh . 
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Figure 7.8: Convergence of the stress in the adhesive bond of steel-to-aluminium 
joint 
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Figure 7.9: Convergence of the stress in the adhesive bond of aluminium-to
aluminum joint 
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Figure 7.10: Tensile stress in joint A at 70 kN taken at ~o from aluminium box 
section. x- and y- directions refer to x- and y- axis mentioned in Figure 7.6. 
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Figure 7.11: Comparison of tensile stress along the adhesive layer along CD and 
CD' at 70 k~. 
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Figure 7.12: I'\ ormed stress profile in adhesive layer of joint B, at a distance (~o from 
adherend) at 50 kN. x- and y- directions refer to x- and y- axis mentioned in Figure 
7.7 
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Figure 7.13: Tensile stress in adhesiw la)"er along CD and C·D' in joint B at 50 k.:\. 



Chapter 8 

Assessment of defect tolerance 
criteria il~ bonded ship structural 
elements 

8.1 Introduction - Objectives 

T)"pical bonding conditions in a ship!"ard environment. as sho\\"n by Figure 8.1 are 

subjected to dust and other small scraps and can lead to defects included in the 

bondline during the manufacturing process of the adhesiw joints. Also. in Chapter 

G it was ShO\YIl that even if the joint is made in laboratory conditions and the bond

line is potentially defect free. voids occur during the application of the adhesiw. The 

reason being t hat in reality. illtrinsicall~" an adhesive material is not homogeneous 

(lnd isotropic and in large and thick bonding areas voids 'would ine,"i t a bl)' occur. 

As an example. Figure 8.2 sbmys that in some DCB specimens ,"oids could be up 

to IS ml1l of length. and could dewlop and produce major cracks during in-sen"ice 

conditions that are harmful for the integrit)· of the structure. In the case of the 

structural joints studied in Chapter 7. it was therefore important to explore and 

propose a defect tolerance approach for structural adhesiw joints. 

The objectives of this chapter cue t,Yofold: 

• For a series of load lewIs. and different crack lengths. determine at v;hich 

critical length the crack ,yould propagate without controL 

• For a series of loads and one crack length. investigate the influence of the crack 

position through the adhesive thickness of the joint. 

This will enable the determination of the critical length at which the crack would 

propagate \vith instabilit)". This defect tolerance criterion together ,yith :\on De-

13S 
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structive Test (I\DT) would pro'I'ide an important tool to prevent catastrophic failure 

of the bonded joints. 

8.2 Fracture criterion 

III Chaptf'r 6 both linear elastic fracture mechanics (LEF~l) and non-linear elastic 

fracture mechanics were used to calculate the mode I fracture toughness G1c of DCB 

joints specimens. Due to the sirnplicity of the joint: three analytical methods were 

used to direct 1)" obtain Glc whilf' it was obtained yia the stress intensit~, factor K 

and the COllTOur integral .J \\"hen FEA ,,'as c()llsiderecl. Hmw\"er. it was ShO\\"11 that 

the results giwn by the J integral \\"ere more conseryatiw than the one giWll b~' 

lillcar elastic theory and more time consuming to oht ain. ?\Ioreover. the regime in 

\\"hieh the fracture mechanics study is carried out in this chapter is considered to be 

linear for both the i'duminum-to-aluminium joint and the steel-to-aluminium joints. 

Figures 7.3. Therefore. this particular study is limited to the case of LEF:'II. 

As the joints studied here were too complex to be considered by an analytical so

lution. the fracture energy G was obtained yia a finite element analysis and the 

stress intensity factor K, which calculation is outlined in Appendix A. The relation 

bet\\'eell the hvo parameters is: 

(8.1 ) 

\\1wre En and l/ are the Young's modulus and the Poisson ratio of the adhesiw 

respectiwly. The defect \yill be grO\ying \\"hen G will be more than G1c the critical 

fracture energy in mode I obt ained in Chapter 6. The fracture criterion used for 

the steel-to-aluminum connection will be the lowest fracture toughness yalue of the 

steel-to-aluminium DCB specimens. G]c = 1693 J/m2 . The fracture criterion for 

the aluminium-to-aluminium connection ,,"ill be the fracture toughness obtained for 

Al 6082-Al 6082 DCB combination G1c = 1678 J/m:!. 

It is important to notice that the fracture toughness deri\'ed in Chapter 6 is only 

valid for joints with 1 mm adhesiw thickness. The assumption that those exper

imental values would be the same for thicker adhesin' bonds (t~'pically 3 mm as 

specified for the design of the structural joints) can be cu-gued. Indeed. conflicting 

results were observed and discussed concerning the rise of fracture toughness \\"ith 

adhesive thickness that was found difficult to predict with a simple Im\' (Kinloch &.: 

Shaw 1981, Daghyani et a1. 1995. Yan et a1. 2001a): this \\"ill be discussed in Section 
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8.5. Hence. in order to have a relevant mean of comparison bet\veen the fracture 

energy developed by the crack of a structural joint and the data from Chapter 6. 

the joints were analysed for both 1 and 3 mm adhesiye bond. 

Also the study will only focus on damage solely due to mode I fracture. However. it 

will be briefly out lined that this is not the onl:v mode that occurs during the fracture 

process in this complex joint design. 

8.3 Finite element details 

8.3.1 Geolnetry and Inaterial 

The geometries of the joints are the same as those presented for the strength be

hm'iour of the structmaljoints in ChRpter 7. It has been Rdapted in order to include 

C1 region \\-here a crack is embeddecL Figures 8.3 to 8.5. This region is modelled ,yith 

six-nocled triangular elernents that have their midside node at the quarter point and 

nre suitable to model singularities (Ansys 2002). These elements could be easil~

connected to 8-noded quadrangular elements used else,yhere in the model. 

As for the strength approach study. the materials (adhesive and metRls) Rre con

sidered to haye lineRr properties. listed in TRble 3.1 and to be homogeneous and 

isotropic. Plane strain conditions are assumed as the height and ,yidth dimensions 

(x- and y- directions respectiveh-) are mueh smaller than the depth of the joints. 

During the ,melh-sis. it ,yas obseryecl that the crack fRees at the left hand side ,,-ere 

crossing each other: the vertical (-~.) displacements of some nodes of the bottom 

face were greRter than the displacement of nodes from the top face. This singularit~

is not physicall)' possible and \yas discussed b:, (Phillips. Shenoi 6..: ~Ioss 1999) in 

the case of fracture mechanics applied to T-joints. In this stud~'. the method used to 

overcome the problem \,-as to include gap elements bet\wen the nodes that initiall~

crossed each ot her: these elements haye a cert ,lin stiffness in compression but not 

in tension. The element does not affect the s:--stem \,'hile it is in tension but prevent 

an:v situation of interpenetrRtion of elements. To make sure that these elements 

artificially inserted at t he crack faces did not affect t he post-processing results. the 

compatibilit~· of these elements with the model \,'as checked. The)' ,wre shown not 

to significantl:-' affect the "alue of the fracture energ:--: for example. \yith a crack 

length of GO n1111. G = 721 Jim:? without gap element. whereas G = 719 J/m2 \\-ith 

gap elements. which represent 8n acceptable 2.S7c difference in the results. 
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8.3.2 Loads and boundary conditions 

Four different loael leyels were considered for the aluminium-to-aluminium connec

ticm and three for the steel-to-aluminium connection. In the case of the aluminium

to-aluminiulll connection they are: 20. 30. 3S and 40 k.\'. In the case of the steel-to

al uminium conllcction. they me: 30, 40 and SO k.:\. These leyels were chosen because 

they rellwin ill the lillear domain of the joint behayioUl's and are sufficiently high to 

assume that a crack would be likel)' to propagate at this level. 

In terms of boundar)' comlitiolls. each joint is rigidly fixed on one side following the 

sallle C'onditiolls prcsentcd ill Chapter 7. 

8.3.3 Position and length of the crack 

In Chapter 7 the experimental programme and the strength analysis of the struc

tural clements haye identified the stress concentration areas to be c:lose to the corner 

end of the joints. 'which is a singularit), in itself. Therefore these areas are prone to 

crack dewlopment and propagation and the crack model was positioned "'ith one 

of its tips positioned where the tensile stress is maximum. This tip remained at its 

position throughout the sensitiyity anah'sis ,\'hilst the opposite crack tip changed 

\\'ith the length of the crack. 

Fom different crack lengths \\'ere considered. namel~': 5. 10. 15 and 20 mm. These 

\\'ere' chosen because it ,yas reasonable to assume that such length of void ,,'ould 

occur dming the manufacturing process. Indeed. according to obsen'ations made 

after the different tests on butt strap joints. structural joints and DeB specimens. 

large yoids were sometimes spotted. Figme 8.2 shows t he t~'pe of yoids that can be 

encountered during the application of the adhesiw. Such yoids are likel~' to generate 

cracks that could propagate in extreme conditions. 

8.3.4 Mesh sensitivity analysis 

Like the preyious analysis on local anci structural joint models. a sensiti"ity of the 

results to the mesh density was carried out to check the conwrgence of the model. 

The analysis was clone for a single set of (load: crack length) yalues for each joint 

design the crack length being the larger one to ensure that the model ,,'ould conwrge 

eycn for smaller cracks. Tables 8.1 and 8.2 present an smnmary of the yariation of 

fracture energy of the cracked joints with t he dellSit~· of t he mesh. It can be seen 

that the convergence is obt etined each time for a model wit b approximately 27 000 
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nodes. 

8.4 Parametric analysis 

This ~mal)'sis \vill enable the observation of the sensitivity of the fracture energ:,; to 

t he variation of different parameters such as the length of the crack, the position 

of the crack tip through the thickness of the adhesive and the adhesive thickness of 

both joints. 

The infinence of aclhesiw thickness in t he fracture energy of the joint was particularly 

import,mt to observe because of the lack of experimental data. Indeed, as mentioned 

in Section 8.2 confiicting results were obtained with regards to \\'hether an optimum 

adhesive bond (ie a maximulll fracture energy for a giwn thickness) can be reached 

for t he fracture toughness. 

8.4.1 Steel-to-alulninium connection 

8.4.1.1 Variations of crack length 

The energ)' release rate at the crack tip close to the adherend corner \\"as calculated 

for a crack placed 0.5 mm C1\\'ay from the aluminium box adherend, ie very close to 

the interface. Figure 8.6 shows the yariations of the fracture toughness at the crack 

tip of a steel to aluminium connection for different load values. The critical yalue 

of the fracture toughness for the aclhesiw is assumed to be 1693 J 1m2
, Table 6.4. 

It can be seen that the energ~' release rate of the crack increases with increasing crack 

lengt h and increasing load. According to the figure. the critical fracture energy is 

reached for a crack length of 19 nllll at 20 k::\. 10.5 mm at 30 kX and 6 mm at -10 

k.'\. Be)'ond these lengths, the crack is likely to propagate in the adhesiw la~'er if it 

is occured 0.5 mm awa)' from the aluminium box adherend. 

8.4.1.2 Variations of crack position 

A crack of constant length of ;) mm \vas inserted in the adhesiw bond and the 

energy release rate was calculated for different positions through the thickness of 

the bonclline from the middle of the adhe::;ive layer (1.5 mm) to the interface \vith 

the aluminium adherend (2.5 mm). Figure 8.7 sho\\"s the variation of the critical 

fracture energy at the crack tip \vith the position of the crack. 
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The hClcture energ~T increases with increasing load and also increases as the cmck 

gets clospr to the adherend interface (increasing" crack position"). In this particular 

CClse (Cl crack length of 5 mm), it CCln be seen thClt the crack is not likely to propagate 

Clt Cln~' load level between 20 and -'leO k:\' as the vCllue of the srain energy release rate 

relllains below the fracture toug11lless YCllue. 

Table 8.3 presents the stress intensit~, factors obtained for modes I and II and the 

corresponding ratios for different crClck positions through the adhesive bond. It can 

be seen that this mtio varies bet'vYeen 10 anel G3. As the fracture energy varies with 

the square of the stress intensit~, factor (Eq1.lMion A.17. Appendix A), this ratio 

increases in the same manner. HellC'e it can be seen that mode II fracture energ~' 

at the (Tack tip is more than a 100 times less than mode I fracture energy Clt this 

location. 

8.4.1.3 Variations of adhesive thickness 

The \'ariatioll of fracture energ~' at the tip of a crClck was observed for joints \"ith 1 

and 3 mm adhesiw bond thickness respectively. The model \\'ith 1 mm bond ensures 

cl relevant compClrison with the experinlPntCll data obtained in Chapter 6 \,'hile the 

model \"ith cl 3 mm adhesiw thickness enables cl comparison with the latter. 

Figure 8.8 sho\\'s the voriCltion of fracture energ~' for cl crack embeded in the adhesive 

bond. The crack is positioned Cllong the middle of the Cldhesiw lClyer and the tip at 

the point where the stress is maximum (see ChClpter 7 Figure 7.11). Hence. it \\'clS 

possible to compClre this ,'alue for different adhesive thicknesses. 

Generally speaking. it can be obserwd that the lewl of frClcture energy is higher 

for the joint with the 3 mm bond than for the 1 mm bond. :\lore specifically. the 

energy increases almost linearly bet\\'een 5 Clnd 20 m111 for cl 3 mm joint \\'hereas for 

the 1 mm adhesive joint this increase is more progressiw. 

8.4.2 Alulniniu111-to-alulniniu111 connection 

8.4.2.1 Variations of crack length 

A similar procedure to the steel-to-aluminium connection was cClrried out to cal

culate the hacture energy at the crack tip inserted in the adhesi'v'e bond of joint. 

The energy release rate was cCllculated for a crack placed 0.5 mm ClWcl~' from one of 

the aluminium box adherends. ie wry close to the interface. Figure 8.9 shO\\'s the 
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variations of the fracture toughness at the (Tack tip of a aluminum-to-aluminium 

connection for different load vRlues. The critical value of the fracture toughness for 

the Rclhesive is assumed to be 1693 .J / m2
. 

From Figure 8.9 it can be s('en that the energy release rate of the crack increases 

\yith increasing crack length and increasing load. According to the figure. the critical 

fracture energ)' is not reached for a crack length bet\yeen 5 mm and 20 mm at 20 k:\". 

Howewr. at 30 k:\ the critical fracture en erg)' is reached for a crack 6 mm in length 

and at a higher load. the energy releCls(' rate is bpyond the the fracture toughness 

of the adhesive for any crack length abow 5 mm. Hence. at 20 k::\ the (Tilck is not 

likch' to propagate in the range of CHICk lengths considered and at a giwn crack 

positiuued 0.5 n1111 Hway from the Rclhereml. For any IORcl level abow 30 k:'\. the 

crack is likel)' to propRgate Hbow a length of 6 mm. 

8.4.2.2 Variations of crack position 

Like for steel-to-aluminium connection. a crack of constant length of 5 mm \yas in

serted in the adhesiw bond and the energ)' release rate \yas calculated for different 

positions through the thickness of the bondline from t he middle of the adhesiw layer 

(l.5 mm) to the interface 'with the aluminium adherend (2.5 mm). By symmetry 

similar results \",ould be obtained if cracks \yere inserted under l.5 mm. Figure 8.10 

shO\\"s the variation of the critical fracture energ~' at the crack tip with the position 

of the crack. 

The fractnre energ~' increases wit h increasing load and also increases \\"hile the crack 

get closer to the adherend interface (increasing .. crack position"). In this particular 

case (a crack length of 5 mm). unlike for the steel-to-aluminium connection it can 

be seen that the crack is not likely to propagate at 20 and 30 k.:\ as the fracture 

energ)' remains below the limit of 1693 J/m2 for the giwn crack length. Howewr 

at 35 k~. the critical fracture energy is reached for a 5 nUll crack positioned 0.4 

mm C1\yay from the middle of the adhesive la~'er (l.9 mm all the graph). Abow 35 

k:\". the fracture energ~' is beyolld the fracture to\lghness and the crack is likel~' to 

propagate regardless of its position through the c)cllwsiw thickness. 

Although. the joint is loaded symmetrically in tension. it is likely. because of the 

corner geometr~·. that mode II fracture \\"ould occur at the crack tip. Hence. both 

stress intensity factors \\"(-'re recorded for a 5 nm} crack length at different positions 

through the thickness at 30 k::\T. Table 8.4 shows the results obtained and the ratio 
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between both stress intensity factors K/ and K11 . This ratio varies between 338 

and 4. consequently, for the sallle reason as the one exposed in Section 8.4.1.2 the 

lllode II cOlllPonent of the fracture energy can be neglected compared to the mode 

I energy in the total fracture energy release rate. 

8.4.2.3 Variations of adhesive thickness 

For the same reason as for the steel-to-aluminiul11 connection. the variation offrac

ture energy i1t the tip of a crack was obserYed for joints \\'ith 1 and 3 mm adhesive 

bond thickness. 

Figure 8.11 shows the Ycuiation of fracture energ~' for a crack embeded in the adhe

siw bond of joints with 1 8nd 3 mm thickness respectiYely. The cr8ck is positioned 

8long t he middle of the adhesiYe lclyer and the tip at the point where the stress is 

lllaximum (see Ch8pter 7 Figure 7.13). 

It is obserwd th8t the le\'el of fracture energ~' is higher for the joint with the 3 

111m bond than for the 1 llll11 bond but much more significantly than in the case 

of the steel-to-aluminium connection. Bet\\'een 5 mm and 10 mm, the energy in

creases sharply while this increase is less pronounced between 10 and 20 mm; this 

is particul8rly significant at high load leyels. 

8.5 Discussion 

8.5.1 Influence of adherend stiffness 

For a giwn load. as seen in Ch8pter 7. the stresses are higher in the aluminium

to-aluminiulll connection because of the thinner adherend material. This higher 

internal stress implied a higher fracture energ~' yalues at the crack tip. At 40 k\'. 

in the case of steel-to-aluminium connection. the fr8cture energy goes from 677.44 

J 1m2 for a crack of 5 mm to 1750 J 1m2 for a crack of 20 mm. In the case of the 

aluminium-to-aluminium connection. the fr8cture energ~' lies between 2615 J 1m2 

and GGG6 J 1m2 for the same crack lengt hs respectiwl~·. 

8.5.2 Influence of crack length 

Gener8lly speaking. it was obscrwcl that greater crack lengths gEl\'e gre8ter fracture 

energy yalues regardless of the joint design. ~lore specific8ll~·. for a giYen load (40 k::\ 

for example), t he crack propagation will occur sooner (i.e. for smaller crack lengt h) 
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in the case of alurninium COImE:'ctions than in the case of steel to aluminium connec

tions. Illdeed. at .:10 k::-J it was observed that the crack would start to propagate from 

an 18 mm crack length in the steel to aluminium connection, Figure 8.6. ,,,hereas it 

was likel)' to propagate for a crack smaller than 5 mm for aluminium-to-aluminium 

connecitons. Figure 8.9. 

8.5.3 Influence of crack position 

The crack position t hrongh the t hickncss of the adhesiye bond was shown to haw 

some illfluence on the \'clIue of the fracture ellergy at the tip of the crack but less than 

the crack length has. Indeed. the further the position frOll! the corner singularity the 

lower the stress. Hellce. for both joint designs. cracks inserted dose to the interface 

with the aluminium. (i.e. the tip is close to the corner of the box section) produced 

higher fracture en erg)" yalne than cracks inserted in the middle of the adhesive la)"er. 

The influ(,nce of the crack position on the mode II fracture energy was analysed. It 

\\"as ShO\\"11 that for each design. the doser the crack tip to the corner. the smaller 

the difference bet\wen the stress intensity factors 1\:J and 1\:11, Howeyer. Tables 8.3 

and 8.4 show that these I
J
'-j ratios do not follO\\"ed the same trend. In the case of the 
'II 

steel-to-aluminium connection the ratio is comprised betweell 10 and 63. 'whereas in 

the case of the aluminium-to-aluminum connection. it is comprised bet\wen .:1 and 

338. In the case of the aluminium joint. the wry high ratio found when the crack is 

illserted dose to the middle of the adhesiw lawr is explained b)' the s)'mmetr)" of the 

joint and the t)1)e of loading. Indeed. the perfect s)"mmetr)" of the double butt strap 

joint implies the shear stress to be zero in the middle of the adhesiw la)"er leading 

to pure mode I fracture without eUlY mode II component. As the crack get closer to 

t he corner singularit),. mode II fracture en erg)" occurs as shear appears due to the 

effect of the local geometry. In the case of the steel-to-aluminium joint. this phe

nomenon does not occur. because the joint is not s)'mmetric and shear ine\'itabl)" 

occurs. leading to a small mode II fracture en erg)" at the crack tip. HO\wwr. it 

should be noticed that this mode II component is negligible compared to the mode 

I component. 

One of the limitations. in this study. is that the crack is considered straight and 

to propagate along a straight line. HO\\"ever. in Chapter 6 it \"as obserwd. Figure 

GA, that the crack oscillates through the adhesiw bond. Indeed, the crack direction 

depends on the adberend geometry and t)"1W of loading. Hence it is dependent on 

the criterion chosen: if llsing the mode I fracture criterion (Chen. Dillard. DilL=ud 
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6.: Cl81-).;:e 20(2) the direction of the crack depellds on the ratio between mode I and 

mode II fracture energies. If pure mode I is obt ained the crack will propagate in a 

str8ight direction. if mixed mode occurs. the crack will oscillate. Figure 7.4(b) to 

some extend and Figure 7.5(b) more clearly show irregular cr8cks in the adhesiw 

bond close to the corners of the joint. This suggests th8t a directionall~' unstable 

crnck initiates at the corners 'with a mixed mode fracture 8nd then st8bilized in 

a straight direction close to the aclherencl/ adhesiw illterface under pure mode I 

fracture. 

8.5.4 Influence of adhesive thickness 

It ,,'as stated earlier in Sectioll 8.2 that it \yas likely that the fracture toughness 

of the aclhesiw joillts changes \\'ith "clhesiye thicklless. Indeed. the trend follO\wcl 

b~' the toughness \\'ith increasing aclhesiw thickness is subject to conflicting results 

(Chen et a1. 2U02. Daghyani et a1. 1995). HO\yewr. it is likely that mode I fracture 

toughness of 3 nml adhesiw joints would be higher th8n the average \'alue of 1693 

.J /m2
. Taking also into consideration thM the method used to calculate the fracture 

energ~' gave the lowest values of the fracture toughness (Figures 6.14 and 6.23) com

pared to an81~,tic81 solutions. this implies that using data from DCB specimens with 

a 1 nll11 adhesive thickness proyides a wr~- conseryMiw criteria to predict fr8cture 

propagation. 

From Figures 8.8 8nd 8.11 it C8n de8rh- be obserwd th8t the fr8cture energy IS 

higher for 3 mm thick adhesiw bonds than for 1 mm adhesiw bonds. This C8n 

be explained in terms of 8dherend constraints (Kinloch 6.: Slmw 1981, Dagh~'ani 

et a1. 1995): \vhen the aelhesiw bond is thill there exists a relativel)' high constraint 

from the adherends whereas when the bond thickness increases the bond is less 

constrained. \\'hen the bonel is thid\:. the degree of plastic deformation at the crack 

tip decreases and the energy release rMe decreases. 

8.6 Conclusion 

This chapter has presented a fracture mechanics approach applied to complex joint 

designs to give an insight into the damage tolerance of these joints inwstigated for 

cert ain cr8ck configurations. The follO\\'ing conclusions can be dra\\'n: 

• Areas prone to crack dewlopment and propagation are situated dose to the 

conwr of the joint ",here singu18rities occur. 
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• :\lode I fracture energy was calC'ula ted for different crack lengths at different 

loacllewls for both joint designs. It was shO\\"11 that steel-to-aluminium joints 

were more tolerant to damage than aluminium-to-aluminium joints since larger 

cracks and higher loads could be sustained \vitbout propag8tioll. 

• .\" ulllerical results suggest t ha t the aclhesi ve thickness of the joint influences the 

fracture energy clewloped b:: the crack as a higher thickness yields to higher 

fracture energy at the crack tip. Hence. taking the adhesiw fracture toughness 

of I ml11 joint as a fracture criterion represent a C'onsen"ative criterion that can 

he used for t he failure prediction. 

• The influence of the crack position t hl'Ough the thickness 'was investigated and 

it \\"()s found that the value of the fracture energy could \"ary from single to 

douhle at high load levels. 
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Tables 

~umber of nodes 
11 536 1365 
16 145 1368 
18 039 1346 
19439 1357 
24282 1360 
28665 1360 

Table 8.l: Sensiti\Oity of fracture energ)' of cracked steel-to-aluminium connection 
to mesh density 

l\umber of nodes 
10 205 3872 
18 991 3886 
22 935 3916 
27 731 3927 
34 104 3928 

Table 8.2: Sensitiyity of fracture energy of cracked aluminium-to-aluminium con
nection to mesh density 

Crack position [mm] 1.5 1.75 2.0 2.25 2.5 
~lode I SIF KI [1\ /m372] 306010 316-160 332210 355300 391480 

Mode II SIF K11 [~/m::l72] 17106 498-1 74-17 20738 38533 

KI / KII 17.89 63.49 4-1.61 17.13 10.16 

Table 8.3: Stress intensity factor at the crack tip of steel to aluminium connection 
at 30 k~ 
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Crack position [mm] 1.5 1.75 2.0 2.2·5 2.5 
l\Iocle I SIF KI [N/m372

] 689570 694470 710400 736120 769120 
:-lode II SIF KIJ [N /m372 ] 17106 3602 76954 124520 189080 

KI / KII 338.14 192.8 9.23 5.91 4.07 

Table 8.4: Stress intensity factor at the crack tip of aluminium-to-aluminium con
nection at 30 kN 
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Figures 

Figure 8 .1 : Example of bonding process in shipyard conditions 

Figure 8.2: EX8mple of voids encountered in the 8dhesive bond 
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Figure 8.3: Position of the crack inserted in the adhesive bond of st ructura l joints: 
(a) steel to aluminium connect ion. (b) aluminium-to-aluminium connect ion 

Figure 8.4: Mesh cletClil of crack insert ed in st eel-to-aluminium connection 
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Figure 8.5: Mesh detail of crack inserted in aluminium- to-aluminium connection 
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Figure 8.6: Vari ation of fr acture t oughness wit h t he length of a crack embedded in 
the adhesive bond of a st.eel-to-aluminium connection 
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Figure 8.7: Variation of fracture energy with the position of a crack embedded in 
the adhesiye bond of a steel-to-aluminium connection 
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Figure 8.8: Variation of fracture energy \yith the length of a crack embedded in the 
adhesive bond of a steel-to-aluminium connection 
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Figure 8.9: Variation of fracture energy with the length of a crack embedded in the 
adhesive bond of a aluminium-to-aluminium connection 
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Figure 8.10: Variation of fracture energ~' with the position of a crack embedded in 
the adhesive bond of a aluminium-lo-aluminium connection. l.5 mm corresponds 
to the middle of the adhesive layer 
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Figure 8.11: Variation of fracture energy 'with the length of a crack embedded in 
the adhesive bond of a aluminium-to-aluminium connection 



Chapter 9 

Discussion 

9.1 Introduction 

The preyious Chapters haw focused on the beha\'iour, analysis of failure and stresses 

in adhesiw joints considered for the fabrication of a marine structure. These repre

sent the different steps of the methodology presented in Chapter 4. The approach 

adopted for the assessment of the bonded superstructure problem is based on the 

fimw'hart presented in Figure 4.l. Although. this method is applied to the particular 

example of the superstructure of a ship. it could be seen as a more general approach 

"'hen adhesiye bonding is considered for a marine structure. 

A similar nlPthod to the one presented here \\"as used b~' (Loscombe 1990) in the 

study of structural design of S\\'ATH (Small \Yaterplane Area T\yin Hull) ships. 

In first instance an analytical model \\"as considered to stud~' a box-like ship. then 

a global FE analysis of the ship \\'as carried out follm\'ed b~' a more precise mesh 

of local areas. Another study b~' (Di. I\:ell~·. Chowdhury. Goss & Berkm'its 1991) 

inwstigated the fatigue behayiour of an alullliniulll \\"elded catamaran: the global 

model \\'as used to investigate areas \\"here further local stud~' needed to be done on 

structural elements leading to a more det ailed anal~'sis on some \wlded connections. 

An embedding procedure \\"as proposed that allmwd an analysis of each sub-model 

independent of the boundary conditions of the higher lewlmodel. Recentl~' (\Yang 

et a1. 2(04) described a global to local approach using submodelling techniques in or

der to incorporate adhesiw bonding in the design of large structures. Their anal~'sis 

requires detailed joint analysis to incorporate either h~'perelastic or spring elements 

with equiyalent joints stiffness. 

The early steps described in t he chart were not actuall~' carried out by t his author 

but are presented for the sake of illustration. The results \dlPn borrm\wl from ot her 

ISS 
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authors. are acknmvleclged subsequentl~". These steps though very important in the 

design stage were outlined in Chapter 4, Section 4.2. However, this chapter "will 

mainly focus on the second half of t he chart t ha t forms the bulk of the work carried 

out for this thesis. 

9.2 Global structural model 

The global finite element model of the superstructure that is used as a case study 

\\'as prepared b)" Dr. Shilma ~1iao during the Boncbhip project (Bondship 20(3). 

The structural awtl)"sis of this superstructure "was cdrried out on the assumption 

th(-lt the load transfer is achieveel through the beams (mel frames. The honeycomb 

plating. \yhich is lJouded to the stiffeners. is assumed not to carry any load. It is 

assumed that t 11(' main deck of the ship is fixed and consequently there is no inter

action between the ship hull and the superstructure. 

Finite element anal~"sis has been carried out usmg the A:\"SYS package. In the 

package library. element BEA~144 \yas chosen for the frame structure. BEA?--144 is 

a 3D beam element that has six degrees of freedom at each end, three in translation 

and three in rotation. The material propert~" of the aluminium sections is assumed 

to be E = 71 GPa. v = 0.35. 

9.2.1 The Boundary Conditions 

The superstructure is rigidly fixed to the main deck of the ship hull since it is assumed 

that there is no interaction or deformation bet\\"een the superstructure and the ship 

hull. Thus ewry node of the finite element mesh at this location is constrained in 

the t 11ree directions. 

9.2.2 The Applied Loads 

As a short superstructure (less than 50m) it is not required to withstand bend

ing/compression loads. The main loads experienced b)T the structure are then: the 

"weight of the structure itself. the weight of the equipment and the personnel and 

those due to environment al conditions such as the wind pressure. 

Two load cases representing two possible \yorst -case scenari were investigated as an 

example and presented here: 
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• One case where the side and bridge pressures are considered (asymmetric case), 

Figure 9.1, 

• one case where the front and bridge pressures are considered (symmetric case), 

Figure 9.2. 

The distribution of the pressure is linear from the bottom to the top of the super

structure. Uniform pressure is also imposed on the bridge floor. These pressures are 

applied according to D::\V rules (D::\V 2001). 

9.2.3 The Output of FEA 

Figure 9.3 shows the nodal load response to side pressure on the port side and Figure 

9.4 sho\\'s the nodal load response to frunt pressure at the front of the superstruc

ture. The reslllts are giwn in the global coordinate of the superstructure and x = 0 

corresponds to the origin of the coordinate system, see Figure 9.1. In all directions. 

a positiw \'alue corresponds to a tensile load while a negatiw value corresponds to 

a compressive load. 

In the first case. it can be seen that the load response is negligible in the x direction 

due to the loading configuration. The most significant loads found are the forces in 

the z- direction and in a lesser extend in the )'- direction \\'here they are mainly com

pressiw. In the second case. the load response is negligible in the y- direction and 

const ant and compressiw in the x- direction due to the loading configuration too. In 

the z- direction, the load response is mainl)' compressiw along the beam with sharp 

increase )'ielding to high tensile loads at the edges of t he superstructure. These 

relatiyel)T high tensile loads found at the extremity of the superstructure may be 

explained by the singularit)· of the point situated at the corner of the superstructure 

due to the discontinuit)· bet\\'een the horizontal deck and the wrtical superstructure 

(E\'ans 1983). 

This global analysis has shown that loads are significant 1)' high at the junction 

between the deck and the superstructure and if an adhesive bonding solution is 

to be considered a local anal)'sis needs to be carried out. This therefore justify 

both numerical and experimental programme undertaken to inwstigate failure mode 

and failure mechanisms of deck-to-superstructure joints and the associated generic 

topologies. 
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9.3 Strength based criterion 

9.3.1 Study of generic joint 

The ::;tuely of the strength of generic joints was the topic of Chapter 5. This phase 

essentially enabled an assessment of the adhesive ::;y::;tem (adhesive/primer/surface 

preparation) toget her ,,·it h the chosen aelherends. A number of issues therefore 

needed to be considered: the adherend and adhesive materials. the surface prepa

l"C1tion and the ageing process. One of the ke:, issues in this study was the high 

tolel"<mce in the aclhesiw application clue to ship~-ard condition ('mel the lack of 

tr<linee! workforce. This lee! indirectly to greater thickness of adhe:-:iw bond than 

spccified in the original design (Calltrill et al. 200.:1) and therefore an im-estigation 

Wcl::; lleeded to assess t he loss of mechc1llical propertie::; on generic joints. 

The (:'xtensiw experimental programme cClrried out on butt strap joints has helped 

to charclCterise the different modes of failure of the joint under unaged and aged con

ditions. Small adhesiw layers led to cohesiw failure \\-hile thicker adhesiw bonds 

led to a 1110re hybrid cohesiw-adhesive fctilure. Also. the adhesive system was shown 

to be suit able for aluminium adherends \y!lereas in t he case of steel. a more careful 

surface preparation was deemed important. In terms of mechanical behaviour, the 

experimental programme has shown significant loss of strength and stiffness due to 

adhesiw thickness increase. Although the realistic aspects of accelerated ageing of 

the joint could be argued. it still prO\-ides clata concerning \yater ingress in the joint 

and it ,,-as possible to get indication of hO\\- the joint is ,,-eakened. 

In terms of numerical modelling. finite element anal)-sis \yas preferred to analytical 

formulation in order to assess the stress in the adhesiw. The reason being that 

analytical models are usually restricted to simple joint like single lap joint \yith thin 

adhesive bonds and in some extent thin adherends. In this case. the butt strap joint 

geometry and the relatiwly thick adhesiw bond prewnted Rn)" analysis via closed 

form solution. Finite element anRl)-sis not only nllO\yed R more Rccurate stress anal

ysis, but also allO\wd to shmv the infiuence of geometric non-linearities as \Yell as 

mechanical non-linearities in the stress profile of the joint loaded in tension. Unlike 

analytical models that consider a constant shear stress through the adhesive bond 

thickness (Volkersen 1938. Goland t:,:. Reissner 19-±-L Hart-Smith 19(3). it \\-as shO\yn 

that it is no the case. Figure 5.22. 

The accelerating ageing programme carried out on the joints cannot be related to 
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any realistic degradation process as it should hal'e taken a much longer time to have 

the specimens serl'ice life conditions. Howe\'er. the experiments gave an indication 

of the t~T)e degradation to be expected \"hen the joints are immersed in a humid 

environment. In particular. they showed how damaging the effect can be to the 

strength of the joint. especially if the adhesive bond is poorly manufactured. In this 

respect. there is probablv a need for the designer to enyisage a solution to protect 

the joint against such em"iromnental degradation when using adhesive bonding in a 

marine em"ironment. 

9.3.2 Study of structural joints 

Once the adhesiyt' s~"stem \I"HS characterised. a stud)" of a structural component was 

carried out both experimentallY and numerically. The experimental programme in

clueled tensile characterisation of joints under conditions consistent 'with those in 

highly loaded areas such as the deck to superstructure connection. 

The experimental programme enabled the characterisation of failure modes and pro

yided an insight into failure mechanisms of the joint loaded in tension. The failure 

mode \\"as obseryecl to be mainly cohesive ,,"ith only a few samples shm\"ing areas 

where adhesive failure. indicating a relatiwly good adhesiye s~"stem for this design. 

This was in good agreement with the obselTations made for the generic joints. es

pecialh" showing adhesive failure on steel adherend. Figure C .4. 

Due to the relative complexity of the joint design. finite element analysis was cho

sen to assess the stress along the adhesive bond and it \\"as shown that a linear 

model would give sufficiently accurate results. The anal~"sis showed the importance 

of correct I~T modelling the boundary conditions in order to get a good agreement 

between numerical and experimental data. The modelling results enabled location 

of the zone of high stress and confirmecl the mechanism of failure suggested b~" the 

experiment. 

The study has highlighted t he role of the stiffness of the adherends in t he strength of 

the joints. Indeed. the deck-to-superstructure joint \yas made \yith a 6 mm thick steel 

box and a 6 mm thick aluminium box, \I'hile the unit-to-unit joint was made \yith 

3 mm thick aluminum boxes. QlH1lltitatiyel~", the steel-to-aluminium connections 

\"itb a smaller bond area carried 30% more loacl than the aluminium-to-aluminium 

connection. However.this increase of strength translates into a weight penalt~" in the 

global structure. 
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The finite element analysis showed the predominance of tensile stress failure rather 

t han shear in these joints. This can be explained because the bonding area between 

the two boxes is as large as the areas of the straps. Decreasing the area bet'ween 

t he faces of t he box sections would lead to peel failure in the strap as shown by 

Hart-Smith cited in (Pocius &: Dillcml 2()02) instead of tensile failure. 

In terms of joint design. these configurations are interesting in that they fail due 

to direct tensile stress and not by peel due to the large bonding area of the butt. 

Howe\'er. the geometn' of the joint made with extruded section and sharp corner 

leads to wry localised high stress areas. these areas are minimized with increasing 

adherend thickness as seen for the steel-to-aluminium connection. A \vay to reduce 

these stress concentration would be done b~' rounding the corners of the aluminium 

boxes (Adams &: Harris 1987). 

9.3.3 Failure criterion 

The practical failure criterion based on experiment and numerical results was applied 

to the adhesive joint. considering that \\'ith the adherend materials and thickness 

involved. the adhesive would fail before. This is the opposite approach to the one 

advocated by Hart-Smith in an aerospace em'ironment ",here the adhesive bond 

must not be the 'weak link in the structure (Hart-Smith 19(3). 

The reason for the choice of such a criterion was that other criteria either fail to 

take into account all the mechanical aspects of pol~'n1eric materiEd (Von :dises) or 

are not implemented in commercial finite element codes (Raghm'a). Therefore. a 

hybrid approach based on experimental Emcl numerical anal~'sis was considered ap

propriate for the study. The experimental data has the advcmtage to consider simple 

joints that take into account the adherends. the surface preparation, the adhesive 

thickness and in some extent the load transfer mechanism of the complex joint. 

The method also avoids to face a stress singularity that increases indefinitely with 

refining mesh surrounding corners or free surface. It ensures a conservative criterion 

comparing averaged values from the generic joint anal~'sis and peak \'alues from the 

complex joint analysis. 
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9.4 Energy based criterion 

9.4.1 Study of generic joint 

The ~tndv of the fr8ctmc beh8vionr of generic joints W8S the topic of Ch8pter 6. 

This phase en8blecl the assessment of the fr8cture toughness of the adhesive s~'stem. 

A number of issues were considered such as the influence of the combination of dif

ferent adherends imd the influence of adhe~iw thickness Yari8tions. Although the 

former was an original axis of investigation. the lntter was analysed because obser

vation made hefore testing. shuwecl that for a givell specimen the thickness of the 

aclhesiw bone! ycuied subst alltiallv around the nenllillal thickness originally specified 

a~ seen in TllJle 6.3. These variations of ,)(lllC'siYE:' thickness ~were not as signifiumt 

as the one considered for the butt :-;trap joints but :-;ignificant enough to obser',ed 

cbanges in the results of the fr,)cture toughness. 

Comparing the analytical and numerical models applied to DCB specimens. it \\'as 

shown that the analytical models g8ve much less conservative results than numerical 

models. The analytical results are howewr more realistic 8S they describe a fairly 

tough adhe:-;iw \\'ith a high fracture toughness. This is due to models that do not 

take into account rotation of the root of the beams: this \\'as first highlighted and 

explained by (\ Villiams 1989). 

As for the butt strap joints. the accelerating ageing programme carried out on the 

DCB specimens cannot be related to an~' realistic degradation process. Huwever. 

the experiments gaye an indic8tion of the type degradation to be expected \vhen the 

joints are immersed in a humid em'ironment. 

9.4.2 Study of structural joints 

Based on the data deriwd from the DCB test programme. an anal~'sis of damaged 

structural joints was carried out to assess their damage tolerance. The analysis im

plied different crack lengths and different applied stress via the applied load level. 

The fracture rnechanics anal~'sis of the structural joints. "'it h a nominal adhesiw 

thickness of 3 nun, based on fracture toughness of DCB specimens \vith 1 nml 

adhesive thickness Celn be argued. Indeed. few studies hc)w Shm\'ll that the frelc

ture energy of joints wit h tougbened epox~' adhesiws \yas highl~' dependent on the 

adhesive thickness and difficult to characterise (Kinloch ~ Sbcny 1981, Dagh~'(-mi 

et a!. 1990. Ynn et a!. 2001b) among others. For this reaSC)ll. it \yas necessar~' to 
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cOllsider the cases ,vhere the adhesive thickness is the same for both the genenc 

joints and the structural joints. If data is not available for different thicknesses, the 

numerical results can only be used as a means of comparison. In this study. the 

results obtained indicate that the frRcture energy developed by a joint with 3 mm 

adhesive is higher than for a joint 'with 1 mm. Howewr. it is likely that experimen

t al tests on thicker generic joints \yould show a rise in the fracture toughness of the 

joint (Daghyani et a1. 1995. Van et a1. 2001b) and in this case the fracture criterion 

chosen is conservative. 

9.5 Comparison 

This study showed two different approaches to ilwestigate the beha,"iour of struc

turRl adlwsi,"e joints. One approach con::;idered the joint to be damage-free Rnd uses 

a stre::;s-bClsed criterion to identify areas prone to stress concentration in the joint. 

Based on generic joint test Rnd stress analysis results. the failure of the joint was 

inwstigated with R conservatiw criterion. 

The second RpproRch considered that defects can ine,"itRbly occur in an adhesiw 

bond but can be tolerated up to a certain load lewl or crack length. Based on mode 

I fracture mechanics tests results. an energ)' based assessment of the structural joint 

was done considering different load lewIs and crack length using linear elastic frac

ture mechanics. 

The last step described in Figure 4.1 is now to check the compatibility of the de

signed load wit h the global load response of the superstructure ,,,'hich a brief anal~'sis 

has been carried out section 9.2. 

Figure 9.4 shows that the maximum load to be expected is about 56 k:\ in the case of 

front pressure. Experimental tensile tests sho,,'ed that the ultimate load capacit~, of 

the deck to superstructure joints is 70 k"\'. This is abow the maximum load carried 

b)' the superstructure but ratio between these t,\'O "alues is rather small compared 

to usual safety factors encounter in t he industr~' (Clarke 1996). Howe\"e!' it should 

be borne in mind that the boundary conditions at the base of the superstructure 

(all the degrees of freedom are constrained) are wr~' conselTatiw. In reality part 

t he forces \"ill be reliewd due to t he elastic-it), of the connection between the cleek 

and the superstructure (Chapman 1961). Hence. in first approximation. the ulti

mate static load applied to the steel-to-aluminium connection is compatible with 



CHA.PTER 9. DISCUSSION 163 

the global load response of the superstructure. 

Figure 8.8 shows that the steel-to-aluminium connection with 1 mm adhesive thick-

110'S5 is cli-lmRge tolerant up to 50 k.'\ and a crack length of 20 mm. Beyond this lORd 

lewl ane! this (TRek length, it is likely that any (TRck 'would propagate catastroph

icall)". If the thickness of the joint is 3 mm and the criterion is kept the same. the 

steel-to-aluminium connectioll is damage tolerant up to 40 k:-\ and a crack length of 

20 mm. This becomes a more conservatiw criterion and satisfies the compatibilit)" 

wit h t lw global load response of the superstructure. 

In terms of failure loc\d. the tW() (\pproaches giws similar results as Table 7.3 predicts 

H fHilure at 50 k.'\ for the steel-to-aluminium cOllnection alld the Figure 8.8 also 

suggests that be~"oncl this lOHd leyel and R 10 mm crack the joint is likel~" to fail. 

Hmwyer. it should be noticed that the stress anal~"sis needs to be carried out before 

the frncture energy approach to locnte the areas of stress concentration. Also. in this 

particular stud~". the fracture criterion was shown to be a much more seyer failure 

criterion (ie conseryntiw) than the stress-based criterion. 

9.6 SUlumary 

In terms of practical ship design. in a short and structurally ineffectiye super

structure. high forces are usually dewloped at the connection between the super

structure and the main hull if the same materials are used for both structures 

(Chalmers 1993. Chapman 1961). This stud~" proposed an analysis of structural 

adhesiw joints \yhich could help to design such joints to relieye these high forces 

by usillg a low modulus material bet\wen the steel deck and the aluminium super

structure. In the particular case of the superstructure presented in Chapter 3. the 

application of the DKV High Speed Craft code stipulates that it is not required to 

withstand bending and compression load. Howeyer. realistically, the superstructure 

will transmit a minimum vertical and shear loads that will be done via the adhesiw 

joint. 
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Chapter 10 

Further works 

"'hile this research has advanced knuwledge \yith application of adhesiye bonding 

technology' to large structural application in shipbuilding. it has also highlighted the 

need to conduct fmt her studies. These primar)" topics are briefly outlined belO\\·: 

• In adhesive joint anal)"sis. failure criteria h,1\'e been a matter of inyestigation 

for some times because of the nature of the adhesive rnaterial and the stiffness 

mismatch in the joints. The strength-based criterion used in Chapters 5 and 

7 was sho\';n to be practical but involwd several steps to be followed and 

experiments to be carried out. Hence it needs to be applied in the case of other 

adhesiw joints applications with different joint design and different adhesiw 

materials. Also, since it was shO\\"11 to be time consuming. other criteria would 

need to be dewloped im"oh"ing a more simple procedure for the designer. 

• One of the topics of im"estigation in Chapters Sand 6 \\"as the influence of \yater 

on the degradation of the joint characteristics. The bath of distilled \yater 

in which the joints \wre immersed pro\"ided a conwnient accelerated ageing 

environment. but t he results obt ained ,,"ere wr~" clifficult to relate to reality. 

Immersing the specimens for a few mont hs or a fe,," ~"ears in an em"ironment al 

chamber ,,"here the temperature. salt concentration and rate of humidity could 

vary ,,"ould provide a more ret'distic solution. Hence. the atmosphere and the 

time scale would be comparable to \\"eather conditions encountered in-sen"ice. 

This therefore warrants furt her study. 

• The work carried out in Chapter 7 onl~" investigated the static behaviour of 

structural joints. Howewr. one of the reason for the reluct ance of ship design

ers to consider adhesiw bonding for structural elements is t he lack of dat a 

concerning the long term- performance of joints in a marine environment. such 

as creep or fatigue due to d)"namic load. :\lost of these performances can be 

IGG 
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assessed in laboratory conditions but are time consumillg and in-service con

ditions are not always reproduced. They can still provide valuable data about 

the mechanisms of joint degradation. In the particular case of the structural 

joints studied here, it should be interesting to assess the fatigue life of the joint 

at different frequencies <md stress ratios in both tension-compression and bend

ing. This would giw a first estimate for the fatigue life of the superstructure 

itself. 

• In terms of fracture behaviour of bRsic and structural joints. as stated abm'e. 

experimental dat a are VP1Y important and hence it would be neceSSalY to 

continue the work initiat<:'cl on the fracture behaviour of thick adherend - thick 

adhesive joints. In particular. the allal~'sis of damaged structural joints carried 

out in Chapter 8 was olll~' based on the results of DCB joints "'ith a nominal 

8Clhesive thickness Chapter 6. Future investigations on damaged joints need to 

consider DCB specimen with a bond thickness that corresponds to the bond of 

the structural joints. This would ensure a more precise criterion for the crack 

propagation in structural joints. 



Chapter 11 

Conclusion 

This study focused all ildhesivel~" bonded joints vYith thick adherends and adhe

siw bonds to be used in a shipbuilding elwironment. It ,\"as based on a global-to

local anal~"sis and compared t,yO different approaches and failure criteria. The work 

addressed the strength of butt strap joints in different ageing enyironments and 

structural joints with marine grade adheremis based on a double butt strap config

uration. The fracture behaviour of the joints ,\"as assessed using Double Cantilewr 

Beam specimens with both anal~"tical and numerical models and this anal)"sis was 

used to assess the damage tolerance of the structural joints defined aboye. 

The local strength-based approach focused on three main issues concerning adhesiw 

bonded single butt strap joints: the influence of adhesiye thickness on the strength 

ane! behayiour of the joints. the influence of the combination of water and tempera

ture and the influence of material non-linearity on the stress profile in the adhesiw 

layer. The key aspects of the strength-based study concerned the characterisation 

of the mechanical behayiour of the joints and their mechanism of failure v"ia experi

ment al and numerical models. 

The fracture mechanics anal~"sis of bonded DCB specimens enabled the understancl

ing on the defect resistance of the particular adhesive s)"stem used to bond different 

ae!herend materials. It gave an insight of t he fracture beha\"iour of this particular 

aclhesiye system and specificall)" gaw (m enwlope of fracture toughness yalues for 

the joint with difFerent adherend materials. 

The study of the behayiour of complex joints that could be used for structural pur

pose in a high speed craft invoh"ecl experiment al and numerical anal)"sis. It enabled 

t he characterisation of the beha,"iour of thick complex joints. It also highlighted the 

influence of the adherend stiffness ill the state of stress in the adhesiw and then 

IG8 
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the strength of the joint. Finally. based on the data from the local joint design. a 

practiced failure criterion based on experiment al and numprical results ,,'as used and 

shmyn to be relevant to predict failure of the joint in a c:onserYatiYe wa~'. 

The euergy-based assessment of structural joints was carried out using finite element 

models considering different lengths of crack. two adhesiw thicknesses and different 

load le\'els. Based 011 data from generic DeB joints. this analysis enabled an assess

ment of the tolerance to damage of structural joints. For a giwn load or a giwn 

aclhesiw thickness. the study proyicled a range of crack lengths where the critical 

fracture energ~' is not reached and the joints considered to be safe. 

In terms of design. this work pro"ides a basis for a design approach to adhesiw 

bonding of joints \yit h both thick adherends and aclhesiw bond. It contributes to a 

better understanding of adhesively bonded structures in a marine environment and 

it helps to promote a more general access to this technology in that industry. 
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Appendix A 

Linear Elastic Fracture Mechanics 
concepts 

A.I Energy balance approach 

,A.I.1 Analytical lnethods 

The first approach mentioned is based on the early ·work of (Griffith 1920) con

cerning cracks in glass materials and consider that a crack will grow v,-hen sufficient 

energy is released. In other \Yords. crack ,yill grow when all the ,York done by applied 

external forces and the elastic energy stored in the material is converted in elastic 

surface energy. 

Generally speaking. for all loading s)"stems. G can be defined as follO\\"s: 

(A.l) 

For low rate testing. Uk =0 and if all the energ)" dissipation is local to the crack tip 

then Ud =0. 

The energy changes are, 

dUext = Pd6 (A.2) 

and 

(A.3) 

Therefore: 

171 



APPE;\TDIX A. LISEAR ELASTIC FRACTURE MECHASICS COSCEPTS 172 

hence, 

1 ( _ _ ) 
dUs = :2 Pdo + odP 

G = ~ (P 86 _ 6 8 P ) 
2 8a oa 

Since the compliance of the system is given by 

6= C.P 

and 

du = CdP + PdC 

the energy change can as well be expressed as follows: 

P 2 8C 
G=--

2B 8a 

(AA) 

(A.S) 

(A.6) 

(A.7) 

(A.S) 

This method enable to calculate the energy per unit area needed to enable a crack 

to propagate with respect to the main parameters of the test: load and corre

sponding crack length. It can be noted that this relationship does not take into 

account geometrical parameter of the specimen. The interest of this direct method 

(Kinloch 1990) is to get the value of Gc \,"ithout any ambiguity that is found \yith 

the stress intensity factor approach. 

In order to compute fracture energy G I three analytical formulations are proposed 

in a test prot ocol from (Moore et al. 2001): simple beam theory, corrected beam 

theory and experimental compliance method. 

For thin adhesive layer. using simple beam theory. the adhesive fracture energy can 

be expressed as follows (Ripling et al. 1970): 

(A.9) 

where Es is the elastic modulus of the adherend and h the thickness of each ad

herend. The first term in bracket is due to the bending deflection and the second 

one is due to shear deflection which is uSllall)" negligible (Joshi, Gra)", Banks, Ha)"

mar, Gilmore, Yates &: Pethrick 1997. Ripling et al. 1970). 
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The simple beam theory is based on the assumption that the beam is built-in can

tilever. This implies that by using the simple beam theory it is assumed that at 

C'Cll1tilever root t he slope and defiectioll are zero. Ho-weYer the forces and moment 

cause the end region to deform. This assumption therefore may result in an error. 

The simple beRm theory expression for the compliance of a perfectly built-in DCB 

specimen "will underestimate the compliance as t he beam is not perfectly built-in. A 

means of correcting for this effect is to treat the beam as containing a slightly longer 

crack length a +~. ~ may be found experimentallY by plotting the cube root of 

the compliance as Cl function of crack length a. 

The fracture energy C Ic derived from the Corrected Beam Theory is then given by: 

3P5 
C Ic = 2B(a + I~I) (A.10) 

\\'here P is the load, 5 the displacement, a the crack length and B the "width of the 

speCImen. 

The fiexural modulus E f of the DCB specimen can be calculated to check "whether 

the test "'as carried out properly as a value independent of the crack length should 

be obtained via the following equation: 

G _ 8(0 + 1~1)3 
Ie - CBh3 

(A.11) 

An alternative approach, given by the Experimental Compliance method. is to plot 

the logarithm of the compliance C versus the logarithm of the crack length a. The 

slop n of this plot is used to give C k 

C _ lIP5 
Ie - ')B _ 0 

(A.12) 

"where P is the load, 6' the displacement. a the crack length and B the width of the 

speCImen. 

(Blackman et al. 1991) recommended during the analysis to employ all three meth

ods. Hmwver if it is not possible for all methods to be used. they recommend that 

the ECM be used since this method together Kith the CBT are considered to be 

more accurate methods for determining the yalue of C le . 
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A.1.2 Nun~erical Inethod 

As the previous methods described above are valid only for linear elastic materi

als. (R.ice 19G8) proposed a path independent integral based on the energy balance 

approach that can be applied in the case of materials \yith non-linear elastic be

haviour. The corresponding parameter is J as opposed to G and is given by the 

follO\ying relation: 

J = H'dy - T-ds fr'· fr' a'Ll 
r r ax 

\Yhere: 

f corresponds to an arbitrary path surrounding the crack tip, 

\Y is the strain energ~' density, 

(A.13) 

T = (CT1 'n.T + CTTy'n y : CTy'n y + CTTy 77 1 ) is the stress vector at the outer side of f, 

u is the clispL=lCement vectoL 

x and y are the cartesian coordinates. 

s is the arc of length along the integration line f. 

In the case of linear elastic problems. the J-integral is exactly equal to the strain 

energy release rate G. 

A.2 Stress intensity factor approach 

An alternate approach proposed by (Irwin 1957) considers the stress field surround

ing the crack tip to be characterised b~' a parameter called stress intensity factor K. 

This relates the stress intensity at the crack tip to the applied load and geometrical 

parameters. However, two approaches can be considered (Kinloch 1990): one where 

the crack is situated far from the interface between materials (ie in bulk materials) 

or when the crack is situated close to this interface that corresponds to bonded 

structures. 

In the first case, the relation between the crack length. the applied stress and the K 

factor is given by: 

-(2-1i-:~-~)-1/""'2 cos (~) 
1 + sin (~) sin (3;) 

sin (~) cos (3;) 
1 - sin (~) sin (3;) 

(A.14) 
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The problem occurring in this expression is that stress can not be taken as a criterion 

on its own as when approaching the vicinity of the crack stress mathematically goes 

to infinity which is not physically acceptable. Therefore the criterion chosen here is 

the following relation with K: 

(A.15) 

It should be noticed that I(Ic is theoretically unique for a particular material and 

therefore is a fundamental material propert~T for material selection and design. How

ewr. in the case of adhesive bonding. it has been shown (Yan et a1. 2001a. Daghyani 

et nl. 1995) that fracture toughness yaries with adherend material alld adhesiw 

thiclmess. 

In the case where the crack is close to a bimaterial interface. the problem becomes 

more difficult because one must take into account both tensile and shear stress 

aronnd the crack vicinity: 

( 
T12 ) = .f (K 11· K IJi) ( sin ( (1n r) ) 
a22 (27Tr)1/2 cos (( In r) 

(A.16) 

\\~here ( is a bimaterial constant that depends on shear modulus and Poisson's ratio 

of both adherend and adhesive materials. 

It is important to notice that the above expression exhibits an oscillatory behm'iour 

that is not physically possible. HGwever these oscillations are only observed mathe

matically in a limited region wry close to the tip and it has been found that for the 

near and far field, the stress is reasonably predicted as shO\m by (Rice f:,z Sih 1965) 

and (England 1965). The region mentioned a boye has been derived to be of the 

order of 2a x 1.2610~4. 

There exists a relationship between the stress intensity factor approach and the 

energy balance approach which is as follo"\\"s: 

(A.ll) 

This is used to conwrt the stress intensit~o factor K calculated after the finite element 

analysis into the energy release rate G. which is compared to the results from the 

analytical solutions presented above. In the expression, Eo and z; are the Young's 

modulus and the Poisson ratio of the adhesiw respecti\Oel)·. 



Appendix B 

Example of DeB calculation 

This Clppendix presents how the frClcture toughness of the DeB joint is obtained yia 

a spreadsheet and intermediate graph, this fo11O\\"s the protocol "\\Titten by (~loore 

et a1. 2001). The spreadsheet is based on the equations A.9 to A.12 and the associ

ated intermediate calculations for each specimen. 

Table B.1 presents the input data recorded during the test: vertical displacement. 

corresponding load Clnd length of the crack. Table B.2 presents the actual results 

usecl for the study: fracture toughness calculated for different crack length with the 

different analytical formulations Clnd the finite element solution (column 2 to 7). The 

column 1 corresponds to the vertical displacement corrected taking into account the 

complim1Ce of the machine. Table B.3 presents the intermediate calculations used 

to calculClte the fracture toughness from equations A.9 to A.12. Eventua11~·. Table 

B.4 summarises the regression analysis carried out to obtain .6.. and n from Figures 

B.1 and B.2 respectively. 
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Tables 

DATA INPUT BOX 4: TEST DATA 

Text Text a [mm] Load [N] d [mm] 

insert NL 
insert Visual 29 2280 1.3 

precrack Visual 31 1120 0.83 

Propagation 33 1460 1.03 
Propagation 35 1830 1.24 
Propagation 41 2190 1.67 
Propagation 44 2110 1.9 
Propagation 48 2070 2.02 
Propagation 52 1920 2.36 
Propagation 53 1810 2.56 
Propagation 59 1720 2.72 
Propagation 63 1680 2.87 
Propagation 69 1600 3.26 
Propagation 73 1530 3.55 
Propagation 77 1450 3.87 
Propagation 79 1370 4.23 
Propagation 82 1330 4.4 
Propagation 87 1290 4.62 
Propagation 92 1210 5.16 
Propagation 95 1180 5.34 
Propagation 98 1170 5.5 
Propagation 101 1130 5.79 
Propagation 104 1100 6.07 
Propagation 107 1050 6.35 
Propagation 110 1020 6.65 
Propagation 113 1010 6.91 
Propagation 115 960 7.26 

Table B.l: Example of input data for tested DeB specimen ,,,ith Al 6082 and Al 
6082 
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CALCULATED VALUES 

dCOR [mm] G SBT[J/m2] G CBT [J/m2] G ECM [J/m21 G KCALC (J/m2) G J-int lin (J/m2) G J-int nonlin (J/m2) 
Eqn. [A.9] Eqn. [A.10] Eqn. [A.11] 

1.05 673.42 2737.57 3545.40 

0.70 184.37 873.56 1098.89 

0.87 352.96 1350.61 1654.88 569.65 561.05 468.13 
1.04 620.71 1952.69 2336.13 973.21 955.90 771.75 
1.43 1206.76 2915.56 3284.51 1773.19 1741.65 1353.56 
1.66 1285.19 3133.32 3442.81 184001 1807.29 1402.11 
1.79 1466.07 3118.28 3327.66 2033.13 1996.97 1539.09 
2.15 1475.58 3284.35 3416.97 1989.67 1954.29 1509.09 
2.36 1361.33 3357.60 3472.83 1824.04 1791.61 1393.04 
2.53 1518.22 3171.26 3178.48 1966.66 1931.70 1494.77 
2.68 1648.58 3134.32 3085.13 2095.86 2058.61 1586.76 
3.08 1789.95 3205.74 3081.53 2216.52 2177.13 1674.41 
3.38 1829.98 3221.87 3054.32 2232.21 2192.54 1686.15 
3.71 1826.94 3216.73 3011.22 2202.22 2163.09 1665.80 
4.08 1716.00 3275.93 3048.64 2052.44 2015.98 1558.09 
4.25 1741.42 3221.79 2973.35 2065.24 2028.55 1567.61 
4.48 1842.59 3140.68 2861.73 2155.49 2117.20 1632.64 
502 1811.56 3163.36 2849.39 2092.08 2054.92 1587.17 
5.21 1836.36 3116.33 2789.17 2107.23 2069.81 1598.70 
5.37 1920.55 3106.67 2763.81 2187.73 2148.88 1656.44 
5.66 1902.26 3088.45 2731.96 2154.29 2116.04 1632.54 
5.95 1910.73 3082.30 2711.82 2156.21 2117.93 1523.33 
6.23 1842.39 3012.33 2636.70 2063.79 2027.16 1458.03 
6.54 1837.04 2999.46 2612.67 2044.90 2008.60 1444.68 
6.80 1900.37 3020.60 2618.91 2106.80 2069.41 1488.41 
7.15 1777.95 2977.32 2573.73 1968.54 1933.61 1390.73 

Table B.2: Example of calculated values for tested DeB specimen \\'ith Al 6082 and 
A16082 
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CALCULATED INTERMEDIATE VALUES 

Text a [mm] F [-I N [-I FIN [-I C[mm/N] (C/N)A1/3 Log [elN] Log (a) m[1/mm] 

Visual 29.00 1.00 1.00 1.00 0.00 0.08 -3.34 1.46 1.44 

Visual 31.00 1.00 1.00 1.00 0.00 0.09 -3.20 1.49 1.63 

Propagation 33.00 1.00 1.00 1.00 0.00 0.08 -3.23 1.52 1.84 
Propagation 35.00 1.00 1.00 1.00 0.00 0.08 -3.25 1.54 2.06 
Propagaflon 41.00 1.00 1.00 1.00 0.00 0.09 -3.19 1.61 2.79 
Propagation 4L.00 1.00 1.00 1.00 0.00 0.09 -3.10 1.64 3.20 
Propagation 48.00 1.00 1.00 1.00 000 0.10 -3.06 1.68 3.80 
Propaqation 52.00 1.00 1.00 1.00 000 0.10 -2.95 1.72 4.44 
Propagation 53.00 1.00 1.00 1.00 000 0.11 -2.89 1.72 4.61 
Propagation 59.00 1.00 1.00 1.00 000 0.11 -2.83 1.77 5.69 
Propagation 63.00 1.00 1.00 1.00 0.00 0.12 -2.80 1.80 6.48 
Propagation 69.00 1.00 1.00 1.00 0.00 0.12 -2.72 1.84 7.76 
Propagation 73.00 1.00 1.00 1.00 0.00 0.13 -2.66 1.86 c.67 
Propagation 77.00 1.00 1.00 1.00 0.00 0.14 -2.59 1.89 9.64 
Propagation 79.00 1.00 1.00 1.00 0.00 0.14 -2.53 1.90 10.14 
Propagation 82.00 1.00 1.00 1.00 000 0.15 -2.50 1.91 10.92 
Propaqation 87.00 1.00 1.00 1.00 0.00 0.15 -2.46 1.94 12.28 
Propaqation 92.00 1.00 1.00 1.00 0.00 0.16 -2.38 1.96 13.73 
Propa(lation 95.00 1.00 1.00 1.00 0.00 0.16 -2.36 1.98 14.63 
Propaqation 98.00 1.00 1.00 1.00 0.00 0.17 -2.34 1.99 15.56 
Propaqation 101.00 1.00 1.00 1.00 0.01 0.17 -2.30 2.00 16.53 
Propagation 104.00 1.00 1.00 1.00 0.01 0.18 -2.27 202 17.52 
Propagation 107.00 1.00 1.00 1.00 0.01 0.18 -2.23 2.03 18.54 
Propagation 110.00 1.00 1.00 1.00 0.01 0.19 -2.19 2.04 19.59 
Propagation 113.00 1.00 1.00 1.00 0.01 0.19 -2.17 2.05 20.67 
Propagation 115.00 1.00 1.00 1.00 0.01 0.20 -2.13 2.06 21.40 

Table B.3: Example of intermediate data to calculate fracture energy release rate of 
tested DCB specimen with Al 6082 and Al 6082 

REGRESSION ANALYSES 
Method CBT ECM 

slope Y-axis slope Y-axis 

Value 0.001385 0.032166 2.157685 -6.628851 

Correction 1':.= 23.22 n= 2.16 
Corr. coeff. r'- 0.995551 r'- 0.986656 

Table B.4: Example of intermediate data to calculate fracture energy release rate of 
tested DCB specimen with Al 6082 and Al 6082 

d/a 

0.04 

0.02 

0.03 
0.03 
0.03 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.06 
0.06 
0.06 
0.06 
0.06 
0.06 
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Figure B.l: Graph allowing the deduction of the correcting factor .6. for a specimen 
with Al 6082 / Al 6082 adherends 
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Appendix C 

Flexural tests 

C.l Fabrication 

The specimens tested in bending. the two end fi:1ces were butted together and held in 

position. Strips of \1DF (\ledium Density Fiber) \yood ,,"ere ni:1iled to the surface in 

order to align to the two halves of the joint before bonding. To ayoid the weld lines 

interfering "with the joint alignment. areas \yere cut a\ya~" i:1ud the whole assemble 

was raised above the \vork surfi:1ce. The joint was clamped in place until a full cure 

of the i:1dhesiw had been achiewd. The butt straps v,"ere bonded over the joint and 

cli:1mped in position during curing. In order to set the correct adhesive thickness. a 

3mm aluminium spacer was temporarily pushed into the joints during the aligning 

process. This was removed. with the gap produced being back-filled once the joint 

had been damped in position. 

C.2 Experimental flexural behaviour 

Each specimen was loaded on an Instron 100 k\" universal-testing machine up to 

failure. A constant rate of loading of 0.015mm/sec (1 mm/min) \yas applied. The 

tests were performed at room temperMure. During the experiments applied load, 

mid span deflexion and vertical clispli:1cement of the crosshead '\"ere recorded Figure 

C.2. 

For joint A, Figure C.3 (i:1) presents the flexural behi:1yiour of the joint i:1nd Table 

C.1 summarises the ultimi:1te load and corresponding maximum bending moment 

carried by the joints. Figure C.3 shO\\"s that bet,,"een 0 and 20 k.:\ (and ignoring 

the initial non-linearity due to the take-up of play at the beginning of the test), the 
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joint behaves in the linear domain followed by a plastic region behveen 20 and 25 

k:\. Very steep drop of the load carr~'ing capacity shows that catastrophic failure 

occurs. However, the load is sustained at a 10'wer level because the joint did not fail 

completely. The curyes and the average results shmv good consistency between the 

specimens tested as the bending stiffness is 7A k:\ /mm with a standard deyiation 

of 0.2 k:\/mm. 

In terms of locus of failure it was obseryed that in most cases cohesive failure oc

cUlTed in the 8Clhesive. as it can be seen from Figure C.4. However. as for the 

hutt strap "ppcimC:'ns (Chapter 5). some aclhesiye failure was observed at the steel 

interface. Two causes can be considered: the fir:'t one is because too much primer 

"'as applied ancl the seconcl one is because the interlocking between steel and the 

primer-aclhesin~ s~"stem is not as good as the one bet\wen aluminium and primer

mlhesiw system. This confirms the sellsitiyity of the combination between surface 

preparation and/or coating and the adherend materials highlighted b~' many authors 

(Brockmann 1986, Kinloch 1990). (Cantrill et a1. 2(04) outliued that a more specific 

surface preparation such as shot blasting \yould giw a better adhesion and hence a 

more satisfactory mode of failure when steel is used. 

For joint B, Figure C.3 (b) shows the t~"pical flexural behayiour of the joint. The 

curws are characterised by a relatiwl~" long take up of pla~" bet\yeen 0 and 3 k:\". 

followed by a linear portion up to 15 k:\. A non linear domain is then obserwd up 

to the ultimate load. quickl)' followed by a drop of the load shm\"ing failure of the 

specimen. The CUl'yeS and the m"erage results also shm,- good consistenc~" bet\wen 

the specimens tested as the bending stiffness is 3.5 k:\/mm \,-ith a standard de\"ia

tion of 0.2 kN/mm. The average flexural strength and stiffness are summarised in 

Table c.l. 

Failure was obserwd to occur along the wrtical aclhesiw bond and the bond be

t\\'een the bottom strap and the box section. Figure C.5. This is a similar mode of 

failure to the steel to aluminium connection. After ha\"ing loaded the specimen fur

ther in bending. locus of failure coulc! be observed. Figure C.5. The joint presented 

cohesive failure along the interface behwen the 2 box sections (wrtical interface on 

the picture). Cohesive failure was also obserwd along the bottom strap. but ver)' 

dose to the box adherencl. 

Experimentally, it was shown that the steel-to-aluminum joint had a higher flexural 
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stiffness (7.5 kN/mm) than the unit-to-unit joint (3.8 k:\/mm): it is twice stiffer. 

This can be explain by the design of the joints: the steel to aluminium connection 

has a smaller bonded area than the aluminium to aluminium connection 'which in 

turn is softer. Also. the steel adherend is intrinsicall~' stiffer than the aluminium 

alloys. the L shape accentuating this property of the joint in bending. 

Tables 

Ultimate load 
[kl\] 

Dcck to superstructure 23.2 ± 1.8 

Unit to unit 20.4 ± 1.3 

Bending ~loment 
[kl\.m] 

3.2 ± 0.3 

2.8 ± 0.2 

Bending Stiffness 
[k:\" / mm] 
7.4 ± 0.2 
3 .. 5 ± 0.2 

Table C.l: Average ultimate flexural strength of structural joints 
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Figure C .l: Structural joints in 4-point bending configuration: (a ) St eel to alu
minium connect ions , (b ) Aluminium to aluminium connection. 
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Figure C.2: Setup of 4-point bending test for steel to aluminium connection . 
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Figure C.3: Load-deflect ion behayiour of structural joints in a four point bending 
configuration: (a) Steel to aluminium connect ions , (b) Aluminium to aluminium 
connection. 
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Figure C.4: Locus of fai lure of steel to aluminium connections tested in bending. 

Figure C.5: Failure of aluminium connection in bending. 



Appendix D 

Failure criterion 

Regarding the adhesive and the adherencls used in the case considered, it was likely 

that joints will failed in the adhesive rather than in the adherend. Therefore. an 

adhesive failure criteria has to be defined to predict failure in the adhesive. Sewral 

met hods can be used to predict failure: 

\ ' 1\1' .. yl3 ') 2 • ion l\/lses cntenon 0' failure = 'uitimate- + O'uitimate : 

• Raghava criterion: 

• Empirical criteria. 

Brede ct oJ (cited by (\Yeitzenbock et al. 2004a)) have dewloped an empirical failure 

criterion based on experimental data and numerical modelling which is described 

in the follGwing. An experimental programme on a simple joint design (butt strap 

joint) provide an awrage ultimate shear strengt h yalue and an average load to failure. 

From this set of elata. the awrage load at failure is applied to a finite element model 

of the simple joint. Shear and peel stresses or maximum principal and equi\'alent 

stress (when complex joints are considered) are awraged along a line corresponding 

to the adhesiw thickness to at a distance to/10 from the adherend. Figure 5.16. 

Because of numerical uncertainty at the free surface. the last three nodes before 

the edge of the joint should not be taken into account. It should be noticed that a 

similar level of mesh refinernent between the generic and the complex joint should 

be achieved in order to obtain rele\'ant results. 

The failure will then occur in the complex joint FE model when any of the awraged 

calculated values recorded in the simple joint adhesiw bond at failure is reached 

along a line at a dist ance t a/I 0 from one of the adherends. This met hod ensures a 

conservative criterion and reduces numerical singularit~, increasing the stress around 

any corner or free surface. 
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