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ABSTRACT

There is an increasing potential for the use structural epoxy adhesives in steel
fabrications, especially where thermal distortion from fusion welding causes
production difficulties. Applications may include grillage panels for ships and similar
construction, cspecially wherc stiffeners are welded to relatively thin plating, using
fillet joints. Substituting welding with adhesive bonding requires designers to have a
good knowledge of bonded beams in term of their structural behaviours under lateral
loadings and in comparison to cquivalent welded beams. The bending shear in bonded
beams causes large strains in the adhesives boundline, which could result in increased
siresses and deflection. This research aims to provide a fundamental design guide to

determine levels of siresses and deflection of such beams.

This developimental research programme was largely experimental work, which was
supported by numerical and analytical methodologies. Large number of small-scale
stiffened beam models were designed and manufactured to represcnt bcams with plate
stiffener connections; both wolded (solid) and bonded. The stiffeners include various
profiles, such as T, L, Z, flat beam and inverted T sections with various spans, The
models were tested under moneotonic loading in a simply suppotrted boundary
condition, within both elastic and plastic Iimils. In addition, the variation of adhesive
hondline thickness was also considered to study its effect on bonded beam behaviour,
The thesis presents the methodology for evaluating and comparing these models.
Besides the mechanical testing; analytical methods based on beam and sandwich
theory and finite element téchniques were used.
‘L'he research work shows that
) Bonded beams behave quite dilferently to the solid/welded beams in terms
of stresses and deflection. When compared to solid beams, bonded beams
tend to cxhibit higher bending stresses and deflections
(i)  Different beam sections were compared and evaluated in the research, and
it was found that a honded T section being most suitable {o resist bending.
(ili)  An elastic-plastic experimentation was necessary to demonstrate failure ol
the bonded beams under high bending loads. The bending behaviour of
the bonded beamn under gross deformation was analysed
(iv)  The effect of varying the adhesive thickness reflecicd through interface
coefficients may be extended to full scale bonded panel analysis through

suitable techniques allowing the behaviour extrapolation to the real scale.
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CITAPYER ONE

INTRODUCTION

It is only in recent years that engineers have become practically interested in adhesive
bonding for structural joints as an altcrnative to more traditional methods of
attachment. Particular interest tn the bonding of metals has been steadily growing
ever since the gluing of load-bearing parts in metal aircraft was infroduced 65 years
ago. The bonding process was used initially in the bonding of name plates and or be
used in conjunction with decorative surfaces in non-critical aerospace applications,
Nowadays adhesive bonding has grown to include fabrication of primary aerospace
structural components without mechanical fastenevs. The successful development in
aerospace has inspired the use of structural adhesives in marine industries. There is a
potential in structural adhesives to replace or used in conjunction with traditional
joining techniques such as welding, riveting and bolting, which are normally the
primary joining process for ship structures. The lack of research in adhesive
applications in the fabrication of thick steel structures using adhesives was the

motivation of the study.

Structural adhesives produces bonds capable of bearing an appreciabic and sustained
load for the period of service, without significant creep or other loss of performance.
These bonds are likely to be comparatively rigid, though not necessarily to the point
of becoming completely hard and brittle. The petformance of structural adhesives has
progressed to such a point that it is possible to consider the opportunity of novel
constructions or a different structural topology for structures used in the demanding
marine and offshore environment. Research in structural adhesives focused mainly on
lhe development of new bonded constructions used in various indusiries. Glasgow
Marine Technology Centre itself has over fifteen years research experience in
adhesive bonding for marine structural applications and has demonstrated the disiinct

practical applications and bencf{its which structural adhesives can offer.

The aerospace industry uses structural adhesives to a great advantage in the

construction of many components. Figure 1.1 is a diagram of a Fokker F-100




passenger ajreraft, indicating the areas which are adhesively bonded. It is casy to see
that much of the fuselage, the wing structure, and the engine housing are at least
partially adhesively bonded. What is not appavent from the figure is that many of the
internal components of the aircraft cabin are also adhesively bonded. For example,
floor panels are a special constraction of a material known as Nomex honeycomb core
adhesivcly bonded to fibreglass panels. As matetials such as carbon and glass fibres
were introduced in the fabrication of flooring, extensive testing on these joints was
required for a comparison with previous models [126]. The overhead compartments
are made in a similar way. These constructions are not only lightweight but they are

also stiff.

The automobile industry also uses adhesives extensively. Figure 1.2 shows the
Jocation of an automobile where adhesives are used. For example, automobile hoods
are typically constructed of a top panel and a stiffener. The stiffener is joined to the
top panel by “anti-flulter” adhesives which allow the hood to maintain its shape even
under high stresses and wind shear. Structural adhesives were used for bonding
materials such as fibre-reinforced plastic (FRP) to itself and to steel In such
applications [127]. In newer automobiles, the windshield is parl of the overall

structure of the roof and is fastened by adhesives to the frame.

The use of adhesive bonding in ship structures has been slow compared to the other
industries. However, there is an incrcasing trend towards combining dissumilar
materials in a single ship structure, particularty for high-speed craft, wherc weight
reduction is critical. BExamples include vessels built with steel hulls and aluminium
superstructures, and vessels having aluminium huils and superstructuccs, but with
parts such as mast, conlrol surfaccs and even bilge keels constructed in fibre
composites. The introduction of fibre-reinforced composites has been mainly
confined to pleasure craft, yachts, high performance racing craft, rescue and patrol
vessels. TFor high-speed craft, adhesives have also been used to bond panes, seat rails,

and the rudder bearings in the housing and propulsion shafts.

Adhesives can also be found in marine structores as sealants. Marine sealants {orm a
durable, elastomeric waterproof seal for marine applications above and bclow the

waterline. Sealants are often used for permanent sealing or for service and repair



applications including sealing of deck hardware and hatches, around doors and

portholes, deck-to-hull assembly, through-hull fittings and seams and keel joints.

1.1 The adhesive bonding process

Adhesion is a phenomenon which allows the adhesive to transfer a load from the
adherend to the adhesive joint. Since adhesion is a surface phenomenon, it follows
that the physical properties of the adhesive joint depend strongly on the character of
the surface of the adherend and how the adhesive interacts with that surface. The
adhesive refer to a material used to join two solids together by forming between them
a thin layer and resist separation. At some stage in an application the adhesive must
be liquid or at least plastic. When the hond is formed it is solid, though it may or may
not be flexible. The actual strength of an adhesive joint is primarily detcrmined by

the mechanical properties of the adherends and the adhesive.

Adhesive bonding is an alternative to more traditional mechanical methods of joining
materials, such as nails, rivets, screws, etc. One major diflercntiation between an
adhesive joint and a mechanical joint is that in the second, the adherend, in general,
must be pierced by a mechanical fastener to execute the assembly. Whon an adherend
is pierced by a mechanical fastener, a hole is created in the adherend. Stress
concentration which resuli from the edges of the hole can cause a decrease in many
physical properties of the adherend as well as of the mechanical joint such as stress
singularities and galvanic cotrosion. Adhesives also display scveral other advantages
over mechanical fastening. The main reason for the widespread use of adhesives in
the aerospace industry is the ability of adhesives to not only form a joint but also to
seal the assembly in one step. Mechanical fastening often require a separate sealing
procedure to create a pressurisablc asscmbly. Adhesives also allow galvanically
dissimilar materials to adhere to one another without leading to accelerated corrosion.
For example, the mechanical joining of steel and aluminium would be a disaster in the
making. Aluminium would act as an anode to steel and corrode rapidly in corrosive
environments. Since most polymeric adhesives are non-ionic and clectrical insulators,
a properly effected adhesive bond would electrically separate the members of the
galvanic couple while still joining them structurally. Adhesive bonding, when
executed in a propetly designed adhesive joint, does not exhibit high concentrations,

so the propertics of the adherends can be fully utilised. However, adhesive joints do



require a much larger area of contact between the adherends and the adhesive in order

to carry the same load as a mechanical fastener. The major advantages of adhesive

bonding for steel applications arc {3,13];

the climination of thermal distortion associated with welding, The absence of
material removal does not introduce much distortion into the adherends of the
beam joints being considered in this study

for joints where one of both of the adherends are thin as in the case of a lap
shear joint, other methods of joining such as welding or riveting, may not be
possible; the thinner the gauge the more difficult and the more inefficient these
methods become,

For a joint with thick adhetends, adhesive bonding as compared with welding
takes place over the whole surface and thus gives continuity of strength with
increased stiffness, reduces siress concentration and lessens 1he risk ol fatigue
the reduction of pitting corrosion due to the absence of weld defects and the
additional benefit of the adhesive acting as a sealant within the joint, thus
minimising crevice corrosion, A correctly chosen adhesive will not itscif
corrode the metal and may also serve to prevent galvanic action between
dissimilar adherends

adhesive bonding may save weight, particularly when it enables a thinner
gauge of metal to be used in stressed skin consiruction. Mechanical fastening
methods tend to introduce additional weight considerations such as riveting or
welding.

in some cascs it is valuable to use adhesive bonding in association with bolts
or rivets to resist initiation of a peel or cleavage failure. Besides the extra
strength and greatly increased fatigue resistance obtained, there are secondary
advantuges in corrosion protection and fluid-tightness

the ability to create efficient complex joints, such as sandwich structures

frequently the use of adhesives can reduce cost

Howcver, mechanical fastening does have a number of advantages over adhesive

bonding. Mechanical fasteners are relatively obvious once applied in a joining

application. Adhesives, by their nature, are infernal to the joint. In most cases, it is

thus not casy to determine (without destructive testing) whether the adhesive was

properly applied.




Another limitation of adhesive bonding is its sensitivity to heat. Limited heat
resistance is inevitable, since high strength adhesives are made from organic
compounds.  Other significant limitations include poor heat and electrical
conduetivity, high thermal cxpansion and limited resistance to chemicals for certain

applications..

In summary, the major disadvantages of the use of the adhesives are [3,13];

o pretreatment of joint’s surfaces is necessary in adhesive joining which is
required to obtain strong and durable joints. The significance of a cleaned
surface is higher for a bonded joint than a mechanically fastened joint.

e for bonded joints, a flexible adhesive tend to have good impact resistance
while a rigid adhesive lend to have good elevated temperature resistance.
Hence it would be difficult to obtain the properties of good impact resistance
and ¢levated temperature resistances through a single adhesive joint.

¢ the long term durability in wel/humid conditions needs further investigation
duc to a shortage of test data at present as compared to other mechanical
fastening methods.

e ahigh temperature sensitivity when compare with metals

o load bearing joints require new design skills and may require optimum beam

section designs, in the case of structural pancls

1.2 Aims and Objectives

There is a potential for introducing structural adhesives into the stccl fabrication of
stiffened panels in order to avoid the thermal distortion associated with welding,
Welded steel pancls/beams may be designed to resist bending and associated shear
stresses and dellection. The aim of the study is to assess the strength and behaviours
of bonded steel beams under three-point bending within both elastic and plastic limits
under static Joading. This thesis essentially deals with the feusibility of using the
adhesive on its own for joining steel to steel for relatively thick adherends. The
roscarch work represented here is concerned with steel/steel joints bonded with a
single part epoxy adhesive. Both solid and bonded beam models were studied under

various methodologies. To validate thick beam section parameters such as beam



profiles and spans; experimentation, finite element analysis and theoretical work were
employed. The other aim was to produce a design guidc for stresses and deflection in
bondcd beams fabricated from steel adherends and epoxy adhesive. The effects of

varying adhesive thickness on beams behaviour were also considered.

The overall objectives are as follows;

= to consider representative beam models and establish practical bonding and
fabrication processes

» to assess the static strength performance and limitations of adhesively bonded
structural joints

» {0 investigate numerical and analytical methods for the prediction of static or
failure strength in structural joint configurations

= to determine the behaviour of adhesively bonded beam clements in
comparison with the welded cquivalent and therefore to compare the strength
of such configurations

= to compare the bending behaviour of bonded beams with different adhesive
thickness

» to assess the behaviours of solid and bonded beams under elastic-plastic

loading conditions

1.3 The stiffened beany/pancl

The study concentrates on the adhesive bonding of stiffeners to relatively thin (68
mm) plating in configurations typical to ship-like structures which may include a
variety of marine and land based [abrications, Similar stiffencd skin structural
applications are shown in Figurc 1.3. The plating-stiffener combination is a
fundamental element in most ship structure designs. Stiffeners supporting the plating
constitute a grillage with unidirectional stiffening. The stiffened grillage plating will
have o resist various loading that will result in deflection, bending and shear stresses
that may be in the elastic and elastic-plastic range. The main motivation for this study
was to avoid the thermal distortion associated with fillet welded stiffeners and the
costly rectification often required during fabrication. Reworking steel components
that have been distorted by conventional welding can involve thousands of man-
howrs. As such, certain marine agencies have focused their work on reducing weld

distortion during fabrication of Navy ships and other vehicle types. The development




of finite element analysis tools as well as practical welding procedures has been

beneficial in the reduction of welding distortion.

The siructure studicd is a subcomponent of the stiffened pancl/beams where the
panels use T, L, Z, flat and inverted T stiffeners. The dimensions of structural
components in the case of marine and similar construction affect overall weight and
fabrication cost considerations. Figure 1.4 illustrates schematic designs for welded
steel pancl, of the same flexural rigidity, £, which result in different weight and
fabrication cost. The first design in Figare 1.4 is based on using thick plates
(normally greater than 8 mm), large stiffeners, and wide spacing between stiffeners.
The sccond design in Figure 1.4 however uses thinner plates, smaller stiffeners and
closer spacing. The choice between the (wo depends on the main design requirement,
(i.e. low cost with minimum weight). The fabrication cost of minimum weight design
is high and is largely associated with controlling thermal distortion of thin steel plates,
typically 6-8 mm. The effects of weight reduction for superstructure construction can
mean higher spccds and increased slability due to reduced top weight. Further distinct
potential benefits include possible increased fatigue performance of the components

due lo the lower stress distribution.



Regions of adhesively
bonded structure

Figure 1.1 Diagram of a Fokker F-100 aircraft showing the sections of the aircraft
that are adhesively bonded [3]
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Figure 1.2 Diagram of an automobile showing locations in which adhesive and
sealants could be used or are being used [3]
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Figure 1.4 Comparison between two design concepts of grillage panels.
a) minimum cost design, b) minimum weight design.




i1

CHAPTER TWO

LITERATURE REVIEW

2.1 Structural adhesives and joining processes

In general, structural adhesives are high-performance adhesives capable of producing
rigid, high strength, almost permanent bonds between substrates in continuously
stressed assemblies under rclatively severe service conditions for relatively long
periods of time. The use of structural adhesives has increased dramatically in the last
few decades due to the continual improvements of the adhcsives and its applications.
Besides providing good adhesion to a variety of substrates and allowing a quick
application process, structural adhesives have excellent material properties and can
provide a cost-effective method of joining., In the sheet metal industry, adhesive
bonding has the advantage of requiring less operator skill and less post weld finishing
as comparcd to welding. As a result, higher manufacturing efficiency, more extensive
stress distribution and cleaner product surfaces could be obtained as compared to

weldmg.

The two most important metal-bonding structural adhesives arc the epoxy resins and
acrylic adhesives. The epoxy adhesive represented in this study constitutes as one of
the most versatile class of adhesives and is widely used in metal/metal bonding. It
should be noted that the shear modulus of most siructural adhesives is only a [raction
of that of any commonly uscd engineering metal and their cohesive strength is low.
However, when strained to failure structural adhesives display enormous

accommodation compared to metal fastening.

Structural adhesives provide numerous manufacturing advantages to designers.
Modern epoxy adhesive can offer designers flexibility to achieve economical and
tcchnical advantage for offshore and ship construction, especially in grillage
connections between plates and steel stiffeners [86,93]. Bonded struclures have becn
shown to be far more [atigue resistant than equivalent mechanically fastened

stractures, and when designed correctly, can sustain higher load levels than equivalent
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mechanically fastened joints {119]. Bonded joints are also lighter due to the absence
of the fasteners and are easily inspected using non-destructive inspection procedures
(NDI), commonly implemented in the inspection of aerospace struclures. However,
designers have been reticent towards its application due to the limited research
published on the reliability of using adhesives in marine applications. Further
research into potential adhesive struclural applications is needed in order to enhance

the knowledge of this technology and reinforce its use in the industry.

A typical structural adhesive such as a high performance toughened epoxy adhesive
offers (ho rolative ease of application together with high joint strength and good
resistance to corrosion, fatigue and impact loading in marine structures. In 2004, a
study carricd out QinetiQ (UK) on behalf of the Health and Safety Executive showed
potential in the non-metallic repair method of using structural adhesives [79]. They
compared the feasibility of adhesive/composite-based emergency repairs with the
more conventional welded stcel-type approach. Although initial results have been
positive, the requirement to predict the uscful lifetime of the non-metallic repair
would however require considerable experimental work and as hence been submitted
for further work. Structural adhesives also have the advantage of minimising the
structural weight of marine and offshore structures. The shipbuilding company VT
Group (UK) has implemented the successful use of adhesives on secondary structures
and attachments of their fast patrol and strike craft range [86]. The aim of their
rescarch was to develop a philosophy and proper bonding procedures for aluminium
structures that would enable lighter scantlings and practicability as compared to

welding, but at a similar cost.

New material systems present potential solutions to meet the advanced performance
and economic requirements in building more efficient marine structures. Presently
the material that is considered for building most comumercial vessels is still steel
because it is economical. However composite materials such as fiberglass reinforced
plastics (GRPs), fibergluss reinforced composites (FRCs) and aluminium are suitable
alternatives that will reduce the weight and loss of speed associated with steel
fabrications. The use of new material combinations generates the need for new
joining technologies for the fabrication of more complex joints, cspecially in

sandwich design that could be adopted in ship structures. A range of structural
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adhesives were examined in vecent studies for bonding steel to steel, steel fo GRP and
GRP to GRP in marine structures [80,81,82]. A similar study carricd out by the Navy
Joining Centre (US) focused on developing and implementing producible and cost
elfective sieel to composite adhesive joining technology., The approach met
requirements applicable to the US Navy destroyers [77].

Existing structural designs could also benefit from the introduction of using adhesive
bonding. An example of a typical structural element could be [ound in a study carried
out by Earl ¢t al, where the authors analysed the tee joint connection between a
bulkhead and the hull by using thermoclastic stress analysis [128]. The authors have
used XE900/Ampreg 26 web bonding laminate to bond the web to the flange inner
skin. In order to study the detrimental effects of air gaps, a 2 mm unfilled gap at the
based of the web was created to represent air gaps that occur in vessel manufacture in
the test specimen manufacture. In the manufacture of such joints, a thixotropic filled

adhesive is usually used and any gaps are normally filled.

Structural adhesives have been used in joining materials in aircraft/aerospace,
automotive, cleetrical/electronics, building/construction, and consumer/appliance
applications. The feasibility of using structural adhesives in fully structural
automotive body applications has been studied extensively. The automotive industry
has investigated the use of structural adhesives in semi-structural applications
particular for the attachment of sliffeners to bonnets and boot lids. As well as
providing a unifonn foad distribution, adhesive bonding provides a smooth surface
finish and thus eliminates the need for expensive sccondary operations prior to
painting the vehicle. Box sections and “top hat” beam section configurations were
envisaged to feature prominently in fully stressed body shells or other forms of
structural elements in vehicle construction. However, in order to reduce vehicle
weight, more car body structures developed are made from lightweight malerials such
as composites, plastics and aluminium ailoys. Fabrication of these materials in
autornotive applications using traditional welding techniques is not feasible and
adhesive bonding is a potential assembly method. Previous research have also found
the flexural and torsional stiffness und strength properties of bonded thin-sheet box-
section heams to be higher than for similar beams formed by riveting or spot welding
[117,118].
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The bonding technology has been gradually iniroduced and transferred to the
construction industry recently.,  Stractural adhesives could be used in the
strengthening of beams and columns by bonding plates to their surfaces in order to
extend the life of ageing inlrastructure. The plate bonding was achieved with the use
of lightweight fiberglass-reinforced-polymer (FRP) composite plates. Plate bonding
relies critically on the strength of the adhesive joint, which must be designed to have
an adequate strength. A study on this joint was carried out by Stratford & Cadei, who

presented an elastic bond stress analysis suitable for design [to be updated].

Understanding the adhesives properties and its limitation is an important aspect in the
analysis of joints. This is especially crucial in marine structures where joints must be
able to sustain difficult operating conditions. A study carried by Hashim investigated
the potential of adhesively bonded steel-steel joints used in marine structures [78].
An experimental program based on large and small bonded models concluded that the
cleavage and shear strength of lhe adhesive provides a good indication of the overall
strength of adhesive and the bond. Another similar study was carried out on thick
adherend stecl-composite joints for offshore platforms and superstructore for ships
[87]. In this paper, Hashim & Knox have assessed the strength of the bonded steei-
composite strucfure using representative macrostructural joints under lateral loading
conditions. The strength of the shcll to frame joint was evaluated and the cilects of
the laminate thickncss were also studied. They have found that increasing the
laminate thickness led to a significant incrcase in the joint strength, The other
alternative in incrcasing the joint’s strength was found by a reduction of the frame-
stiffener spacing. This approach assists in resisting a bending moment subjected
hetween the two stiffeners. Examples of other potential adhesive applications for
bonding metals in marine construction include the repair of ship superstructure,
structural elements in low stress regions (lightly loaded bulkheads, fire doors,
watcrtight doors, instrument casings and venlilation ducts, underwater repair of

offshore tubular structures and bathyscaphes).

Conventional materials such as stecl can be found in many marine structural
applications. Welding is the commonly adopted method of joining steel members in
the fabrication of steel panels (stiffeners to plates). Most structural stiffening is

attached by a double continuous fillet welding procedure to a thin plate of shell, decks

g

|
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and bulkheads. The ultimate compressive strength of stiffencd panels is very
important from the design and safety viewpoint. However, the ultimate strength of
these panels depends quite significantly on the associated welding distortions and
residual stresses during fabrication {130]. The welding creates tensile residual stress,
on the order of the yicld stress of the steel within the vicinity of the stiffeners, and
lower-lcvel compressive stress in the plating between the stiffeners. These built in
stresses and strains in the components result from uneven cooling after the welding
process. Besides this, the high heat input associated with welding tends causes
structural distortion during fabrication. Hence it is difficult to accurately quantify the
integrity of the structure and further requirements are normally included. Such
requirements include post-weld operations from straightening to sizc reduction
through cutting. As a resulf, a large number of man-hours may be involved in the

rewarking of those steel components that will increase production cost.

Due to the demanding nature of the service conditions in which vessel operate,
welded components and structures are subjected to & high level of fatigue loads,
which cause structlural degradation and finally lead to complete failurc for structural
components. When cracks occur in the vicinity of weldments in siructures, weld
repairs are frequently considered for crack repair and in most cases mainly to cxtend
service life of the component. When a section of a wclded joint fails to pass
inspection, it is common practice to repair the weld by gouging out the initial
weldments in the sub-standard sections and re-welding them. However, the
effectiveness of weld-repairing cracks in an already welded joint is unclear due to the
increase in rcsidual stresses, distortion in geometry and the deterioration of thc
microstructure caused by the additional weld process. Shankar & Wu carried out
research comparing as-welded plates and weld-repaired plates in marine structures
[135]. 1t was found that the residual life of the weld-repaired joints is cven lower than
that of the as-welded plates. This was attributed to the significantly larger sizc and
greater number of defects infroduced by the secondary welding process. This fed to
the conclusion that the repair of cracks by subsequent welding is a poor mcans of

enhancing fatigue life.

Research has also been conducted on the welding methodologies available to the

industry now. Research carried out by Joint Institute de Soudure (France) and TWI




16

(UK) assessed the potential of using CO; lascr welding of thick section steel structure
instead of current arc welding in shipbuilding [83]. There is a need to build
confidence in such a technology which involves an investment of high capital cost.
Comparison between laser welded and adhesive bonded steel sandwich structural

elements showed a better fatigue performance of the latter [82].

The amount of pitting and corrosion to a welded joint in a marine environment is also
an issuec of concern with designers. The life of the joint could significantly deteriorate
due to the exposure to chemical reaction with the scawater ot other organisms that
will corrode the joint area. As a result, engineers will have to conduct damage
analysis in order to substantiate the integrity of the structure to prevent making
significant repair to existing structures. Dong & Zhang studied stress corrosion
cracking cases in detail and analysed the effects of weld strength mismatch on
welding residual strcsses with a butt-weldcd plate joint configuration [32]. This
mismatch is often referrcd to as an inhomogeneous strength distribution across a
welded joint resulting from the use of the weld metal of either a higher or lower

strength than the base metal.

A single joining technology can sometimes prove insufficient to attain the required
joint properties and an allernative could be found in hybrid jeining processes. Hybrid
joining techniques such as weld-bonding, riv-bonding, and adhesive bonding with
bolts or screws were introduced in automotive and aerospace structures to take
advantage of the technical and economic benefits associated with each joining process
[16,17,24,28,31,84]. The key attribute of combining adhesive and mechanical
assembly technologies is that a variety of benefits that can be achieved, which exceed
the sum of the individual properties of the components in the holding process. The
use of combination joining takes advantage o[ the individual components, resulting in
an improved joint quality and durability while minimising production cost. However
engineers must carefully consider how the proccsses will react with or against each
other. The adhesive material used in a combination joint is capable of reducing the
unsightly effects of distortion by joining aluminium panels together. In fast ferry
design, adhesives were found useful combining with riveting to joint pancls. Panels
are very large and in many cases need assembling vcrtically, so rivets are required in

any case just to hold the surfaces together while the glue dries.
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2.2 Design and behaviour of stiffened panels and beams

The plate-stiffener combination forms one of the basic structural units of a ship. In its
simplest form it is made up of a beam that is attached to a plate. Many parallel beams
supporting plating constitute a grillage with unidirectional stiffening, Such stiffened
panels are usnally subjected to a combination of lateral bending and in-plane loads.
The extremity of such load components may not occur simultaneously, and more than
one componcnt may normally exist and interact. In-plane loads include biaxial
compression/tension and cdge shear, which are mainly induccd by overall hull girder
bending or torsion of the vessel. The current study focuses on the local lateral
pressure Ioads in the forni of sea pressure, wind, concentrated weights, personnel

load, and cargo pressure,

The advanced dcsign of marine structures requires the better understanding of the ship
plating under the combined loads. The combined loads have been implemented in a
research carried out by Judd et al. to assess the effectiveness of adhesively bonded
aluminiom marine superstructures [86]. In their stress analysis of the adhesively
bonded stiffened panel butt joint, the joint was subjected to a complex mix of both
shear and peeling stresses resulting from both simultaneous in-plane hull bending and
lateral hydrostatic pressure loads. The in-plane applied load consists of a uniform
compression that causes a uniform shortening of the panel. The lateral loads
represented the static and dynamic forccs on the superstructure and determines the

scantlings requircments. These loads can be classified into three basic types of loads:

1. Lateral load that canse negative bending of the plate-stiffener combination
2. Lateral load causing positive bending of the panel
3 In plane compression

In a separate study carricd out by Shenoi & Hawkins, out-of-plane loading was
subjected to top-hat stiffeners and shell plating joints [85]. These joints are typically
found in fibre-reinforced plastic (FRP) ships and boats. Such out-of-plane joints are
susceptible to failure by peel and delamination well before the ultimate in-planc
material stress is reached. Furthcrmore, their dependence on interlaminar properties
make them somewhat sensitive to material imperfections such as voids. The authors
identified the key variables that control and govern the transfer of load from the panel

to the stiffener and vice versa.
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To determine the ultimate strength of the stiffened plates, the stiffened panel is
normally treated as a series of disconnected struts, where each strut represents a
combination of a stiffener and an associated width of plate. Such an analysis was
adopted in this study using theorctical, numerical and experimental work to determine
the load-deflection characteristics up to the specified collapse load. Similarly,
previous work carried out at the Glasgow Marine Technology Centre involved a
preliminary investigation into the adhesive bonding of stiffeners io thin plating with
both single and multi-stiffened pancl configurations typical of marine structures
[87,88,91]. The stiffened pancis were tested to plastic collapse in four-point loading
under simply supported boundary conditions, Two panels were tested under a
negative bending moment and the third under a positive moment. The main objective
of the test was to demonstrate the efficiency of the adhesive bonds under panel
bending loads and to determine the level of adhesive shear stress due to bending. It
was concluded that existing beam theories for calculating stresses and deflection in

bonded steel beams require some modificalion and further study was recommended.

The research presented in this study focused mainly on the negative bending of the
panel (plate-stiffener combination). A total of five different stiffener beam cross
sections were being considered in this research. The determination of the resulting
deflection and strains in the adhesive or adherend as a result of bending will
characterise the mechanical behaviour of the beam and in turn influences the scantling
requirements in grillage structures. A similar approach was adopted in the research
on the design of aluminium hull panel for high-speed craft by Herrington & Latorre
[89]. A static analysis of the stiffened panel was performed to determine the
displacements, stresses and strains under various pressure conditions. However, an
initial experimentation on a prototype hull panel involved stresses below the yield

limit that caused yielding, and hence only linear elastic behaviour was assumed.

A popular approach of assessing the ultimate strength of welded stiffened panels
involves studying the load-carrying characteristics of each individual stiffened plate
unit of varlous beam section, Normally this invelves the measure of the joint’s
deformation subjected to a given load such as bending or tensile forces. Such
cxperimentation allows 1o determine the failure load or the ultimate load for the joint

being studied. Testing of welded stiffened steel plate panels in compression have

N
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been carried out by many investigators [20,21,29,91,92]. A recent study carried out
by Grondin et al. assessed the structural strength and stiflness of welded T shaped
stiffeners required to resist compressive forces [90]. Part of their research involved
experimental and numerical work on specimens that were loaded with 25 kN three-
point lateral loads. J.arge deformation and [inite strain analysis was performed using
the finite element code ABAQUS®. The finite element analysis was found to predict

guite accurately both the behaviour and the capacity of the stiffened steel plate panels.

It is also common to use ‘top-hat’ stiffeners to stiffen the plate panels in FRE marine
structures. The stiffness of large unsupported panels constructed of FRP materials is
inherently low. Stiffened panel joints are normally bonded with welding, riveting or
adhesive bonding. Research carried out by Philips & Shenoi focused on the
assessment of damage tolerance of such stiffeners to plate connection in FRP marine
structures [18,85]. A systematic study was carried out to understand the behaviour of
the top-hat stiffener under static loading and mechanism of load transfer and failure.
The authors have adopted using the three-point and reverse bend test to simulate gross

panel deformation and its effect on the top-hat connection.

Bulkheads in ships are normally required to withstand water pressures only and often
are conslructed as elastic membrancs of very small thickness. An optimum design
could be obtained with very light plating, efficiently joined at the seams and butts and
supported by a close network of light stilfeners, well connected at the boundaries. A
good water-tightness might be secured with such a bulkhead on a small weight, but
the deflection would be great, since the bulkhead would have to resist the pressures
entively in virtue of tension. Greal deflections are, however undesirable because,
where pipes and leads pass through a bulkhead where doors are found, excessive
strains was produccd causing local leakages and other difficulties. Moreover, the
requirement that those bulkheads shall serve as strength members of the hull render it
necessary to endow them with considerable stiffness. It is for these reasons preferable
to base the strength of bulkheads primarily on the stiffeners, which are capabie of

resisling the water pressures.
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2.3 Scantling requirements of stiffened panels

Rescarch into the optimum scantling requirements has been a subject of interest for
many years, especially in developing a preliminary design stage optimisation tools for
designers [94,95]. Much of the literature on optimisation of stiffened plates was
concerned with minimising the weight of the plate/stiffener assemblies with
manipulation of certain design variables. Design variables that are normally
considered include the plate thickness, spacing between stiffeners and the geometric
properties of the stiffener. A more claborate emphasis can be found in the paper by
Hughes et al., which list the detailed scantlings of the T stiffened panels used as part
of an ongoing research on ultimate strength of stiffencd panels at Virginia Tech [96].
However most of these researches tend to focus on a single beam section, and fail to
address the cfficiency of stiffeners of different cross scetional properties. M.M Alinta
studied different type of stiffeners in order to obtain an optimised design proccdure
[97]. By using finite element method of analysis, the author found that the critical
shear stress that leads to shcar buckling of the panel depends on the type and the
number of stiffeners. All plates which have a similar aspect ratio and number of
tranverse stiffeners, have an optimal value of the flexural stiffness ratio for which the
critical shear stress is at the highest possiblc value. The optimal value of the flexural
stiffness ratio was determined for the T, L and (lat beam stiffened panels. The
research presented here will similarly invelve studying the effects of cross sectional
properties of using various types of beam sections as stiffeners for stiffening the

panels.

In the preliminary design stage, designers must be careful to ensure that the ratio of
stiffener spacing to plate weight is such that the required strength is obtained with the
least weight. Shell bulkhead and deck plating design are all based partly on this
principle. Research carried out by Kang et al. addressed the minimum weight design
of compressively loaded stiffened composite panels under constrained post-buckling
strength [98]. Using design variables such as size and stiffener spacing, the optimal
design resulted in a weight reduction of 15.4% compared (o the reforence design.
However, the optimised shape of the stiffeners seemed unconventional and was
attributed to the fact that the stiffener spacing was too close and the upper portion of
the web being too large. Such a design will be inappropriate in a rcal structure, as the

decrease of the stiffener spacing induces a weight increase because the total number
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of stiffeners will increase as well. A different approach to define stiffener spacing
was found in the finite strip (FS) method. Research conducted by Wang &
Rammerstorfer used the £S method to derive the effective width between stiffened

plates under uniform bending [100].

2.4 Analytical method

The stress distribution in an adhesive joint is of primary importance for the designer
to mininise stress concentration and assess safety factors. Farly theoretical studies of
the stresses in adhesive joints were directed towards the single-lap joint. Volkersen
carried out the earliest analysis on a single lap shear joint under tension [120].
Assuming a linear elasiic adhesive and a stiff adherend, he analysed the shear stress
distribution in the adhesive layer and found that the stresses are at their maximum at
both ends of the overlap. Volkersen however did not consider the peel stresses in the
bond line due to the associated bending moment in the joint cause by non-collinear
applied forces, and rotation in the joint due to bending of the adherend that in turn
makes the problem geometrically non-linear. Golan & Reissner [121] considered the
shortcomings in Volkersen’s analysis by incorporating the bending effects of the
adherends. This is carried out by creating a bending moment factor, relating the
moment at the adherend ends to the applied load. Goland and Reissner considered the
bending deformation of the adherends as well as the transverse strains in the adhesive
and the associated clcavage stress. They assumed a very thin layer of adhesive
compared to the adherend, so that its effect on the flexibility of the joint is negligible

and the flexibility of the joint arises mainly from the adhesive layer.

The early work on joint mechanics by Volkersen and Golland & Reissner laid the
foundation for a closed form solution of the stresses in bonded joints. Their analysis
of single lap shear joints, based on classical theory of structures, was supported by
mathematical solutions, assuming only linear elustic material properties. The iwo
methods of analysis take a simplistic approach toward joint geometry and deformation
under load. The most obvious geometric difference between these models and actual
bonded joints is the presence ol fillets. Many contributions have followed in their
approach to attempt to avoid conscrvative stress distribution in a lap shear joint.
Perhaps the most recent modelling which accounts for bending, shear and normal

stresses has been produced by the Allman theory [139]. In this theory the adhesive
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stresses have been set to zero at the overlap ends and ullowed for a linear variation of
the normal stresses across the adhcsgive thickness. This analysis is also based on a
single lap joint but unlike the previous theories, it accounts for dissimilar materials
and different adherend thickncss and is thercfore considercd as less conservative.
Studies has shown that Allman theory for elastic stresses in lap shear joints is suitable
for linear, rigorous analysis and can be modified for non-linear adhesive behaviour.
The study shows a comparison between Allman’s analysis and the finite element

method with the differences in peak strain level as little as 5 %.

IHart-Smith extended the analysis of bonded joints to allow for plastic behaviour in the
adhesive [119]. He treated both adherends in the overlap as individual beams by
adding the effects of adhesive shear strains only and then applied compatibility
conditions to adherends whilst adhesive thickness deformation were not included.
Several issucs were investigated conccrning not only elastic-plastic adhesives but also
failure modes, thermal effects and the influence of adherend stiffness unbalance. The
analysis by Hart-Smith assumes that the adhesive behaves ideally elastic-perfectly
plastic with the data for design being obtainced from a thick adherend test as specificd
by ASTM D3983-93. The analysis shows that, within certain limits of overlap length
and adherend thickness, bonded joints can be designed such that the load capacity of
the bond is grealer than the unnotched strength of the parent material. This simplifies

joint design procedurcs dramatically.

The issue with the theorics mentioned is such that they are limited to the simple lap
shear joints. A modified form of the elementary bending equation, derived by Allen
is suitable for joints which are represented with low density core [13]. These joints
are made up of a much stiffer upper and lower adberends, with commeonly use beam
sections such as the T and L beams. Pye and Ledbetter have incorporated this
sandwich beam theory for their analysis of composite glass-adhesive T beams which
are used in wall, roof and canopy structure construction [11,33]. A comparison
between the experimental and calculated results show good agreement. The slightly
higher siresses and deflection found in the experiments were attributed to the missing

shear lag effects not being accounted for in the applied theory.
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To cnable designers to obtain a good qualitative stress distribution for the normal
tcnsile stresses associated with the peel effect, a variety of practical configurations
attempts were developed for gencral solutions. Good correlation, from generalised
solutions with average stress distributions obtained (rom finite element analysis is
claimed with reference bonded joints made up of thin gauge metal skins and T or L
shape stiffencrs. There seems to be no analytical technigue that can effectively assess
the stress level in a long continuous bonded joint {(e.g. beam structure). The shear
stresses, which are developed in elastic beams of solid cross section due to lateral
transversc shear loads that induce bending, are examined in most ‘strength of
materials’ text books [80,112,113]. The significance of the {ransverse shear stress
component {(generated by the transverse shear force) along a beam subjected to a
flexural loading lics in the control of bending stresses and bending deflections of the

beam.

2.5 Numerical method

The finite element method can be a useful aid in the design of adhesively bonded
joints, The increased application of the finite element method on adhesive joints was
accompanied by the development of finite element mathematical models to analyse
the behaviour of those joints. Both analytical and numerical models have since been
developed and extensively uscd in engineering with success. The finite element
method was developed more by engincers using physical insight than by
mathematicians using abstract methods. [t was first applied to problems of stress
analysis and has since been applied to other more complicated problems of continua.
Adams and his co-workers are renowned for their work on failure analysis of
adhesively bonded joints [3,34]. In general, their approach to joint failure prediction
is to use a plane strain, geomefric and material nonlinear finite clement analysis with

either a principle stress or maximum principal strain (ailure criterion.

Most engineering problems solved by the finite eleiment method resulted in cost
reduction by replacing the physical testing with the less expensive digital simulation.
These problems were solved by means of computational work carried out on
commercial finite clement programs. These pieces of softwares have the capability to
undertake static stress analysis; structural dynamics, vibration and heat transfer

problems. Commonly used softwares include MSC Nastran®, MSC.Patran®,
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ABAQUS/CAE®, IDEAS®, DYNA 3D®, ANSYS® and FEMAP®. With effective
simulation, these programs can drive down fabrication costs, reduce development
time, and increase product quality, The MSC.Patran® and ABAQUS/Viewer®
programs were used in the finite element analysis carried out in this research. These
programs were chosen mainly for its comprehensive interface and ease of use. They
are uscful tools in the solution of problems marine, aerospace and automotive

structures.

One of the most common structural elements studied using Finite Element method in
aerospace structures is the stiffened panel. It is often the case that appropriate
geometry and dimensional requirements are determined through study, resulting in
their high efficiency in terms of stiffness to weight and strength to weight ratios. In
Lanzi’s study of the structural behaviour of composite stiffened flat panels under
compression, the author worked on panels stiffened with L section beams used in
aerospace structures [44]. An optimisation procedure was formulated in order to
minimise the panel weight whilc fixing the width and hcight of the panels. The
stiffened panel was modelled using the commercial program ABAQUS®. As foreseen
by the numerical analyses, experimental results validated the ability of the panels
designed to work in the post-buckling field until collapse, which takes place due to the

failure of the stiffener blades.

For marine structures, the finite element method has been use for a wide range of
analysis of offshore structures, surface and underwater naval vessels and equipment,
merchant vessels and recreational vessels. The more common analyses include lincar
and nonlinear static and dynamic analysis of cntire vessels, sub-assemblies, or
individual components. The local buckling of stiffened panels in offshore structures
is a common example of a sub-assembly finite clement analysis. Shanmugam &
Arockiasamy carried out ultimate strength test on stiffened plates that were simply
supported and subjected to the combined action of axial and lateral loads [30]. A
series of ten stiffcned platcs were experimentally tested and analysed using an elastic-
plastic finite element package to determine the behaviour and the ultimate load

capacity of stiffencd panels. The authors concluded that the finite element modelling
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procedure proposcd was capable of predicting the behaviour and the ultimatc load

capacity of the panels with reasonablc accuracy.

The (inite element method is also often used in the analysis of structural adhesive
joints, where the program is able to account for more sophisticated non-linear material
properties, complex geometric configurations, boundary conditions and load cases. It
is especially used in the fundamental study of the single lap joinl [103]. Gonealves et
al. imtroduced a new three-dimensional model, which considers geometric and
material nonlinearities of the lap joint studied [46]. The finite element model
introduced uscs solid brick elements as well as specially developed interface
elements. The main objective of the study was to calculate the siresses at the
interfaces between the adherend and adhesive using the ABAQUS® software, as these
regions were considered critical in lap joint structure. The finite element method is
also capable of modelling complex geometric functions of adhesive joints. Gaoleng
& Crocombe have presented a simplified finite element modelling approach for the
design analysis of structural adhesive joints [38]. The commercial finite element
program ANSYS® was used to investigate joints such as the single lap joint, double
lap joint and a T section joint. They have propose a hybrid version of the modelling
technique for a complex joint such as the T section joint with sharp substrate corners,
ag it was nccegsary to use a combination of beam and quadrilateral elements to obtain

reliable results,

The finite element method is often used for comparison with experiments carried out
in research work [45,90,96,89,102]. Feih & Shercliff used MSC/PATRAN® and
ABAQUS® for the simulation of the single-L composite peel joints under tensile
loading [39]. The numerical solution heiped to determine the order of occurrence of
different faifure modes during catastrophic failure or failure taking place within the
interface that cannot be observed outside through cxperiments. The combined
numerical and cxperimental interpretation improves the understanding of complex
failure mechanism as encountered for the peel joint failure. The ability for the finitc
element program to define the mechanical behaviour in specific regions will prove

uscful for generating data in regions, which would have otherwise be too tedious to
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measure in experimental work. This function could be adapted in the investigation of

the stresses/strains within the adhesive and the inlerface region of adhcsive joints.

The low strain behaviour of structural adhesives can normally be modelled through
linear elastic functions. Medelling of linear elastic behaviour is well understood and
materials can be fully characterised by their Young’s modulus and Poisson’s ratio.
These parameters are normally determined from experiments according to specified
standard test methods and procedures. Lincar elastic models can fully describe the
performance of the morc brittlc adhesives that rupture before yielding. In the stiffness
analysis of adhesively bonded T joints, Li ct al. assumed linear clastic material
propertics for both adhesive and adherend materials [15]. The joints were subjccted
to lincar loads in order to determine the stiffness of the joints and provide reference

for suitable joint dimensions.

However, modern adhcsive arc tough materials that can sustain large strains before
failure, and their dcformation behaviour is highly non-linear and involves plastic
deformation and flow with glassy adhesives. Such behaviour is described in finite
element systems by using a non-linear structural analysis. Non-linear structural
analysis normally consists of the following three types; geomcirical nonlinearity,
material nonlinearity or combined geomgtrical and material nonlinearity. Material
non-linearity causes the behaviour of the material of which a structure 13 made to have
a nonlinear stress-strain relation. A rubber-toughened adhesive is an example of a
ductile material that exhibits extensive non-lincar deformation before failure. An
elastic-plastic model is often used in finite element analysis for describing this type of
behaviour in rigid materials. In the work camried out by Dean et al. on the prediction
of deformation and failure of rubber-toughcned adhesive joints, diffcront elastic-
plastic finite element models were assessed for describing the non-linear deformation
behaviour of a toughened adhesive [52]. Results obtained from cxperiments were
compared to assess the predictive accuracies of the models and to explore the validity
of criteria for the onset of failure in the adhesive. Their results indicate that the
exponent Drucker-Prager model produces higher predictive accuracy in finite

elements than the linear Drucker-Prager or the von Mises material models.
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The effects of a large deflection will cause the geometry of the structure o change
even when it Is bebaving elastically, such that linear clastic theory breaks down. The
concepl of geometrical nonlinearity is thus introduced in the formulation of such finite
element models. Andruet et al. presented a paper on the formulations of two-
dimensional and three-dimensional finite element analyscs of adhesive joints, where
geometrical nonlinearity was introduccd in the finite element models [53]. Special 2-
D and 3-D adhesive elements were developed for stress and displacement analyses for
the single lap joint. The inclusion of geometrical nonlinearities was found nccessary

to account for large displacements, which are often observed in joints of such nature.

Edlund and Klarbring presented a general analysis method for determining the
adhesive and adherend stresses and deformations in the adhcsively bonded joints
evaluated as (hree-dimensional structures by considering geometrical non-lincarity
and non-linear material properties of both the adhesive and plates [107]. This paper is
an example of a combination of both geometrical and material nonlinearity. Both
nonlinearities are important factors affecting the deformation and stress states of
adhesively bonded joints. 'L'his is especially found in adhesive joints with unbalanced

geometry such as corner or tee joints that can exhibit these types of non-linearities.

The mesh arrangement of the model analysed is a significant faclor in determining the
amount of computalion work required to run the simulation. There are many different
methods to develop the mesh, however the most suvited for discussion includes
submodelling, mesh refinement and symmetry. The fimite element method is not
effective for calculating the peak stress in specific areas of an assembly. In the
analysis of adhesive joints, the submodelling approach provides an efficient
computational tool for enhancing stress analysis in the regions of high stress
gradients. For lap joints, the local stress variations near the ends of the overlap are
characterised by very high gradients of strcss and submodelling is normally
introduced [104].

Submodelling is normally done after a uniform coarse mesh model have already been
implemented, which may be effective but does not place emphasis on stress/sirains
prediction at a localised arca. Submodelling is adopted to analyse key stress

concentrations within the original global configuration with a consequent reduction in
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the amount of computation. This is a more effective approach rather than adopting
low order elements for finite element analyscs of engineering components. The
submodelling concept is also known as the cut boundary displacement method. The
cut boundary is the boundary of the submodel, which represents a cut through the
coarse model. Displacements calculated on the cut boundary of the coarse model are
then specified as boundary conditions for the submodel. Wahab & Ashcroft used the
submodelling concept to a good effect in their finite element analysis of composite
beams under three-point and four-point bending [75]. The submodel contained detail

of a semi-circular crack in the centre of the adhesive layer.

Another efficient method of meshing is abtained by exploiting the planes of symmetry
in a joint being analysed. In modelling symmetry, we need only to model a portion of
the actual structure in a finite element model. That portion, which is normally half or
a quarter of the actual model, can be simulated by providing proper restraints to the
associated symmetrical faces or cdges. To model symmetry, the geometry, loads and
the restraints must by symmetric about a plane. The use of symmeiry in the analysis
of adhesive joints has been exploited by various authors [75,105,106]. As a result of
implementing symmetry in the modelling, the analyst could reduce the size of the
analysis domain, at least by a factor of two. The reduction in the analysis domain
could introduce a finer mesh, resulting in a more accurate analysis than a coarscly

meshed full model with a comparable node and element count.

2.6 Effects of varying adhesive thickness in joints

The adhesive thickness is an important aspect to the integrity of a bonded joint. The
influence of the adhesive thickness has been studied to a great extent in many bonded
applications. Most of the research has focused on the effect of adhesive thickness on
the failure load/integrity of bonded joints when subjected to tensile loads, as in the
case of the simplc lap shear joint test. An example of this is found in a paper by Taib
studying the epoxy bonded L section joint subjected to tension forces [136]. The
author found that the average failure load as well as the corresponding displacement
decreases as a result of the adhesive thickness being increased. Examination of the
fracture surfaces reveals that in joints with the thin adhesive layer, the fracture

involves the interfaces of other adhcrends. However, in thick adhesive layers the

wp
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crack propagates only in one interface and does propagate Lo the other interfaces as it

does for the thin adhesive layers.

The effects of adhesive thickness could be measured by thermal stresses in a joint
subjected to fixed loading conditions. A study by Samhan and Darkish addressed the
effccts of varying the adhesive thickness in bonded cutting tools as a potential
replacement to mechanically clamped or brazed tools [137]. The aim of the rescarch
was to assess the effect of diffcrent measures uscd to dissipate the heat found in
honded (ools, and on the thermal and thermo-mcchanical stresses developed in these
tools. A comparison between two models made with adhesive thickness of 0.3 mm
and 0.5 mm respectively, were subjecied to specified cutting conditions. Results
obtained from finite elcment analysis show that the 0.3 mm bonded model
experiences higher thermal stress as compared to the 0.5 mm model. Both authors
conclude that the thermal strosscs of bonded tools will decrease as long as the

adhesive thickness is increcased.

The thickness of the adhesive in bonded joints has an effect on bondline intcgrity of
the joint. Bondline integrity is influenced by debonds and the weak bondlines on the
load transfer of the joint. The area of bondline integrity has been a significant
“Achilles heel” in the outright acceptance of adhesive bonding in aerospace
structures. These microscopic forms of separation (debonds) include voids, porosity
and micro-cracking in the adhesive. Such effects are associated with poor surface
treatment, moisture penetration and overheating during cure. The presence of such
defcets tends to result in the joint design being adhesive thickness limited. Apart from
unaided visual inspcction of the adhesive material after debonding of the joint, a

simple magnification can identify quite small surface defects.

According to research studies, debonds directly affect the load transfer and durability
of the adhesive joint, because the influence of load transfer depends on the stiffness of
the bondline [129]. This was found especially true in bonded joints where the
bondline is subjcct to pure axial tension or shear forces [131]. As a result, debonds
are especially a problem associated during the manufacture of adhesive joints used in
aircraft sltructures, which normally uses bismalcimides or polymides that are supplied

in films. Research havc been carried out to understand the origin of the voids and to
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develop techniques to eliminate and minimise their formation [132]. However, most
research studies on adhcsive bondline defects tend to focus on experimentation of
single and double lap shear joints or similar joints subjected to pure shear. The
influence of such defects has not yet been explored thoroughly in joints subjected to a

high bending moment.

A good strategy to determine the effects of debonds is a direct comparisen with a
defect-free joint with a joint with defects, both subjected to similar loading conditions.
This technique was explored in an expcrimental study on the adhesively bonding
stainless sleel joints carried out by Pereira & Morais [27]. Single lap and double lap
test specimens with and without defects were tested with the corresponding joint
strengths being expressed in terms of effective overlaps. However according to
results obtained, the joinis sirengths were generally insensitive to the presencc of
defects created near the overlap ends. The authors suspected that the bluniness of the

defects, gencrated by the relatively thick film, could have played a relevant role.

The effect of debonds could be explained by analysing the associated elastic-plastic
shear stress/strain curve of the material. Deformations in brittle structural adhesives
are 1o a great extent elastic until yield strength is reached, followed by a slight plastic
deformation before abrupt failurc occurs. In a metallic material, the actual slippage
strength in the material is much less than the yield strength. However due to the
limitation in the movement of dislocations within a metal, the breaking strength is
reached before the slippage (gross plastic deformation) occurs. Comparing structural
adheslves to britile materials such as ceramic, the size/scale effect has a considerable
effect upon the strength of the lest specimens. The influence of size upon test
specimens with larger dimensions displays lower strength than do smaller picces.
Equation 2.1 expresses the relationship between secale and sirength using effective

volume or thickness in the case of adhesives.

gy ) 1
Oor= 25| 2.1
s [VEI Jm @1)
where Vyo/Vi, is the effective volume ratio, and m the Weibull coefficient of bulk

materials. The Weibull coefficient represcats the degree of uncertainty for the yield

strength value. For most metals, the yield strength will vary within 1% of the
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average, whereas for most brittie structures, (racture strength will vary within 10% -
20% of the average. The allowable stress of brittle materials, unlike metals is not a
fixed number but varies with the volume that is stressed. The above equation applies
when the breakage is caused by a defect in the interior of the test specimen. Tf the
cause of the breakage is at the surface of the specimen, it will then be necessary to

write the equations in terms of effective surfaccs.

2.7 Surface treatments in adhesive joints

The establishment of intimate molecular contact at the interface is a necessary, though
sometimes insufficient requirement for developing strong adhesive joints. This means
that the adhesive needs to be spread over the solid substrate, or adherend surface and
needs to displace air and any other contaminants thal may be present on the surface.
Furthermore, the adherend or substrate requires to be a receptive site for the formation

of a strong bond wherc it is free from gross contamination and weak surface layers.

In marine application involving the adhesive bonding of steel adherends, surface
penetration plays an important role in both the initial strength of a joint and in its long
term durability. In contrast to the case of the aluminium and titaninm, where an oxide
usually exists, chemical etching procedures are not recommended for steel adherends
duc to cost, complexity and practicality except for the casc of stainless steels [142].
The best results in previous studies have been obtained using shot blasting or

mechanical roughening of steel structures [143].

It is necessary lo fully characterise how surface preparations affect the critical
performance characteristics of structural adhesive joints, especially those describing
strength and durability. Prolounged exposure to hot humid environments in the non-
stressed condition appears to have little influence on this property. Howcver, a
combination of heat, moisture and stress can have a devastating influence if surface
pretreatment is ignored. A recent study by Underhill and DuQuesnay investigated
single-lap shear joints as a function of surfacc proparation with and without silane
pretreatment under both wet and dry conditions [1417]. The fatigue life vs. the applied
shear stress was compared for both the silaned and unsilaned joints. It was found that

the lilc of the unsilaned joints was an order of magnitude lower than that of the
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silaned joints even in dry conditions for stresses above 15 MPa. This clearly shows

how the fatigue lifc is strongly affected by the surface preparation method.
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CHAPTER THREE

EXPERIMENTATION

3.1 DProperties of the mateyials

Advances in adhesive formulations and changing product performance requirements
mean that bonded joints are increasingly able to, and required to, sustain large
deformations before failing. The key (o the reliability of the design is knowledge of
the limitation of the adhesive material and the integrity of the joint. In order fo
understand the nature and the magnitude of the stresses within an adhesive joint, one
requires the basic knowledge ol the mechanical properties of all the materials used in
a joint for a specific engineering application. The adhesive and adherend material
forms part of the joint being addressed in this section. In erder to fully utilize the
potential of these structural materials, it would normally be necessary for
designers/engineers to determine the behaviour of each material respectively under
specified loading conditions. This could be achieved by carrying out experiments in
accordance with suitable standards, in order to determine specific mechanical
properties, Using the results produced, accurate valucs will then provide the essential

input for related numerical and analytical work on the joint being studied.

The adhesive adopted in this research is a single part epoxy-based structural adhesive
Araldite® AV119, supplied by Huntsman (UK) Ltd. The adhesive is a multipurpose,
one component heat curing thixotropic pasic adhesive of high strength and toughness.
Tt is suitable for bonding a wide variety of metals, ccramics, glass, rubber, temperature
resistant plastics and many other malerials. ‘The adhesive is made of up components
butancdioldiglycidyl ether (5-15%) and bisphenol A-(epichlorhydrin) epoxy resin (40-
50%). The physical and chemical properties as given by the manulacturer are listed in
Table 5.1.

''he adherend used is made of mild (low) carbon steel material, also commonly
known as structural steel. Structural steel is one of the most widely used metals and

can be found in buildings, bridges, cranes, ships, towers, vehicles and other many
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forms of construction. The cold rolled, mild steel material consists of about 0.12 to
0.18 % carbon and was supplied by the manufacturer Kelvin Steels Ltd (UK) in semi-
finished form. The designation for the material is 080M15 according to the British
Standards and AIST 1016 to the AISI metal standards accordingly [47,48]. The choice
of using cold rolled steel in preference to hot rolled steel is such that cold rolled steel
provides tighter tolerance and is able to produce a better surface finish. Cold rolled
steel is supplied in a wide variety in sizes as it is less susceptible to distortions during
machining. Also, the benefil of better machinability makes it an altractive choice ol

stiffener fabrication.

The standard EN ISO 527-1:1996 [49] specifies the general principles for determining
the tensile properties of plastics and plastic compasites under defined conditions.
This standard was used for the tensile testing of the adhesive material and provided
information for the experimentation procedure and the preparation of the adhesive
material test specimens. This method was found selectively suitable for use with rigid
and semirigid thermosetting moulding materials and has commonly been adopted in
commercial and academic research in the strength of adhesive materials. Dean &
Duncan [36] use the same method in their research of the performance of adhesive

joints.

The standard used for adherend material testing was EN 10002-1:1990, which
specifies the method for tensile testing of melallic materials determined at ambient
temperatures [S0]. The test involves straining the mild steel test specimens with a
tensile force, generally to fracture, for the purpose of determining one or more
mechanical propertics. Along with the eatlier standard mentioned, both methods
were used to investigate the tensile behaviour of the test specimens and for
determining the tensile strength, tensile modulus and other aspecis of the tensile

slress/strain relationship under defined loading conditions.

In the determination of mechanical properties in the adhesive material, there are
generally two approaches in which researchers normally use. The 1% method refers to
measuring the properties by preparing bulk specimens of the adhesive. The 2
method, detailed in Section 3.4 measures these properties by using a specific adhesive

joint test. Materials property data arc often best obtained from bulk test specimens as
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shown here, and such data could give an indication of the cohesive strength of the
adhesive, The experimentation of dumbbell-shaped bulk test specimens with a flat
beam cross section was undertaken to provide the necessary accurate material data.
Tests on bulk adhesive specimens using the standard methods as demonstrated here
are less expensive and less complicated to perform. The tests were also likely to yield

more accuraic material properhies as compared to tests carried on specific joints.

3.1.1 Fabrication of material test specimens

A total of five test specimens were fabricated to fulfil the minimum requirements of
the test standard. The adhesive material was initially supplied in a one kilogram
container that was stored at temperalure 4 to & °C in a temiperafure controlled
refrigerator,  The adhesive material was supplied by the manufacturer i ils
thixotropic paste statc. It was thus necessary to carry out proper surface pretreatments
and jig preparation in order to cast the test specimens. Two separate jigs were used in
the fabrication of the test specimens, The jig and their components were fabricated
and designed for the proper curing of the adhesive material with the minimum defects.
Figure 3.1 shows the heat exchanger type bonding jig which was use to fabricate the
larger dumbbell shaped test specimen 1B as designated from the British Standards.
This jig consists of easily detachable [ittings and attachments that would create the
dog shape cast directly. Excess adhesive could easily flow out of the cavity with a
small recess created by the fittings. The modification facilitated necessary removal of
excess adhesive prior to machining. The fittings were attached onto the jig with
screws. Prior to adhesive, PTEFE was sprayed on the base surface and surrounding
parts to prevent adhesive from bonding the sceuring screws. Pressure was supplied by
an upper plate and an attached weight {o ensure uniform distribution of the adhesive

1o the surfaces of the cavify walls.

The fabrication procedure prepared with the jig shown in Figure 3.1 is as follows;

1. The suggested thickness of each test pieces was constrained by the minimum
dimensions requircd by the standard. The thicknesses of the fittings were
estimated to be around 3.5 mm which produced a test specimen with punimum
thickness of 3 mmm. The thickness of each specimen was controlled betwecn 2

to 3 mm since it was suggested that thinner specimens may buckle under
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contacling extensomelers. Fabrication of thicker specimens was neglected duc
to the increased possibility of inclusions or other defects. A +0.5 mm
thickness allowance was considered for the machining. The surfaces of the
mould ilsell were thoroughly cleancd and degreased with acetone in order to
remove all traces of oil, dirt and grease prior to application of the adhesive
material. A thin spray of PTFE was used to coat the mould surfaces to assist

in the removal of the cured test specimens.

2. A spatula was uscd to apply the adhesive onto the mould cavity. A load was
then placed on top of the cavity to compress the excess adhesive material out
of thc mould. The excess adhesive material was subsequently removed using
the spatula. For cured adhesive specimens, it was especially important that the
surfaces and edges be free of obvious scratches, air bubbles, pits and sink
marks. This was attainable to a certain degree through proper application and
appropriate viscosity of the adhesive along with a required clean and smooth
surface of the mould cavity. Lowering the viscosity involved allowing the

adhesive to stand at room tcmperature for an hour prior to application,

3. The mould was cured at a temperature of 160 °C for a minimum of 30 minutes
in a hot oven. The recommended curing temperature from the manufacturer is
160 °C for 20 minutes. The temperature was monitored by a thermocouple
wire embedded in the adhesive material throughout the cure. The curing
conditions werc identical to those adopted for the fabrication of the bonded

beam spectmen.

4. The cured adhesive mould was lefl to cool in the oven for at least 2 hours

before removal.

The test specimens were removed and machined milled into the dog shape

n

specimens in accordance to the required dimensions.

The mild steel was supplied in its raw material form in straight lengths of four metres
cach bar. The materials used in both the tensile test specimens and three point

bending beam specimens were obtained from the same batch supplied by the
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manufacturer. The manufacture’s code for the material was stated as EN 32C with the
colour code orange. The material was manufactured in accordance to British Standard
BS970 Part 3 [47] that specifies the requirements for various metals including carbon
and carbon manganese, alloy, free-cutting and stainless steels that are normally

supplied in its bright cold finished condition.

The mild steel specimens were manufactured according to dimcensions specified on
Figure 3.2. The dimensions of the test specimen were taken from Annex D of the
standard BS EN 1002 [50]. The test specimens were fabricated with minimal
machining such that the properties and state of thc maferial was not significantly
affected by heat {ransfor during manufacture. The configuration of each test
specimens was such that the ends were substantially enlarged for increasing the
amount of gripping area. This requirement was due to the limitation of only using
lurge grips associated with the Lloyds tensile testing machine. More effective
gripping was desirable as it prevents possible slippages of the specimen, According
to the standards, each successful test carried out will require the crack initiation to
occur within the gauge length region of each test specimen. In the case that the failure
of the test piece initiated at the shoulders or the end of the specimen, the results were
excluded. That applied io both the adhesive and adherend {est picecs respectively.
This phenomenon is atiributed to the non-lincar uniform stress distribution of the
material duing experimentation due to a disproportionate cross scction area along the

test piece.

A waterproof permanent black ink marker was used to indicate the location of
measuring instruments on all the test specimens according the standards. These
markings were necessary to define the gauge lenglh and the location of where the
extensometers should be placed on one face. On the other face, the midpoint of each
test specimen was located and clearly marked, for the proper attachment of the linear /
rosette strain gauges that were used as primary measuring devices. The test
specimens underwenl visual observation o check for signs of twist and also to ensure
a muivally perpendicular pairs of parallel surfaces. Prior (o the attachment of the
measuring devices, the dimensions of each test specimens were measured again using

venier callipers and a micrometer and recorded.
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3.1.2  Tensile testing of material test specimens

The experiment was conducted on the Lloyds tensile testing machine, which was a
constant rate of displacement machine. All the cxperiments conducted on the
machine conformed to a displacement rate of 0.5 mm / min. The twin screws drive
the cross-head (cross har) at a constant speed regardless of the resistive load. A close
up of the tensile test experiment as seen in Figure 3.3 indicates the test specimen
measurement region located between the upper and lower grips. The upper grip
directly attached to the cross-head allowed coutrolled movement during the

experiment whilst the lower grip remains stationary.

Besides the availabilily of the sirain gauges and the external extensometer, there exists
a built in extensometer in the tensile testing machine. The readings obtained by the
built in extensometer were however neglected for the material testing due to the slight
deviation from the readings obtained from an external extensometer. The
combination of small deflections accumulated from the cross-head, the grips, and the
load cell could be a probable reason for this deviation. The deflections generating this
substantial emor which differed from the other readings, suggest thal the measured
mechanical propertics will not be correct. Tensile testing accordingly to the British
Standards eliminates all displacement errors as well as gauge length uncertainty

through the use of an external extensometer,

The test procedure was performed as follows,

1. The experiments were conducted in ambient temperature conditions which
estimmated to be about 18 — 22 °C. Prior to the cxperiment, each test specimen
dimensions was carefully measured and recorded. The cross-sectional area
was calculated, recorded and the estimate of the yield load was determined
respectively for each test specimen. The preliminary caleulations determined

the load ccll requirements for each test.

2. Prior to each test, the thickness and width of the cross section was measured
using an elecironic micrometer, The data recorded served as an input into the

Lloyds tensile testing softwarte.
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3. With the assistance of a technician, the specimen was mountcd onto the
Lloyds L1000 tensile-testing muchine. The test speed was assigned at a
loading rate of 0.5 mm / min, A visual inspeciion was made to ensure that the
major axis of the {est specimen coincided with the direction of pull through the
centreline of the grip assembly. The grips were tightencd evenly and firmly to

avoid slippage of the test specimen.

4. 'The associated measuring devices (see Section 3.5) were then configured and
attached to the data logger. All devices was calibrated accordingly and
checked for possible errors prior to the starl of the experiment. The residual
stress o” at the start of the test must not exceed 102.5 MPa on the strain gauge.

This limitation corresponds to a pre-strain of €% < 0.05 %.

5, With the experiment in progress, the data obtained from the measuring devices
were displayed simultaneously on the screen of the data logger. All recorded
data was saved in a floppy disk that required conversion into tabular form

using the supplicd conversion software as by Schlumberger® and saved in a

Microsofi® Excel format * DIF.

Material properties of the adhesive and adherend derived from experiments and
calculations is presented in Appendix B and presented in Table 3.2. Related graphs
and detailed methodology for the determination of following is shown in the
appendices;

*  Young’s modulus, £

» Poisson’s ratio, v

3.2 Details of beam specimens

A series of experiments were developed around representative elements of stiffened
steel / steel structure. Stiffened pancls in ship structures are frequently subjected to
lateral loading and hence the study focuses on the bending strength of various beam

profiles. Again the main objectives of this work was;
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+ To assess the static strength performance and limitations of adhesively bonded

beam joints

e To establish a design basis for replacing or complimenting fillet welding of

stecl / steel connections between skin and stiffeners using bonded conncction.

Epoxy adhesive Araldite® AV119 as discussed earlier was uscd for the bonding of the
stecl / sicel specimens. Carefully [ormulated small-scale experiments in which the
behaviour and design paramcters of these load-bearing joints were investigated, and
have been presented in this chapter. During this exercise, suitable bonding processes

for the fabrication of small model specimens were discussed.

3.2.1 Model idealisation

Figurc 3.5 shows an idealised study model which was designed to represent a
stiffened beam subjected to lateral loading. Three point bending loading was
considered instead of four point bending because it would be difficult to locate a small
four point loading jig on the smaller span beam specimens. The model may be used
o explain failure mechanism under uitimate design load or stress levels relating to
specified service conditions. Furthermore the model enables the study of the
influence of the joint area. Five different beam cross scctions were considered,
namely the T, L, Z, flat (or rectangular) beam and inverted T sections &s shown In
Figure 3.6. 'hese small idealised model specimens give a good representation of
grillage joints used in shipbuilding. The solid beam models were machined out of a
solid bar to give a continuous section. The solid sections would represent typical
welded beam sections. The bonded models are made of two different parts bonded
together. A total of five different spans were adopted for each scction, as shown in
Figure 3.7. The small models range in span from 50 — 75 mm while the longer
specimens range in spans Fom 150 and 250 mm. ‘The objective was to determine the
effectiveness of shorter beams / panels as compared with longer ones, for both the

solid and bonded specimens.
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Tn total 116 specimens were manufactured and divided into three main groups. Group
one specimens were used to compare the bonded beam sections directly with their
welded equivalent under similar loading conditions. All the bonded specimens have
an adhesive thickness of 0.5 mm while the welded equivalents were machined into
solid beam specimens in reality. The cross sectional dimensions of each section were
20 mm high and 25 mm wide. Group two cncompasses the T and L bonded
specimens with an adhesive thickness ranging from 0.1 — 0.4 mm. The decrease of
adhesive thickness in this case was compensated by the increase of the upper
adherend thickness, in order for the section to maintain the overall height and width as
stated earlier. Group three comprises of flat section beam specimens also with
varying adhesive thickness ranging from 0.1 to 0.4 mm. The overall section thickness
was kept constant throughout while the adhesive thickness was varied for each

specimenn.

Due to the geometric diffcrenees of each cross section adopted, the beam sections
studicd differed in terms of flexural rigidity. An initial study ascertained these
differences through analytical work using classical beam theory for the solid sections,
and sandwich beam theory for the bonded sections. The section properties obtained
were later verified with AMOPS version 1.1 obtained from ESDU (2007. An
example may be found in Figure 3.4. The geometric data and dimensions are
presented in Table 3.4 accordingly. Later comparisons were made by finite element

analysis and experimental work. Details of this can be found in Chapter 6.

3.2.2 Designation of specimens

Details of the beam specimens used in the experiments (and finite element analyses in
Chapter 6) are shown in Table 3.4. The designation of each specimen is defined by
the code syslem shown in Table 3.3. The tables illustrate and categorise the different
test specimens with their dimensions. For the experimental work, three groups of the
test specimens were formulated for testing. The first is shown in Table 3.4(a) to
determinc the mechanical behaviour of the bonded beams in comparison to their solid
equivalent, under similar elastic loading conditions. The second is shown in Table
3.4(b) to determine of the effect of varying the adhesive bondline thickness of the T

and I, specimens under clastic loading conditions. The third group is shown in Tablc
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3.4(c) to determine the effect of varying the adhesive bondline thickness under elastic

and plastic loading conditions.
3.2.3 Surface preparation

In order to obtain optimum adhesion, working directions for the surface preparation
procedure was strictly adhored to a standard guide [9] provided by Vantico/Huntsman
(UK). For the user of adhesives, tradc literature can often provide uscful
methodology for the application of the adhesive as well as the surface preparation
methods. The general guide provides instructions suitable for the removal of grease
and loose surface deposits for a variety of adherend surfaces to be joined. A similar
method described in the British Standard BS 5350: Part Al {10] was also employed,
where specific details with regards to adherend preparation are elaborated. The main

reasons for surface preparation are

1. To rcmove or prevent the subsequent formation of, any weak boundary layers

on the adherend (grease or oils on metals)

2. To maximize the degree of intimate molecular contact that is attained between

the adhesive and the adherend during the bonding operation

3. ‘l'o provide a surfuce that is microscopically rough (For metals this may

involve efching away of crystallites or the deposition of a porous oxidc)

4. To protect the surface of the adherend prior to the bonding operation. This is

frequently necessary in the case of high-cnergy substrates such as metals

The adherend surfaces were prepared accordingly to the following procedure;
1. Degreasing, by wiping with halocarbon acetone
2. Abrade by grit blasting with grit size 30/40 mesh following the removal of
loose particles

3. Degreasing again with acetone

The aim of the degreasing of surfaces before and after blasting was 1o avoid the fast
contamination of the blasting agent and to increase the efficiency of blasting [54].

The subscquent cleaning serves for the complete removal of blasting agent residues
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which may reduce the adhesive strength of the bond. Afier the application of the
degreasing agent, it was necessary to test for a clean bond surface with the atfected
surfaces. The water-break test procedure was applied in this casc due to its suitability
for testing metal surfaces. Uniform wetting of the surtace by distilled water indicates

that a uniform wettability by adhesive was attainable as well.

Satisfactory results on surface preparation on mild sieel adherends have been obtained
by using grit blasting or mechanical roughening of steel surfaces [56]. Swface
roughness will be able to enhance adhesion only if the structure produced will be
small enough to enable capillary action and draw the adhesive into the microstructure
[56]. Guit blasting was found to give variable durability resulfs in the {reatment of
steel for ship construction. In one example, aftcr exposure to a sea coast environment,
it was shown that grit blasting was able to provide more durable bonds than a variety
of chemical treatments [55]. The surfaces were grit blasted using Saftigrit® alumina
grits from Guyson Corporation to obtain optimum adhesion. The grit size 30/40 mesh
was adopted to produce a level of surface roughness resulting in better adhesion
compared to an unireated highly polished surface. The grit blasting procedure was
carried out on the Guyson manual blast cabinet equipped with a blast cleaning cabinet
and a dust collector unit. The blast pressure of 8kg/om’ (recommended pressure: 5.6-
10.55 kg/em?) was supplied by a blast gun nozzle with the grit material being suction
fed. The distance of the adherend‘s surface to the nozzlc gun was maintained at
around 30 — 70 mm with the nozzle perpendicular to the blast surface. After each grit
blast procedure, the adherend surfaces were blown free using compressed air to ensure

removal of the loose particles.

3.2.4  Bonding process

The method of application of the adhesive material to the adherend, following a
proper and effective surfacc preparation, requires important considerations where
optimum performance from an adhesive bond is desirable. The bonding process itseif
can be hroken down in several important steps, all of which have to be monitored and

observed during the fubrication process.
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1. Storage and preparation of the adhcsive
2. Application of the adhesive
3. Curing

4. Post-cure procedure

The adhesive material Araldite® AV119 is slored in a refrigerator controlled at the
low temperature of 5 °C which is within the recommendcd temperature 2 - 8 °C stated
by the manufacturer. The stated shelf life of the adhesive at this temperature is 2
years, however the adhesive materials that were used were replaced within 6 months
of usage and prior to the expiry date. ‘LThe adhesive preparation process requires
careful attention. The adhesive in its molten state was allowed to warm to room
teroperature for 30 minutes from the cold storage. Although not addressed by the
manufacturer, the author finds this process essential as the temperature increase will
allow the liquefaction of the adhesive material to take place and promote clfective
wetling of the adherend surfaces. According to the guide, it was also noted that the
thixotropic state of the AV119 adhesive has been specially formulated by the

manufacturer for gap-filling purposes. The adhesive paste state was applied using the

knife coating procedure. The method employs the us o patula to control the

deposition of adhesive flowing onto the pretreated and qf;' jiermld surface moving
under the blade. The spatula itself had been thoroughly cleaned with acetone.
Bonding pressure in the forms of weight loading and clamps was applied to the joint

during bond formation.

The joint was cured at the required temperature of 160 °C for 30 minutes in a hot air
operated oven. A thermocouple was inserted into the excess fillet of the adhesive to
monitor the progression of the temperuature. The curing schedule recommended by the
manufaclurer was 20 minutes at 160 °C but the author allowed the fotal time of two
hours for complete cure within the bond area. Tt is important to allow time (1% hours)
for the adhesive to attain the curc icmperature, bearing in mind that the adhcrends
often act as heat insulators and the heat transfer by convection in the oven is usually

slow.




45

After the curing procedure has finished, the oven is turned off and the specimen is left
i the oven to cool for at least iwo hours gradually. In order to obtain a joint of
optimum strength, it is preferable to maintain slow heating and cooling rates for the
heat curing procedure. The specimen was then removed from the oven and the
fixtures used removed and cleaned. The overall dimension of the joint was then
checked after curing, with particular emphasis on the thickness of the bondline and
the overall joint dimensions. The adhesive fillet found at the edges of the joint was

subsequently chiselled off.

3.3 Controlling the bondline thickness

Most research in adhesive technology has been on studying the effects of varying
bondline thickness. Adhesive thickness control by itself is a required skill that can
often be a challenging and time consuming experience for researchers. This section is
concerned with issues relaling to joint assembly prior to curing of the adhesive.
Issucs such as controlling of bundline thickncss, removal of adhesive fillet and

bonding and clamping fixtures will be discussed.

To determine the effects of the adhesive thickness in this study, thc T, L and the flal
beam sections beams were chosen for evaluation. n the fabrication of these
specimens, the adhesive bondline was varied between 0.1 — 0.4 mm. It was noted that
during fabrication of the joints, difficulties arvse trying to conirol the adhesive
thickness of the T & L sections as compared to the flat bcam scction beams, Not
surprisingly, it was the nature of the flat beam scetion’s more simplified geometry and
larger exposed surface area made it easier for alignment and clamping purposes. The
other likely reason was that due to the higher structural stiffness which made it fess
susceptible to distortions which arose from the machining process. The increased
stiffness derived from its 7.5 nun thickness of the lower adherend as compared to 5

mm [or the other models.
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Having a smooth, even and leve] surfacc of the adherend was important for the
uniformity of bondline thickness. It was found that the longer mild steel specimens
teuded to deform slightly in warping after undergoing various machining processes
such as milling and surface grinding. Hardly noticeable to the naked eye, such a
defect resulted in a non-uniform adhesive layer thickness throughout the span. As a
result, a number of rejects produced during early fabrication were sent for additional
rework. A manual bending press shown in Figure 3.8 was adopted to correct the
distortion which was found to more significant in the longer beams. A controlled
downward force subjected the beam to minimal flexing, which resulted in a more
even surface. The adhcrends were placed on a machine table where height
measurements were made using a depth micrometer until the accuracy of 0.05 mm

within the specified dimension was obtained.

It was important that the bondline thickness be accurately controlled in order to obtain
consistent and reliable joint strength when we compared the various specimens, With
this in mind, various methods were considered but most of which could be achieved
by mechanical means. However, thc sclected method should not introduce voids or
prohibit the application of the adhesive which normally compromised the joint. Tt
should also be noted that the thicker the bondline the higher the risk of incorporating a
high level of voids. Various authors have used the different techniques for
controlling the geometry of the joint; however there is no clear distinction wlich
technique is clearly favourable, with each having their own advantages and
disadvantages [60,61,62].

Distributed wire spacers are fundamentally a simple method to control the bondline
thickness. The mechanism is very much similar to a spacer where the wire’s diameter
controls the gap betwcen the upper and lower adherend. 1t requires a simple
procedure of embedding the wire into the surrounding adhesive material in the
fabrication procedure and using light pressure to hold the upper and lower adherend
together. 'The joint is then clamped with clamping devices on each end of the beam
specimen. Distributed wires were uscd inthe control the adhesive thickness of 0.5 mm

of all the various beam sections. The wires were located about 5 mny fom both the
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edges of the adherend which are known to be regions of low stress concentration. In
fact their contribution may be neglected since the wires were embedded outside the
span considered in each model. The location of wires could be seen on Figure 3.9 and
the darkened region represents the area away from the span considered. The
Nichrome 80 engineered wires used were supplied by Comax (UK). Pressure was
applied through small clamps near the ends where the surface arca is directly above

the distributed wires during the curc.

The preferred method to control the bondline thickness was to use wire spacers,
however research work in typical adhesive joints carried out at NPPL (Nalional
Physical Laboratory, UK) showed that this method ol bondline control was not always
reliable [63]. Although the use of distribuled wire spacers seems to be the simplest
procedure among the other alternative methods, it does have issues that could possibly
affoct the strength of (he joint. These issues are as important élld applicable with any
other forms of filler materials, such as tabs, microbeads and shims. Rescarchers have
found that when examining fractured surfaces with a scanning electron microscope
(SEM) with a joint that has filler material within the adhesive, there were fine
separation layers beiwcen the fillers and the adhesive [5]. This indicates that the
adhesive did not bond with the filler, creating possible crack nucleation points,

potentially weakening the overall bond.

There is also the possibility of the filler material contributing to the overall structural
rigidity of the joint. The use of glass beads, which are now commonly used to control
the bondline thickness, will require a uniform distribution of the gluss beads within
the adhesive material. Proper and thorough mixing of the glass beads into the
adhesive material which takes place before application is difficuit fo assess. The
amount of glass beads used in the applicalion will also be questioned due to the ability
of the glass beads to contribute the structural stiffness of the adhesive layer. Glass
beads also tend to be more expensive than wires due to the required minimum order

quantity and the made to order procedure, therefore werc not considered in this study.
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Bonding fixtures tend to be reliable in achieving the correct bond length, accurate
alignment of the adherends and a uniform bondline thickness. For this reason, the
bonding jig shown in Figure 3.10 was developed to control the adhesive thickness and
to ensure that the bonding surfaces of the upper and lower adherends remain parallel.
The jig is equipped with two stands on both ends to hold the upper adherend to a
desired height. 8 stands were fabricated to control the adhesive thickness from 0.1 to
0.4 millimetres. The base plate thickness is constant and is used to support the lower
adherend. Firstly, the adhesive is spread on the lower adherend and the stands are
place on either side of the base plate. The adherend is then place on the sfands,
supported at both cnds. Finally a loading bar is placed on top of the adherend to add
downward pressure, while being supported by the slots found on each stand, All
components of the jig were made of mild steel material similar to the adherends used.
Thermal expansion of the components under elevated temperature cure cycles was
low and did not affect the alignment of the specimen. The bonding fixture was
designed and manufactured to control the adhesive thickness ranging from 0.1 to 0.4
mm and to accommodate the various beam scctions in this study. The margin of
separation between the adherends was physically controlled using a series of base

platcs with varying thickness and two supports.

The surfaces of the bonding jig and the rclated components were thoroughly cleaned
with acetone and paper and wiped prior to assembly. The dimensions of the blocks
and the supports were inspected with a depth micrometer against a flat surface. Once
assembled, the overall height of the joint was measured by taking reference from the
top surface of the upper adherend and the base plate. The thickness of the adhesive is
the difference of the overall height and the thicknesses of both adherends. The mould
release agent of thin polytetrafluorene (PTFE) film was used to guarantee casy release
of specimens after the curing process. PTTE was also sprayed on most surfaces of the
bonding jig and its components to facilitate removal of small cured adhesive patches
left on the fixture during post-curc. The lower adherend was then located on the base
plate and the adhsesive malerial was applied. The uppcr adherend was then placed and
aligned with the lower adhercnd with the aid of marked points made on the supports.
The appoer adberend was designed and fabricated to have a span overlap of about 10

mm to facilitate the adhesive thickness control. The upper adherend was supported
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only by the jig supports at each ends. The bondiine thickness was physically
controlled by the height of the assigned base plate that supports the lower adhcrend.
Once after the application of the adhestve, the distance between the top surfaces of the
upper adherend fo the bottom plate surface was measured with the depth micrometer

to ensure a uniform height along the specimen’s span.

In addition to the supplied heat from the oven, the joint required the application of
presswre during bond formation. Applied pressure maintained the intcgrity of a
jointed assembly during adhesive curc and comnstrained the flow of the hot curing
adhesive before finally setting. Weight loading in the form of a mild steel block was
used to apply the downward pressure to the top surface of the upper adherends. Siots
were produced in the supports to accommodate space for the placement of the mild
steel blocks. However is important to note that the weight of the block was completely
supported by the upper adberend, which prohibited its movement according to the
position of the lower adherend. Placcment of the steel blocks was a delicate process
in which care was lakcn to prevent unnecessary movement of the upper adherend.
Checks were also made to ensure that there was no mechanical damage due to

machining and handling of specimen or jig (i.e. adherend bending).

3.4  Three point bending tests

The three point bend test, usually called the short beam shear test, is one of the most
widely used test metheds for evalnation of the shearing strength of the composite
materials. A study carried out by Roche et al. [111] evaluated the T-peel, wedge
opening and single lap shear tests and found that alt three methods failed consistently
to find defects that were incorporated into the interfacial region of test specimens,
Using the thrce point bend test, they demonstrated thai cxperimental data could

provide information that related directly to the interfacial failure of the bonded joint.

The principle of this test consists of applying central loading on a beam in simply
supported boundary conditions, In this tcst, monotonic loading was used and the
central deflection and stresses were measured until beam failure or when it reached
specified loads. Additional experiments were carried out exclusively on the flat beam

gection beam to study bending behaviour when subjccticd to plastic loads and the
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initiation point of the joint failurc. The experiments were carried out until failure load
was reached and a delamination between the adherends was observed. Along with
four point bend test, three point bend tests have been regularly adopted in the research
of stiffened panels and adhesive joints used in marine structures [18, 65]. The
purpose of these research works was directed towards understanding the failure
scenario of overall joint instability and the interaction between the adhesive and the

upper and lower adhcrends under compressive loading.

The proposed experiment setup was designed using the standard BS EN 2746:1998
[64]. Another suitable procedurc was found in the ISO standard 14679 [66] which
was used mainly as a guide. Otherwise, relatively few standard test methods for
assessing the performance an adhesively bonded beam joint through three point
bending were available for reference. The load-deformation response and sirain
distribution for each specimen undergoing the three point bend loads were evaluated
in the experiments. The three point bending fixture setup is shown in Figure 3.11.
The three point test conformed to the requirement of the standard ISO 14679 [66].
With respect to the standard, the three point bending fixture consists of two 15 mm
diameter supports that were adjustable horizontally. The support noses could be
adjusted 10 a minimum span of 50 mm and a maximum of 300 mw, which was 15
times the average specimen thickness. To ensure of the support’s alignment with the

fixture beam, the supports were lightly tapped with a mallet to attain levelness.

Each specimen had a total overlap distance of 30 mm which made the specimen
appropriate for extensive deflection without slippages from the supports. A 15
millimetre diameler load application nose was set in the middle of the span of the
fixture. Movement of the loading nose was resiricted along both the vertical axis
through the use of guides/tracks that was connected to the support’s stand. The total
distance from the top surface of the supports to the base of the fixiure is 55 mm. The
distance was found suitable to accommodate a 35 mum high displacement transducer
located directly below the specimen’s bottom surface. Afler sctting up the fixture to
the machine, (he four screws supporting the three point fixture from the machine bhase

were inspected for proper horizontal alignment with the machine base.
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Each specimen was measured in the central section for thickness and width prior to its
placement onto the [fixture. The specimen was placed on the fixture with the flange
facing downwards and the stiffener web on top. The specimen was centrally located
in between the supports, and confralised in its width with respect to each support.
Reference lincs were made on the central point on the upper and lower surfaces of the
specimen with a black marker. The lines indicated a reference point for the allocation
of the displacemen( (ransducer and also to ensure that the loading nose was placed
exactly in the middle of the span. This is shown in Figure 3.12. All designated
measuting devices (strain gauge, displacement transducer, load cell) were then
initialised by the data logger and checked for accuracy and functionality. The

experiments were carried out at room temperature conditions of about 21 42 °C.

The Lloyd’s tensile test machine was able to supply a maximum compressive load of
up to 30 kN which was suflicient for the testing of all specimens under elastic loading
conditions. Testing was conducted in a displacement control mode with a consiant
dcflection rate of 0.5 mm / min. Three different load levels were considered in the
experimentation. The first load was limited to the minimal elastic load of 2 kN and
the second load corresponds to 90% of the caleulated yield strength of the specimen in
bending. Calculation for these 90% loads was carried out by using the stress equation
Oy, defined in Appendix B which is found in Pg 180. 'L'he yield stress of the mild
stecl material is substituted into the formulae to determine the yield load (for a given
beam scction and span), and subsequently factoring it down to 90%. Both elastic
loads experiments were camried out on all specimens. The elastic loads were
estimated by using the bending beam thcory. The third case corresponds to the
plastic load, which was assigned (o be twice the calculated yield load of the specimen,

calculated using the yield strength of the both the adhesive and adherend materials.

The Instron tensile test machine was used to conduct compression tests with plastic
loading conditions. The flat beam section specimens were considered for the plastic
loads experimentaiion. Testing was conducted in a displacement control mode with a

constant deflection rate of 0.5 mm / min. The machine was equipped with a ioadcell
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capacity of 200 kN, which was sufficient to supply the necessary plastic loads. The
full scale load range was set at 100 kN prior (o each test. Load and displacement
readings were provided from each test and the test records were plotted on a sirip
chart recorder. Crosshead displaccment readings were measured from an external

displacerent transducer directly connected to the strip charl recorder.

T'or each compression test using either machine, the loading nose was positioned near
to the specimen’s top surface (web for the T&I. section or the Inner flange for the
inverted T&Z section) with machine’s crosshead controls until contact was recached.
The loading nose initially induced 4 smali load of about 7-11 N which was also pre-
recorded. Such a contact was necessary to prevent a delayed measurement of
deflection by the tensile machine. The experimentation for both the solid and bonded
specimens was carried out under similar test conditions and three readings were
obtained during each test, The 1% reading supplied by the machine consisted of the
displacement measured by the displacement of the machine’s cross-hcad from an
initial position which plotted a displacement vs. force graph in the computer. The 2
reading recorded in the data logger machine produced the stress-strain curves as
shown in Figure 3.16. The data logger recorded load, displacemeni and strain
measurements in terms of voltage changes. The 2™ reading which was recorded

concurrently was used for results comparisons in the form of;

» Flexural stress and deflection of specimens which reached a specified

maximum load before or at conventional deflection

o Flexural stress and deflection at failure of specimens which broke before or on

reaching conventional deflection

The instrumentation used for the purpose of measurements and data collection was a
vital part in the process of experimentation. Prior to the experimentation, consultation
was made with the suppliers for the instruments to be used and purchase
requircments. The instrumentation used for this research was found to be sufficient
for extracting the required data however more elaborate measurement could not be
made due to the financial constraints of the project. During the course of the

experiment, collection of data was supplied from the four different sources of
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instrumentation (load cell, machine displacement, displacement transducer, strain
gauges). The load measurement was recorded concurrently in both the assigned
computer and the data logger machine during testing. The manufacturers of the
Lioyds tensile testing machine have the necessary software which alivwed the user to
control the machine from a remote sowrce (computer) and also to record real-time data
mto a XY plot display which was monitored during the progress of the experiment.

Resulis obtained from this source were recorded as an additional reference.

All strain ganges and thoir accessories used m the course of this research were
provided by the Micro-Measwements Division of the Vishay Measurements Group
(UK). The main strain gauge used was the universal general-purpose constantan alloy
hinear strain gauge CEA-06-240UZ-120. These were standard student gauges
normally preferred for routine strain-measuring situations, not requiring extremes in
performance or cnvironmental capabilities. The strain gauge was used to measure the
tensile sirain at the bottom surface of the adherend at mid-span. The other strain
gauge used was thec CEA-13-062UT-120 which was a biaxial “Tee” rosette which was
used to measure the poisson ratio in the specimens used for the material propertics
testing, The recommended procedure for attaching the gavges to the joint was
provided by the Vishay Measurements Group (UK) and was strictly adhered to by the
author. This ensured proper bonding of the stain gauge and considerable attention to

detail to assure a stable and creep-free instaliation.

Prior to the attaclmment, the surface must be chemically clean and free of
contaminants, Additional surface preparation was carried out according to the
recommended surface cleaning procedures as specified for the strain gauge
installation. Afler the proper installation of the strain gauge was carried out, the
gauge resistance was measured for each sirain gauge. A gauge resistance of 120.0
ohms was required at room temperature (24 °C) with a maximum deviation of 0.6%

allowed.

The displacement transducer and related instrumentation was supplied by RDP

Electronics (UK). The basic sctup consisits of a standard LVDT displacement
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(ransducer and an ac powered signal condition unit. The displacement transducer
GT0500ZD was uscd for all experimentation with three point elastic loads. The
transducer is designed to provide high precision measurements which proved suitable
for the small displaccments to be measured in the cxperiments. The transducer has a
working range of £0.5 mm which allows for the maximum displacement of lmm with
+:0.25 mm for over travel. The selection of this transducer was based on its size
requiremcnts for it to be used with the three point bending rig. The gauge’s head was
positioned at the middle lower surface of the joint using a mounting jig, where the

maximum displacement was to be measured.

The transduccr was mounted on a mounting bracket which is atiached to a vertical
stand. The mounting bracket was made from a glass [illed nylon (30%) matcrial and
its design hus becen adopted from the manufacturer’s MBOL for similar LVDT
transducers. The mounting brackcts were bolted to the stand with clamping nuts and
bolts. The clamping pressure that was used to hold the transducer was transmitted by
the tightening of the bolt. It was suggested from the mounting instructions provided
that the bracket was sufficient to hold the iransducer as with a stroke of 10 mm or

less.

The 3531 ORION data acquisition system was used in the experiments to record the
data obtained from the measuring devices. The data logger was powered from an ac
source and the system accepted a wide range of analogue and digital inpuis. The
setup and operation was achieved by using the front panel which contained control
keys for the main functions. Prior to a setup of the system, the 3 measuring devices
(load, displacement and strain) with their output wircs arc attached to the input
connector of the data logger. Upon completion, the system was configured with a
channel and task definition procedure. Specific details such as gauge factor and
bridge configuration for the strain gauge were defined and programmed in the channel
definition procedure. Groups of channels are then allocated to a specific logging task
in the task definition procedure. During experimentation, the displacement, force and
strain gauge mcasurement were stored in a floppy disk in the system’s built in disk

drive. The data recording process was also monitored with a monitoring facility
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which provides an instantancous display of the cwrent readings from the three
channels. This facility was especially useful for checking the output coming [rom the
measuring devices and determined if an initialization of current into the devices is

required.




Tablc 3.1

Form
Colour
Odour

Thermal decomposition

Flash point

Vapour pressure

Density

Water solubility

Miscibility with water

Vicosity, dynamic

. paste
; beige
. slight

: >200°C

> 100°C

Method:estimated

: <0.01 Pa

At20°C
Method:estimated

: 1,175 glom’

at25°C

at20°C

Note: practically insoluble

: immisicible

at 20 °C

: 600 2,300 Pa.s

at25°C

The physical and chiemical properties of the Araldite AV119 material.
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Adherend Adhesive
(080M15) (AV119)
E (MPa) 205300 3624
v 0.23 0.36
o* (MPa) 556 52.05
o¥ > 0.0371 0.043207

4

5 E. Young’s modulus; v, Poisson’s ratio; o*, ultimate strength; €*, ultimate

strain.

Table 3.2 Material properties determined from experiments

Beam sectiontype T/L/Z/R/§

Salid / Bonded

Span 50~ 250 {(mm)

Methodology A - Analyfical
B - FE methed
C - Experiments

[ Bondiine thickness 0.1 - 0.5 (mm)

(=)

/s

Table 3.3 Designation of specimens.
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LOCATION OF
STIFFENER PLATE STRUGTURAL | NEUTRAL AXIS
sN|TEST SPECIMEN|  HEIGHT THICKNESS TH!SESE?Q’ fmm) 2”2‘:;“:?::.)0': STIFFNESS | FROM BOTTOM
{mm) {mm) (MPa) SURFACE
mm)
1 TS250/A 15.0 5.0 MA €520.833 1336770833 £6.500 (
2 TS200/ A 15.0 5.0 NA 5520.833 1336770833 4.500
3 TS150/ A 15.0 5.0 MNA 6520.633 1336770833 5.500
% |TS0757A 5.0 50 NA 6520833 1335770633 5.500
5 TSO50f A 160 6.0 NA 6520.833 1336770833 4.800
4] TB250/ A 14.5 5.0 0.5 £520.833 1334378020 8,500
7 TB200/ A 14,6 5.0 0.5 B8520.833 1334378020 £.500
8 TB150/A 14.5 5.0 0.5 6620833 1334378020 6.500
9 {TBOY5/A 14.5 5.0 0.6 6520.833 1334378020 B.500
10 |TBOSGIA 14,5 5.0 0.5 6520,833 1334378020 65.500
11 |LS2507 A 150 5.0 NA 5440.572 1320339206 6.389
12 |LS200/A 15,0 5.0 NA B5440.972 1320339206 6.289
13 |LS1580/A 15.0 5.0 NA B440.972 1320339208 6.389
14 (LSO75 1A 15.0 5.0 NA 8440972 1320339208 6,389
15 |LSO5C /A 15,0 5.0 NA 6440.972 1320338208 6.389
16 |LB2807 A 145 5.0 03 G440.972 1319071265 8,389
17 |LBZ00fA 14.5 50 0.5 5440.972 1319071265 6.389
18 |LB150fA 14.5 6.0 0.5 6440.972 1319071265 6.389
18 |LBO75(A 14.5 5.0 0.5 6440.972 1318071285 6.389
20 {LBOSO/A 14.5 5.0 0.5 6440.972 1319071285 8,389
71 |zs260/ A 150 50 T9A 9270.333 1900520823 7 500
22 |ZS200/A 5.0 5.0 NA 9270.833 1900520833 7.500
25 |Z8150( A 1540 5.0 NA 270,833 19800520833 7.500
24 |Z80767A 15.0 5.0 NA $270.833 1900620833 7.500
26 |ZS0B07A 5.0 5.0 NA 9270.833 19005620853 7500
26 (ZB250/A 15.0 5.0 0.5 9270,833 1895399375 7.500
27 |ZB20Q7A 15.0 5.0 0.5 270,833 1895399375 7.500
28 |2B150/ A 150 5.0 0 9770.633 1855359876 7.500
29 |2B075/A 150 50 05 9270.633 1695399375 7,500
30 |2B050/ A 15.0 6.0 0.5 9270.833 1895395375 7.500
31 |RS2507 A 7.3 7.8 NA 7758,073 1590404548 7.750
32 |RS2007 A 7.8 7.8 NA 7758073 1630404848 7.750
33 |RS1E07 A 7.6 78 NA 7755.073 1550404948 7.750
34 |RS075/A 7B 78 NA 7758.073 1590404048 7.750
35 |RS040/ A 78 76 NA 7758.073 1590404948 7,750
36 |RB2507 A 7.5 7.5 0.5 7768.073 1580352474 7750
37 |RB200/ A 7.5 7.6 0.8 7758.073 1550362474 7.750
38 |RB1607A 75 75 0.5 7758.073 1580352474 7750
38 |RBO75/A 7.5 75 0.5 7758.073 1380352474 7750
40 |RBOS0/ A 7.5 7.5 0.5 7756.073 1590352474 7.750
41 15250/ A 16.0 5.0 NA 11520.833 2361170833 3.500
a2 [i52007 A 15.0 5.0 NA 11520833 2361170633 8.500
43 [1S1507 A 16.0 5.0 NA. 11520.833 2361170833 5.500
a3 15075/ A 15.0 54 NA 11520.833 2351170833 3.500
45 |1S050/ A 16.0 5.0 NA 11520.833 2351170843 5.500
46 15250/ A 145 50 0.5 11520833 2358439479 3,500
47 (18200 A 14.5 5.0 0.5 11520.533 2356439479 16.500
48 |1B150/ A 4.5 5.0 0.5 11520,856 2356439479 8.600
29 |(BO75/ A 145 50 0.5 $1520,833 3356439479 8500
50 [1B0507 A 145 5.0 05 11520.633 3356430479 8.500

Table 3.4 (a) Specimens listed in Group 1: Comparison between solid and bonded

specimens.
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LOCATION OF
STIFFENER BLATE STRUCTURAL | NEUTRAL A%IS

S| TEST SPECIMEN|  HEIGHT THICKNESS Tngﬁﬂggg’;m) 2N2:Ei’ﬁ'?nt)°': STIFFNESS | FROM BOTTOM

(mmj {mm} (MPa) SURFACE
(Mo

51 |TB250; A % 148 5.0 0.4 6520.333 1334711508 5,500 o

52 |TB200! A Y 146 5.0 0.4 £520,833 1334711503 6.500

53 [TB150! A ™ 14.6 5.0 0.4 6520,833 1334711503 6,500

84 {tRo7s A VY 146 5.0 0.4 6520,6833 13347115603 8,500

55 |tBosorA Y 14.6 5.0 0.4 6520.833 1334711603 6.500

56 [rBasora @ 14,7 5.0 0.3 6520.833 1335111481 8.500

|57 TrR200i A ©2 14,7 5.0 0.3 6520 833 1335111431 6.500

58 TtB1s0/ A B2 147 5.0 0,3 6520,832 1335111481 6.500

159 Treo7siA® 14.7 5.0 0.2 6520.833 1335111481 6.500

60 [TROSDr A Y 14.7 50 0.2 6520.823 1335111481 6,500

51 |TR250f A 02 14.8 5,0 0.2 §520,833 1335563998 6,600

52 |TB200/ A 14.8 5.0 0.2 §520.833 1235583998 6.500

63 ITB1507 A 02 14.8 5.0 0.2 6520.833 1335583898 6.500

64 [TBo7s AP 14.8 £.0 0.2 6520.833 1335583998 8.500

55 |TROS0 A P 14.3 5,0 0.2 £520.833 1335583998 6,500

86 [TR250! A 149 5.0 0.1 £520,833 1338135101 6.500

67 [TE200/ A OV 14.9 5.0 0,1 5520.833 1336135101 6,500

68 |TR1s0/ APV 14,9 5.0 0.1 6520833 1336135101 8.500

69 |TRo75/A Y 14,9 5.0 0.1 6520893 1336135101 8.50D

70 |TBOS0/ A O 14.9 5.0 0.1 6620.833 1336135101 6.500

71 |LB2507s A 0P 14.6 5.0 0.4 6440,972 1319249100 6.389

72 |LB2007 A VY 14.6 5.0 0.4 6440.972 1319248100 £.389

73 ILR150/ A OV 14.6 5.0 0.4 6440972 1319249100 6.289

74 |LBo75/ A Y 14.6 5.0 0.4 65440,972 1319249100 6,389

75 |LB050/ A O 14.6 5.0 0.4 8440,972 1319246100 6.389

76 |Le250/ A Y 14.7 5.0 0.3 8440.972 £318466958 6,889

77 {LB200s A O 14,7 5.0 0.3 6440,972 1319466958 8.389

78 |LB150/ A O 14,7 5.0 0.3 6440872 1319466956 6,389

79 |LBovS A 14.7 5.0 0.3 6440,072 1319466958 6.389

80 |Lso50/ A 0P 14.7 5,0 0.3 €440.972 1519466958 6.389

81 |LB250/ A '"? 14.8 5.0 0.2 €440,972 1319728485 8.389

82 1) ooos A Y2 14.B 6.0 0,2 440,972 1315728485 6.389

a3 [ e150/ A O 14.8 5.0 0.2 £440.972 1319728485 6.389

84 |Lgo76/ A ©2 14.8 5.0 0,2 6440.972 1319728485 6.389

85 [LBosos A P2 14.3 5.0 0.2 6440.972 1315728485 6.389

| 149 5.0 0.1 6440.972 1320037924 6,388

|87 [LB2oor A Y 14.9 5.0 0.1 8440.972 1520037924 6.389

a8 |Lm1s0r A ©1 14.9 5.0 0.1 6440,972 1320037924 6.389

89 jLpo75/ A Y 14.9 5.0 0.1 6440,872 1320037924 6,339

90 |iposoi a Y 14.8 5.0 0.1 8440,972 1320037924 5.389

‘l'able 3.4 (b) Specimens listed in Group 2: Effects of varying adhesive thickness
under elastic loading conditions.
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91 [re2sor A 04 7.5 7.5 0.4 7608.833 1659794217 7.700
82 |r@2oof A &4 7.5 7.5 0.4 7608.883 1559794217 7.700
92 _IRB150/ A Y 7.5 7.5 0.4 7608.883 1659794217 7.700
04 [RBo7SiA P4 7.5 7.5 0.4 7608.983 1559794217 7.700
95 [RBOSOI A 29 7.5 7.6 0.4 7608.883 1569794217 7.700
[s6 rposora @ 7.6 75 0.3 T461.619 1629620508 7650
{97 |rB200/ A @9 7.5 7.5 0.3 7461.619 1529520509 7.650
98 _|RB150/A ¥ 7.8 7.5 0.3 7461,319 1528620509 7650
39 |rBO75i A O 7.5 7.6 0.3 7461.819 1628620509 7650
100 [rRos0/ & % 7.5 7.5 0.3 7461.619 1626620509 7.650
101 {RB250¢ A 102 7.5 7.5 0,2 7316.267 1459831308 7.600
102 [RB200/ A ©? 7.5 7.5 0.2 7316.267 1459831308 7.600
103 [RB150¢ A ©°% 7.5 7.5 0.2 7316.267 1498831308 7.600
104 |RBO7S A @2 7.6 7.5 0.2 7316,267 1488831308 7.600
105 |[RBo50/ A ©2 7.5 7.5 0.2 7316.267 1436831308 7,600
708 |RB2507 A P 73 7.5 0.1 7172.816 1470426570 7,550
107 [ri2o0f A OV 7.5 7.5 0.1 7172.815 1470426570 7.850
108 |RB150/ A O 7.5 7.5 0.1 7172.815 1470426570 7.550
109 |pEOYS/ A O H 7.5 7.5 [N 7172.816 1470426870 7.550
110 |RBOSOf A OV 7.5 7.5 0.1 7172.815 1470428570 7.550
121 jRB160/ A 7.5 7.5 1 8533.333 1748913542 8.000

Table 3.4 (¢) Specimens listed in Group 3: Effects of varying adhesive thickness

under elastic-plastic loading conditions.




Figure 3.1 Heat exchanger type bonding jig
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55.0023.105 >
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$2.0020.05
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© —L=75.004005
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Symbol Deseription Length (mm)
Lo Gauge length 50
L. Parallel length 65
L Total length 130
b Width of paraliel length 12.6
a® Thickness of test piece 3

Figure 3.2 Dimensions for test piece Annex D in EN 10002-1:2001




Figure 3.3 Tensile Test of the AV119 adhesive material.
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Amops, Version 1.1, 2003

| Input File: ipanel.tgf
i AN I-SECTION BEAM

Area and first moments about X-Y drawing axes

Area of shape, 4 = 250 -

X co-ordinate of centre of area, X, = -375 -

Y co-ordinate of centre of area, ¥, = 8.5 -
First moment of area about X-axis, M, = 2125 -
First moment of area about Y-axis, , M, = -9375 -

Second moments of area about X-Y drawing axes

Second moment of area about X-axis, /. 2958E+4 -
Second moment of area about Y-axis, [, = 3596E+5 -
Polar second moment of area, /, = 3.892F+5
Product moment of area, I, = -7969E+ -

e

Radius of gyration about X-axis, &, = 10.88 -
Radius of gyration about Y-axis, &, = 3792 -
Polar radius of gyration, X, = 3945 -

Second moments about X'-Y’ principal axes on drawing origin
Angle of principal axes, alpha = -12.89 degree
Second moment of area about X'-axis, . = 1.135E+4 -

Second moment of area about Y'-axis, [, = 3.778E+5 -
Radius of gyration about X'-axis, k.. = 6,737 -
Radius of gyration about Y'-axis, &k, = 3888

Figure 3.4 Section properties of the I section as obtained from AMOPS version 11.
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Figure 3.5

Idealised model for stress analysis.
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T Section Rectangular Section

15.5mm

’4—-25:nrn —.l {a—— 2B ——]

Z Section | Section
L. Section

SLas L

Figure 3.6 Cross section details of ihe solid and bonded (0.5 Adhesive Thickness)
specimens,

§0mm
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160mm

200mm
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Figure 3.7 Different spans used for the experimental work.
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Figure 3.8 The manual bending press which was adopted for the remedy of distorted
adherend specimens.
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Figure 3.9 Location of distributed wires within the bonded area of the joint.

Support Stands

Base Plate

Figure 3.10 Diagram of the bonding jig used in specimen fabrication.




Figure 3.11 Diagram of the three point bend setup.
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Figure 3.12 Schematic of the location of the strain gauge and the displacement
transducer.
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Figure 3.14 Dimensions for test piece 1B in BS EN ISO 527-1:
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Figure 3.15 Dimensions for test piece Annex D in EN 10002-1:2001
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Figure 3.16 Stress vs. strain curve obtained on uniaxial tensile testing of the
adhesive material.
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CHAPTER FOUR

THEORECTICAL WORK

4.1 The solid beam theory

Adhesive bonds are made of one or more adherends and an adhesive. When an
adherend is removed from an adhesive or an adhesive bond is subjecled to a force, the
adherend often acts as though it is a bending beam. The bonded beam sections in the
following discussion have been analysed as though the adherends are bending beams.
It is therefore appropriate to discuss briefly the basic theory of bending of beams in
this chapter, A beam subjected to a three point bending load with simply supported
conditions represents a statically determinate structure. The reactions at the supports
produced by a given load can be determined from the equation of statics. Much of the

discussion shown here was taken from Strengith of Materials by Timoshenko [80].

One dimensional mathematical models of structural beams are constructed on the
basis of beam theories. Because beams are actually three-dimensional solids, all
models necessarily involve some forms of approximation to the underlving physics.
The simplest and best known models for straight, prismatic beams are the shear-
indeformabie Euler-Bernoulli theory, also called as the classical beam theory or
engineering beam theory, and the shear deformable Timoshenko beam theory. The
latter is the theory normally found in fundamental mechanics of materials textbooks
and was empbhasized in this study [112,113]. The main reason for using
Timoshenko’s beam theory is that it is simpler to use and can manipulated relatively
uncomplicated for the beam configurations being studied here. Advance Timoshenko
beam theory has been used to place additional importance in the dynamics and
vibration of beam structures [69]. The Euler-Bemoulli thcory has also been

commonly used in the analysis of various beam structures research [67,68].

A beam that is not subjected to any loads is not deflected. When loads are applied to a
beam, its longitudinal axis is deformed into a curve. Imaginary lines drawn

perpendicular to the beam length turn in towards the side to which the force is
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applied. The imaginary lines drawn parallel to the length of the beam stay parallel to
the sides of the beam for small increments down the length of the beam, However,
the lines assume the same radius of curvature that the beam assumes under the applied
force. At the centre of the beam is a line which does not change in length. This is
represented by the neutral axis. The length of the parallel lines changes. Above the
neutral axis, the lines shorten in length (compression) while below the neutral axis;

the lines become longer (lension).

The resulting strains and stresses in a beam are directly related to the curvature of the
deflection curve. Appendix B describes the solid beam theory in greater detail which
vields relevant equations for bending stress, shear stress and deflection. In summary,
the bending stresses vary linearly with the distance from the neutral axis, as shown in
Figure 4.1. ‘The maximum tensile and compressive bending stresses acting at any
given cross section occur at points located farthest from the neutral axis. Calculation
of shear stresses has been focused on horizontal shear rather than vertical shear,
assuming both having the same magnitudes. The existence of horizontal shear
stresses in a beam is shown in the bending of two separate beams in Figure 4.2. Since
the friction between the beams is small, the beams will bend independently. Each
beam will be in compression above its own neutral axis and in tension below its
neutral axis, and therefore the bottom surface of the upper beam will slide with
respect to the top surface of the lower beam. The shear stress distribution of various

beam sections considered in this study is shown in Figure 4.3.

4.2 Sandwich beam theory

The principle of using two cooperating faces with a distance between them was
introduced by Delau in about 1820. Since then, the usc of sandwich construction has
been restricted to less spectacular circumstances. Sandwich constructions aroused
great interest only after the Second World War, when the speed of aircraft became so
high that laminar-flow sections were considered to be an extremely desirable design
feature. The adapted use of the sandwich panel into the aireraft structure was mainly

due to the shortage of other materials being available in England during the war.
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The simplest type of sandwich construction normally consist of having two thin, stiff,
strong sheets of dense material separated by a thick layer of low density material
which may be less stiff and less strong. A typical sandwich is normally built up of
three elements, consisting of two faces, a core and the joints. The joint is normally
made up of the adhesive material that bonds the faces to the core. A comprehensive
introduction to the subject of sandwich construction and the development of
theoretical analyses up to 1965 is given by Allen [13], and lately updated by Zenkert
[70]. Apart from Allen’s sandwich theory, there are very few papers that have been
publishcd which deal with the bending and buckling of sandwich pancls with cores
rigid enough to make a significant contribution to the bending stiffness of the panel,
Hence Allen’s sandwich theory has been effectively used for analysis of T beam
configuration in bonded structures [11,33]. In the analytical work that is presented in
this chapter, the author has taken view thai the adhesively bonded steel joint can be
idealised as a sandwich beam under concentrated normal loading. . These faccs of
the idealised sandwich are thus made up of the adherend mild steel and its core made

up purely of the adhesive Araldite® AV119 material.

4.2.1 Definition of a sandwich model

The adhesively bonded stiffened panel/beam used in ship construction is a good
representative of a sandwich structure. The structure represents a good example of
the optimum use of dissimilar materials. Figure 4.4 shows a schematic of the T
section bonded beam. According to the figure, the upper and lower adherends ate
separated by an adhesive material of thickness ¢; with the overall width of the beam is
h. The distance between the centroid of the upper and lower adherend is represented
by d. During calculations, it was assumed that the adherend and adhesive materials

were both isotropic.

The upper and lower adherends represent the strong face material in a sandwich while
the adhesive represents the weaker core. The upper adherend is the beam element in a
panel, normally subjected to lateral loads and moments. In the modelling of stiffened
plate panels, the resulting overall stiffness of the structure is contributed mainly by the
geometric and material propertics of the beam element. The lower adherend which is

represented by the plate element is normally made relatively thin in the fabrication of
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the panel. Plates represent the important load-carrying parts of the ship hull. "The
plate element is normally loaded in such way that they have deformations out of their
own plane. These deformations can be attributed to the lateral forces or forces along
the plate’s edge. The corc material is represented by the bonding mechanism of the
structure, The loads are normally transmitted through the faces by this flexible core

material. As a result, the behaviour of the core is more complex than that of the faces.

The core has to fulfil the most complex demands in the sandwich structure. The core
by itself has several vital functions. Firstly, the core should be stiff enough in the
directions perpendicular to the faces (compression) to ensure that both faces remain
the correct distance apart, If the core is significantly stiff cnough, it may make a
useful contribution to the bending stiffhess of the panel as a whole. Such knowledge
of the behaviour of the adhesive layer in sandwich beams is important and will help
researchers and designers to gain an insight into the underlying mechanisms that
significantly affect the performance of sandwich struciures. The second function of
the core requires it to be stiff enough in shear to ensure that when the panel is bent the
faces do not slide over each other. The result of a core that is weak in shear will mean
that the faces merely behave as two independent beams or panels and the sandwich
effect is lost entirely. In bending or compression, the shear deflection in the core is

therefore not ignored and was implemented in the calculations.

The face components must possess sufficient stiffness in the direction normal to the
plane of each face, The main function of the faces in a sandwich structure is to catry
the overall tensile and compressive stresses in the sandwich. Localised and
distributed loading are not unusual in sandwich structures and they often occur as a
result of an accidental impact and excessive weight. Bending and in-plane loadings
will then be subjected directly onto the faces. The effectiveness of the faces to resist
the design load depends on the strength and stiffness of both face plates. The faces
also tend to spread the load transmitted to the core over a larger area and thus reduce

the maximum core compressive stress,
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4.2.2 Global deformation of sandwich beams with thick faces

There exists a general realisation that simple structural theorics such as the classical
beam or plate theory are not adequate to understand stress and strain distributions in a
sandwich structure, particularly under relatively concentrated loads. However a
number of advances have been made in the analysis of sandwich structures and the
linear elastic theory of sandwich structures under uniform loading has since been well
established [13,42]. Petras & Sutcliffc have used the sandwich beam theory
developed by Allen [13] in their investigation of sandwich beams subjected to loading
under three point bending and found that the experimental data agree satisfactorily
with the theoretical predictions [71]. A similar study carried out by Pye & Ledbetter
showed how the sandwich theory could be adopted in their analyses of the composite
action in T-shaped cross scction beams undergoing four point bending loading

conditions [11].

Howecver the limits of applicability of linear theories of sandwich structures should be
investigated as a [unction of geometric and material parameters of the sandwich
beams used in various applications. Such effects was investigated numerically and
experimentally to verify existing mathematical models and to assist in the
development of new ones. An example of such work was carried out by Tuhkuri [41].
He proposed a mathematical model that can be sueccessfully used in analysing
sandwich beams under concentrated normal loading in the elastic range, focusing on
both the global deformation of the entire sandwich structure as well as the local

effects of loading on the faces.

In the different versions of the sandwich theory developed separately by Allen &
Plantema [13,42], various combinations of the following five assumptions shown
below were made:
1. The core has no rigidity in the plane parallel to the faces
2. The shear rigidity of the core in planes perpendicular to the faces is finite;
Deflections are small

The core is infinitely stiff in planes perpendicular to the faces; i.e. the

L

thickness of the core is not changing
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4. The faces arc so thin that the bending stiffness of them about their own

centroidal axis can be neglected

4,2.3 Beam theory for sandwich panels

In this section we outline the elastic analysis of sandwich beams which was similar to
the bonded beams subjected to three point bending. This analysis was used to
evaluate the stresses in the core and the skin of the bonded beam. For adaptation of
the sandwich theory onto the analysis of the bonded beam sections, the core of the
sandwich was replaced by the adhesive layer and the upper and lower faces are
replaced by the stiffener and the plate. The stresses in the face and the core may be
determined by the use of ordinary bending theory, adapted to the composite pature of
the cross section. Because sections remain plane and perpendicular to the longitudinal
axis, the strain at the point distant z below the centroidal axis CC is Mz/D as shown on
Figure 4.5. This strain may be multiplied by the appropriate modulus of elasticity to
give the bending stress at the level z. For instance, the bending/tensile stresses in the

face and the core are, respectively,

n = Ee (0<z<h;; 0<zsh,)
4.1)
M
cm:FzEf [c+h,)<z<h,]
Gc="MD*EEE (hzszSc)

The maximum face and core stress are obtained with z equal fo = #/2 and + ¢/2,

respectively:
ME
(Gl')max =+ D ! h3
(4.2)
(0o =5, +0)

D
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The assumptions of the ordinary theory of bending lead to the common expression for
the shear stress 7in a homogeneous beam at depth z, below the centroid of the cross
section:
vVQ
T=—— 4.3

o 4.3)
Here V is the shear force at the section under consideration, 7 is the second moment of
area of the entire section about the centroid, b is the widih at the level z; and ( is the
first moment of area of that part of the section which z > z;. For a compound beam
such as the sandwich in Figure 4.5, Equation 4.3 must be modified to take account of
the moduli of elasticity of the different elements of the cross section:

v=——3(QE) (@4)

Db
In this expression, D is the flexural rigidity of the entire
section and ZYQFE) represents the sum of the products of O and £ of all parts of the
section for which z > z;. For example, The shear siress at level z within the adhesive

of the sandwich beam is represented in Figure 4.6.

v
'C=E{Ef(bzhzd2 +b4h4d4)+Ec(b3h3d3)} (4-3)

It is noted that Q which represents the first moment of area of a part of the cross
sectional area was obtained by mulliplying the area bA by the distance d from its own

centroid to the neutral axis. The shear stress in the core is therefore,

> (SE)=E S, +ES, (4.6)

=£; (bEhEdE +byhyd, ) +E, (bahsdB )

4.2.4 Deflection in sandwich beams

Figure 4.7 show the global behaviour of a sandwich structurc according to the five

assumptions give earlier. The deflections of w; and w;, due to bending moment Mx)
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and shear force Q(x), respectively, are independent and can be superimposed. The

total deflection of wroT 18 then

Wrop (X) = W, (X) + W, (X) 4.7)

The transverse displacement w; of the beam may be calculated by the theory of
bending. For example, Fig 4.7(b) shows the bending deformation of a simply
supported beam with a central load of 2. The points a, b, ¢, 4 and ¢ lie on the
centrelines of the faces and the cross sections aa, bb, cc, dd and ee rotate but
nevertheless remain perpendicular to the longitudinal axis of the deflected beam. It is
obvious that the upper face is compressed as the points a, b, ¢, d and e move closer

together, while the lower face is loaded in tension.

The shear stress in the core at any section is 7= V/bd. This is associated with a shear
strain y= V/Gbd which like z, is assumed constant through the depth of the core; G is
the shear modulus of the core material. These shear strains lead to a new kind of
deformation illustrated in Figure 4.7(c). On the centrelines of the faces lie the points
a, b, ¢, d and e. They are not moved horizontally but in a vertical direction w; duc to
shear strain. The faces and the longitudinal centreline of the beam tilt, and the
relationship between the slope of the beam, dw./dx, and the core shear stain y may be
obtained from Figure 4.8. In this figure, which shows a deformation of a short length
of the sandwich, the distance de is equal to d (dw./dx). It is also equal to ¢f, which in

turn is equal to yc. Hence,

dw, ¢_V ¢ VvV (4.8)
dx 'd _Gbdd AG
Where ,
A= "f (4.9)

The product AG is often referred to as the shear stiffness of the sandwich., The
displacement 1, associated with shear deformation of the core, may be obtained by
integration of Equation 4.8 in any particufar problem. For example in the simply

supported beam with a central point load £, the shear force V in the Jeft-hand half of
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the beam is + P/2. Integration of Equation 4.8 with V' = + P/2 provides the

displacement:

(4.10)

I.I
W, * X -+ constait 0<x< FY

T 2AG

The constant vanishes because wy = 0 at x = 0. The maximum valuc of w, occurs at
the centre of the beam, x = L/2, and is equal to.
PL
W, = ——
4AG (4.11)
The total central deflection wor is therefore the ordinary bending displacement w

with the shear displacement w, superimposed:

PI} PL (4.12)

w o
48D 4AG

ot = W1t W,
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Bending of two separate beams.
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CHAPTER FIVE

NUMERICAL WORK

5.1 Imtroduction

The finite element method is one mathematical methods that is readily available and
employed to determine the stress distributions in adhesive joints. The finite element
method is a numerical technique to obtain approximate solulions to a wide variety of
engineering problems where the variables are related by means of algebraic,
differential and intcgral equations. Rapid cngineering analyses can be performed
because the structure is represented using the known propertics of standard geometric
shapes. Modern digital computers have led its extensive use into a wide variety of
engineering problems. Finite element work consist of analysis such as solid
mechanics, fluid mechanics, heat transfer and acoustics studied in the civil, aerospace,

automotive, mechanical and electronic applications.

Finite element analyses were performed to simulate the three-point bending tests for
the beam structures studied in this research. Finite element analyses can be used to
accommodatc such problems with complicated geometries combined with material,
geometry and boundary nonlinearities. Substantial research involving the analyses of
stiffened panels in ship structures encourages the use of the finite element method,
especially in cases involving elastic-plastic loading conditions [37]. In many other
similar rescarches into the behaviour of adhesive joints, finite element analysis
performed and compared well with obtained results from experiments or theoretical

work [15, 34, 35].

Using finite element analysis, the model is broken down into elements where each
element represents a discrete portion of the physical structure. Each element in turn
has to be compatible in the foree and displacement continuum with adjacent elements.
A complete {iniic element analysis usually consists of three distinct stages:
preprocessing, simulation and postprocessing as shown on Figure 5.1. In
preprocessing, the physical problem was defined graphically using the soliware

MSC/Patran® to create an input file. This input file was gencrated directly using a
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text editor by a more experienced user although preprocessing with a graphical
interface is morc conventional. The simulation is the stage where the sofiware
ABAQUS/Standard® solves the numerical problem as defined in the input file.
During this stage, the displacements, stresses and other fundamental variables
associated with the model will be calculated. After each simulation, output files
containing displacement and stresses results were then generated for postprocessing.
Postprocessing was carried out with the software ABAQUS/Viewer® or
ABAQUS/CAE® where the user could evaluate the rcsults. This evaluation is
normally does interactively with the software where the output database file is read,
and results are displayed in a variety of means, for example colour conlour plots,

animations, deformed shapcd plots and X-Y plots,

Preprocessing in this research was performed using the softwarc MSC/Patran®.
MSC/Patran® 2003 is a standard finite element proprocessing tool which alfowed the
development of the finite element models from the computer-aided design parts. The
software is comprised of a robust automatic surface and solid mesh generation and
chables the user to control the meshing of the model. The solving process was
conducted with the ABAQUS/Standard® solver program. ABAQUS/Standard®
provides a dynamically load-balance parallel sparse direct solver that provides
significant performance gains for a wide range of finite element model sizes. The
direct solver was extremcly robust and can be used for all types of analyses with
ABAQUS/Standard input files, irrespective of the element types, constrainis or other
niodel characteristics being defined in MSC/Patran®. ABAQUS/Standard™ was used
in the simulation of all the beam models and normally ran as a background process.
During the simulation, the software provided the facility io monitor the progress of
the ABAQUS analysis job in the form of the status file (*.sta). This allowed the user
to check on the progress of the simulation, to identify possible errors in the input deck

that may terminate the simulation and take necessary rectifying action.

ABAQUS/Post® and ABAQUS/Viewer® were both used concurrently during the
course of the research. ABAQUS/Post® was used initially with ABAQUS/Standard®
5.8 — 6.2 being the solver software for a majority of the linear elastic analyses. Due to

a software upgrade within the department to ABAQUS/CAE® 6.4, all unalyses were
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converted to suit compatibilities with the available ABAQUS/Viewer®.
ABAQUS/Viewer® also introduced a vast improvement in terms of efficiency in
results generation as compared to its predecessor. Both softwarcs provided a
comprehensive sct of visualisation options that help to interpret and communicate the

results from the ABAQUS® analyses.

5.2 Preliminary work

In order to obtain a reliable FE solution to a problem, the analyst must have a good
grasp of the physical problem and cffectively plan an analysis project, Effeclive
planning will require the analyst to anticipate/visualise the struclure behaviour and its
interactions. The understanding of the behaviour and limitations of finite elements as
well as being awarc of the options and limitations of the available software is
important for analysts. The first step in this procedure was to define the problem,
with particular focus on what is known and what is desired. The three point bending
procedure in the experimentation was idealised to be that of a static loading finite
element analysis of a typical beam, Elastic loading conditions were applied on the
linear analyscs of the T, L, Z, inverted T and rectangular section beams and material
nonlinearity was adopted for the elastic-plastic loading conditions of the rectangular
section beams. The material of the beams considered was defined to be isotropic and
not temperature dependent. Material data delined in the analysis was obtained from
reliable literaturc reflcrences and experimental results conducted by the analyst and
covered in Chapler. 4. At this stage, it was also important to identify the specifics of
the finite element model, such as load cascs, boundary conditions ot whether

symmeiry can be exploited to reduce computational time.

The beam model analysed in this study is a subsiructure representative of the entire
stiffened panel. Submodcling and symmetry was not adopted in the research in the
development of an appropriate finite element model. Modelling an FE model of the
enlire beam structurc with similar dimensions will consist of 4000 - - 5000 elements.
Such a model takes about 15 — 25 minutes in terms of computational time using
ABAQUS/Standard® to solve, which corresponds o the majority of all simulations
conducted. A complete three dimensional model of the joint also has a few

advantages. Analysing the mode] as a whole also allowed the asscssment and
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distribulion of stresses (shear/peel) found along the span and width of the beam. The
other advantage included identifying location of stress concentration in the model

otherwise not noted 1n a two dimensional model.

Theoretical work prior to the FE analyses was used to auticipate the likely behaviour
of the structure, The solution serves the purpose of providing insight that improves
the FE model to be developed. A theoretical solution is adequate to defect a strange
displacement pattern or stress field, or a numerical result in errors by orders of
magnitude because of a blunder in data preparation. In fact, it is not uncommon to
find research into adhesively bonded structures to have included a theoretical solution
for comparison with the FE results [36]. Such a prediction promotes the viewpoint
that the FE rcsults are on frial, since there is a normal tendency by the analyst fo trust

the computed results once the simulation is completed.

There is a tendency to use more elements in an FE modcl by analysts, as
preprocessors and postprocessors improve and computing cost decline. However,
such an approach would be considered unwise and attributed to a lack of experience
in FE modelling. Most engineering industrics now tend to adopt a coarser mesh of the
model, in order to conduct a more efficient finite element analysis. Preliminary
modelling carried out in this research counsisted mainly of simple finite element
models created with simplified uniform meshing. An adequate finite element model
was then developed from a sequence of simplor FE models, each of which guided the
development of the next, such that the final model would consist of sufficient
elements of the proper type. These analyses took little computational time and meant
that multiple simulations of wvarious mesh refinements could take place
simultancously. It was also easier to identify sources of etror after each sitnulation
since fewer variables were being considered and gradually introduced through these
irial simulations. The procedure would normally take less time overall than an
allempt to construct a very detailed FE model at the outset, only to find that it is
inappropriate or inadequate because of some aspects of behaviour not foreseen, An
carly model constructed as shown in Figure 5.2 shows a T section beam modelled

with uniform meshing.
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Rarlier models developed in this research consist of less than 1000 elements, with the
entire beam structure modclied with uniform meshing. During this stage, it was
common for the simulation to terminate due to modclling defects. These defects are
identified by error messages listed in the output files (*.dat / *.msg) generated by
ABAQUS/Standard® and need to be addiessed by the analyst before a successful
model is created. In the course of the study, most basic errors have been attributed to
the boundary and loading conditions on speeified nodes. More complicated errors
were found in the elastic-plastic analysis of the FE models, which were mainly
attributed to element distortion, and the selection of the step analysis. Such errors
have resulted in significant difference bctween certain results sustained from
experiments in terms of plastic analysis, which may have required further work info

developing a more suitable model for this research.

Each successful model developed served to improve the next by showing clearly
where the locations of the stresses were and which stress gradients were large, A
Von-Mises stress contour plot of the flat bonded beam is shown in Figure 5.3. This
plot is nceessary to highlight the regions of high stress such that an optimisation of the
FE model can be carried out. As shown, it was clear that the refinement of the
elements should be emphasised within the adhesive layer and also in the middle of
each beam section. Refinements of the modecl were carried out in the following
modelling session, leading to a sequence of modelling o produce an adequate model

where the results compared favourably with the theoretical results.

n order to increase the efficiency and effectiveness while developing a model,
considerable time was placed on evaluating examples obtained from the preprocessing
and postprocessing software. MSC/Patran® features a list of detailed examples on
their wcbsite, designed to illusirate the approaches and decisions needed to perform
relevant analyses [72]. The tutorials was useful for providing various means of
modelling the structure and also the selection of the type of elements to be considered.
Most of the tutorials on modelling procedures were undertaken in this reseatrch, with
PCL (MSC/Patran Command Language) carried out for the defining material
nonlinearity behaviour for the non-linear FE analyses. Other modelling examples
were obtained from ABAQUS/Standard [73] which tends to be more elaborate. The
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mput file reference provided in each example allowed for effective compurisons with

the input deck created vsing the MS C/Patran” Preprocessor.

5.3 Generating thec FE model

Modelling is the simulation of a physical structure or physical process by means of a
substitutc theoretical or numerical construct, Modelling requires that the physical
action of a problem be understood well enough by the analyst to choose suitable kinds
of elements, and enough of them, fo represent the physical action adequately. The
finite element model is compose of several different components to describe the

physical problem to be analyzed. These componcnis are;
*  Choice of element type and mesh details
» Boundary conditions or supports
= Material properties
= Applied loads

The devclopment of the mesh of the model was efficiently used such a high intensity
of smaller elements are found where large strcss gradients were assumed present. It is
a matter of balancing between using an appropriate number of elements and using the
available computer resources required in order to run the simulation. Such a solution
was obtained through an informal convergence study where various mesh refimements
were compared. Hu and Jiang carrted out a convergence study to reduce the nunber
of elements required to sufficiently capture the buckling behaviour of stiffened panels
[37]. These panels were expeciled to experience large plastic deformations and
displacements and hence were necessary to develop a suitable FE model to cut down
on cxcessive processing time. As good practice a similar mesh convergence study
was carried out on a uniform meshed model against a refined meshed modcl in this

study.

5.3.1 Choice of element type

Continuum elements were used throughout the finite clement analysis carricd out.

These stress/displaccment hexahedron elements can be used to model the widest
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variety of components and represent the most comprehensive of the element libraries

used in ABAQUS®. The continuum element Library can be broken down further to

several types of elements, varying in element formulation and levels of integration.
General guidelines provided by ABAQUS® explaining specific continuum element’s
suitubility and its proper selection werc used as reference while creating trial FE
models [74]. Test cases of continuum elements have been conducted in the modelling
of structural adhesive joints. Wu & Crocombe used continuum modelling for local
deformation of the subsirates and to accommodatc complete displacement
compatibility along the intcrfaces of the substrates and adhesive of a bonded joint
[38].

In the elastic analyscs carried out in this research, all of the T, L, Z, inverted T and
flat beam sections were modelled with the three dimensional quadratic, reduced-
integration hexahedron element ‘C3D20°. These sccond order elements were suitablc
for elastic analysis because the edges were able to curve easily and do not suffer from
the effects of shear locking. According to guidelines provided, a second order fully
integrated model provided the best resolution of stress gradients that were likely to
occur at various areas of the model at the lowest cost [74]. Wahab & Ashcroft used
three dimensional 20-node structural solid elements in the submodeling of adhesively
bonded composile beams. Their finite element resuits show good agreement with the
analytical solution and provided confidence in the development of the global FE
model [75]. The sccond order elements also use three integration points in each
direction and consist of midside nodes. Elements normaily having midside nodes in
addition to comer nodes tend to be less sensitive fo shape distortion then elements
having only corner nodes. [40}. Midside nodes are normally used in the FE analyses
lo provide additional reference points for resull generation, or sometimes for

positioning to obtain a better approximate stress singularity in adhesive joints {36].

The incompressible nature of plastic deformation in metals places limitations on the
type of elements that can be used for elastic-plastic simulations. Fully integrated,
second order, solid elements such as the ‘C3D20° elemcnts are very susceptible to
volumetric locking when modelling incompressible material behaviour and therefore

were not used in the elastic-plastic simulations of the flat beam sections, The solid,

R el e e b by
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general-purpose continuwm element type chosen for the elastic-plastic analyses was

the linear element, ‘C3D8’ which is simply a brick element with eight nodes in each

corner. Bach element uses linear interpolation in each direction and consists of a total
of eipght nodes with a single node located at cach corner. These corner nodes act as a
commector between iwo or more clements. First order elements are suitable for
simulations involving a large mesh distortion which is an effective representation of a

beam model undergoing plastic deformation.

5.3.2 Mesh details

The inverted T bean mode! shown in Figure. 5.4 was developed using MSC/Patran®.
The model shown is represented by the three separate sections; the upper adhcrend,
the adhesive layer and the lower adhcrend. Results obtained from theoretical work
were used to define the specimen’s mechanical behaviour and determine the type of
stresses that were present in certain areas under the three point loading conditions.
Such a practice was found suitable to determine where the expected stresses were
qualitatively and how the finite element model could be refined in certain areas. From

the theoretical results, it was noted that,

= Maximum tensile bending stresscs were found along at the centre of the

bottom surface where the beam undergoes tension under the neutral axis.

=  Maximum compressive bending stress was found on the along the middle of

the top surface where the beam undergoes compression above the neutral axis.

» Yielding has takcn placc when elements of the beam cross section at the centre
.of the span show stresses that reached the material (steel) yield stress. Yield
begins from the outermost surlace of the adherends and transmit graduaily to

the rest of the beam section.

= JJorizonta! shear stresses were acling between the horizonial layers of the
beams with the maximum shear stress found along the neutral axis of the
beam.

= Shear stress is assumed negligible at the top and bottom faces of the beam as a
result of pure bending.

=  Maximum displacement is found in the middle of the span and on the bottom

surface of the model.
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= Highly localiscd stresses should appear in the regions where the point of
loading was placed and where the supports were situated. The model was fully
constrained from rigid body rotations at the supports to inducc pure bending

while undergoing loads.

To model a beam structure undergoing load conditions effectively, eniphasis was
placed on identify specific areas of interest that symibolised its overall mechanical
behaviour. This emphasis was made through the placement of the mesh seeds. The
initial step into mesh development was to properly seed the mesh, This was critical in
the modelling process as the model contained three separate solids which would need
to be mesh separately. The seeding proccss dictates how the mesh layout will be
developed and the intensity of elements in specific parts of the joint. Uniform
positioning of the seeds in along the height of the structure wus crucial for the
resulting nodes to be equivalenced such that the three solids were connected
computationally. For equivalencing to work correctly, the nodes along the
adherend/adhesive interface on all sides need to be coincident. Therefore, the
distribution of elements in the x & y axes must be constant in all three separate solids

as shown in the Figure. 5.5.

Non-uniform horizonial (x-direction) arrangement of the mesh sceds was used to
intensify the amount of elements along the span of the finite element beam model.
The meshing in these arcas necessitated more dctail cspecially when the tensile
bending stresses and overall displacements were the object of study. Two-way bias
meshing was defined for the mesh seed arrangement along the span (x-direction) of
the specimen, The L2/L1 bias ralio was chosen to be an arbitrary value between 0.4 -
0.65. This range was also used for the basis of facilitating the placement of nodes on
the boundary conditions for the varying spans (50 - 250 mm) of the beam scctions.
However, this did not affect the results of the analysis substantially as the overall
measurements for stress and displacement were made near the centre of the beam

where therc was a high intensity of elements for evaluation.

The distribution of elements along the y and z axis was made constant across the
model as shown in Figure. 5.5. The upper and lower adherends were each modelled

with 3 - 5 layers of clements within its overall beight and width. Uniform meshing of
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elements were defined throughout the thickness of thc becam. As most of the stress
analyses were made along the span of the FE beam model, uniform meshing was also
adopted across the width of the beam. An average of 5000 elements was modelled for
each beam specimen analysed. The number of elements used in each simulation was
limited by the computational ability of the computer hardwarc resources. Models
with 6000 elements or morc tend to have issues attributing to insufficient memory or

limited hard disk space availability which terminated the analyses.

5.3.3 Modelling the adhesive layer

Using the three dimensional finite element analysis methods, the effect of thickness of
the adhesives on the stress distribution in the beam joints was studied to address the
role of the adhesive layer. Modelling of the adhesive layer required attention to
detail. The thickness of the adhesive layer was varied from a 0.1 mm to 0.5 mm for
the T, L and flat beam section models. Overali, about 1200 elements and 9600 nodes
were consisted in the mesh of the adhesive layer. The mesh for the adhesive layer is

shown in detail in Figure. 5.0.

The adhesive layer included two layers of meshes. The mesh refinement within the
thickness of the adhesive material provided the opportunity to determine the shear
stresscs within the adhesive material. The approach has been adopted by many
researchers who similarly ereated multiple layers of the adhesive material [15, 40, 76].
It was found useful to understand how the magnitude for stresses and deflection
changed through the thickness of the bondline. Information on shear siress within the
adhesive or at the interfaces was not readily available through experimentation due to
the difficulties and the reliability of the results being questioned. Experimentally, it
would be difficult to place a strain gauge within the adhesive layer in order measure

the shear strains and was not implemented in this research.

5.4 Loads and boundary conditions

The support conditions were dictated by the FE software as well by physical
considerations. The mesh of the FE model was arranged such that there was a node at
each location wherc the restraint should be placed. The restraint, which was simply a
zero displacement in the vertical axis (y-axis), must appear at a node rather than

between nodes. The other two (ranslational d.o.f (degrees of freedom) which lies
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along the x and z axes.f were not suppressed in order to allow for the beam to deflect
laterally. The rotational d.o was not restrained in the x, v, and z axis, to simulate the
expcrimental setup accurately. A series of evenly spaced nodes were used for the
location of the restraints as shown in Figure. 5.7. Each node across the width of the
beam scction was uniformly spaced apart at approximately two millimetres. The
boundary conditions were represented by a total of about 20 nodes, with 10 nades on
each end of the beam. The boundary conditions were located 15 mm from both ends
of the beam horizontally, similar to the experimental setup. The distance between

both supports varied between 50 -~ 250 mm accordingly to the required span.,

In finite element analysis, a load may be applied as a moment at a point or a surface
pressure. Similar to the restraints used, a concentrated load was applied at specified
nodes and the mesh biasing was used for nodes to be positioned where the
concentrated load must be applied. With the possible exception of beam elements,
most standard sofiwares were not structured to accept non-nedal concentrated loads as
input data |40]. Such a scenario was found true when initial FE simulations modelled
with having the loads applied on points instead of specified nodes could not be solved
properly with ABAQUS/Standurd®. Distributed loading was adoplted as ihe load
condition for cach finite element model. In a three-point bending setup, the
distributed loading was represented by a line load. This line load is a representation
of combined forces or moments distributed along a line, where this line is centrally
located in the middle of the beam model’s span on the beam joint’s upper surface.
The load applied was fixed in the downwards (negafive y-axis) and was constant
throughout the simulation. The magnitude of the load was divided equally into the
amount of nodes found on the line load. There was found to be about 6 - 8 nodes
across the width of the upper surface, and varied in accordance to the beam’s
geometric shape. 'The vertical load was then applied on each of these equally spaced

nodes, contributing to a distributed loading condition across the width of the beamn.

5.5 Elastic-Plastic FE analyses

Elastic-plastic finitc clement analysis was carried out on the flat beamn models. A total
ol 35 solid and bonded models varying in beam spans and adhesive thickness werc
studicd. Material nonlinearity was introduced for both the adhcsive and adherend

materials in the analysis. There are three concepts which must be defined prior to
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conducting an elastic-plastic finite element apalysis. The first concept is the vield
criterion which relates to the onset of yiclding to the state of stress. For metals the
von Mises criterion is most commonly used. The second concept is the flow rule. 1t
rclates to stress increments, strain increments and the state of stress in the plastic
range. The third concept is the hardening rule. It describes how the yield surface
grows and moves as plastic strains accumulate. Many metals have approximately
finear elastic behaviour at Jow strain magnitudes and the stiffncss of the material,
known as the Young’s or elastic modulus is constant. At higher stress and strain
magnitudes, metals begin to have nonlinear, inelastic behaviour which is commonly

known as plasticity.

The clastic-plastic analysis serves to determine the stress levels and distribution in the
bonded beam especially within the bondline. It was essential to also determine where
possible cracks/delamination took place within the adhesive as this could not be
determined easily in the experiments without sophisticated equipment. All of the
elastic-plaslic response models provided in ABAQUS® (except the deformation
theory model in ABAQUS/Standard®, which is primarily provided for fracture
mechanics applications) have the same general form. In the simplest plasticity model
(“perfect plasticity”) the yield surface acts as a limit surface and there are no
hardening parameters at all: no part of the model evolves during the deformation.
Perfect plasticity means that the yield stress docs not change with plastic strain. It can
be defined in tabular form for a range of temperatures or field variables; a single yield
stress value per temperature and or field variable specifies the onset of yield. Perfect
Plasticity was defined for both the adhesive and mild steel materials vsed in the

bonded becam joint,

The perfect plastic behaviour of a material is described by its yield point and its post-
yield hardening. The shift from elastic to plastic behaviour occurs at a certain peint,
known as the elastic limit or yield point, on a material’s stress-strain curve. In most
mectals the initial yield stress is 0.05 to 0.1% of the material’s elastic modulus. The
nominal stress-strain curves in Figure. 5.8 were used to define the joint materials
perfect plastic behaviour into the appropriate input format for ABAQUS®. The
properties of the adhesive Araldite AV119® is shown in the Figure, 5.9. The figure

shows the testing of the adhesive in buik form in compression, tension and in lap
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shear joints. The yield stress in comprcssion was found to be about 120 — 125 MPa
according to the rcsulis obtained in a study [78]. The mesh seed arrangement used in
clastic-plastic analysis is quite similar to the arrangement used in linear elastic
analysis. ‘C3D8’ type solid elements were used in the development of the finite
clement mesh. In the siinulations carried out, it was found that the shorter span beams
(50 - 75 mm) were very susceptible fo element distortion, Nonlinear solutions are
sensitive to clement distortion, and the discontinuity of these clements forces the
solver to unnecessarily iterate a higher strain, plastic solution when none should have
been required. If an explicit nonlinear transient solution is required, distorted
elements tend to skew the time stepping algorithm unnecessarily as well. The mesh at
contact region was then refined to capturc the contact stresses that will be developed.
As the contact area gets smaller, the need for miore refinement increases, Un-
rcfincment of the mesh was carried out in regions where the stress is low, and did not

affect the overall modcl’s structural stiffhess




Figure 5.1

Preprocessing
MSC/Patran

input file:
Job.inp

Simulation
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Postprocessing

ABAQUS/CAE or ABAQUS/Viewer

Stages in a finite element analysis where the three stages are linked
together by files.
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CHAPTER SIX

RESULTS

6.1 Introduction

The results from the experimental, analvtical and numerical techniques are
summarised in Table 6.1 - Tabie 6.7. In addition, many graphical figures are based on
data from these tablcs to highlight the study findings. As mentioned earlier (in
Chapter. 3.2.2) model designations (e.g. TS050/X as used in Table 6.1) are used to
case the model’s description. Throughout the text the tetters A, B or C replace the
letter “X” to distinguish the analytical, numerical or experimental results respectively
(e.g. Model TS050/B corresponds to numerical results). Unless otherwisc mentioned
in the superscript (e.g. Model TB050/B™, all adhesive thickness of bonded models

discussed are taken as 0.5 mm.

Most of the findings refer to the numerical results which are usually more consistent
than the experimental and analytical result, The analytical results based on using
classical beam theory and sandwich bcam theory for solid and bonded sections
respectively, did not exhibit a difference between the solid and bonded models in
terms of bendinyg stress. However the general obscrvation from the tables is that there
are similar trends in most cases with apparent non-linearity associated with various
level of loading conditions, i.e. 2 kN, reaching 90% yield loading and plastic loading
conditions. Experimental results did not include shear stress derivation due to

experimental difficulties.

Figure 6.1 describes the basic structural behaviour of solid and bonded beams
showing typical distributions for the stresscs and deflection along the span of the
beam under simply supported boundary conditions. The following results largely deal
with the maximum bending and shear stresses and central deflection of such beams,
with modification in various parameters. Using the results obtained, a comparison
between the bonded models behaviour with their solid equivalent was made. With the
exception of the flat beam sections the neutral axes for the remaining beam sections is

situated in the upper adherend, within 6 — 7 mm from the lower surface and varies
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according to the beam cross sections. The shear stress was measured along the lower

interface region of the bondline in the centre of the beam cross section.

6.2 Comparison between solid and bonded beams under similar loads

6.2.1 Deflection

Figure 6.6 (and Table 6.1) show the experimental and finite element results obtained
for the inverted T section beams under a 2 kN load. The experimental results exhibit
slightly higher measurements compared to the finite element analysis. Overall, it was
observed that both methodologies give similar trends for all the spans. The bonded
models exhibit higher deflection than their solid equivalent and the difference in
behaviour increases for longer spans models comparison. In terms of percentage, the
differcnce in deflection between the bonded and solid model appears to be quite the
contrary. The longer beam span bonded model IB250/C has a deflection which is
17% higher than the solid model IS250/C. Comparing the shorter models, bonded
model IBOSO/C gives 64% higher detlection than model ISO50/C. The cotresponding
finite element results showed a similar trend. This suggests that the bonded beams at
the shorter spans are structurally less efficient than their solid (welded) counterparts,
under similar loading conditions. A probable explanation for this behaviour is the
contribution from the adhesive shear strain to the overall dellection of the joint. This
contribution is normally highlighted in the deflection calculations involving sandwich
beams {13].

Figure 6.7 (and Table 6.2) show the results from experimental and finite element
analysis for the inverted T section beams, under a load at 90% of the yield stress. The
cxperiments and finite element results have a similar trend, confirming that the
bonded beam exhibits higher deflection than solid equivalent under all spans
considered. In terms of magnitude, the shorter beam exhibits less deflection
compared to the longer beams. However in terms of percentage, it was noted the
difference in deflection was more profound at the shorter spans. Model IB050/C
exhibits 65% more deflection than model IS050/C under a 4.5 kN load. The
corresponding results obtained from the finite element analysis indicate that the
bonded beam exhibitsdd 37% higher deflection. Comparing models at the 250 mm
span under a 2 kN load in the same figure, model IBO50/C exhibits 18% higher
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deflection than its solid equivalent. In the corresponding finite element results, the

bonded model exhibits 11% higher deflcction than the solid model.

6.2.2 Bending stress

Figure 6.4(and Table 6.1) compares the experimental and linear elastic finite element
results for the flat section beam, under 2 kKN. It shows that the bonded beams exhibit
higher bending stress than their solid equivalent for all the spans. For example model
RBU5O/C exhibits 14% higher bending stress than the solid equivalent model
RS8050/C. From the finite element curves, a similar trend was noted where the model
RBO050/B exhibits 17% higher bending stress than maodel RS050/B. Looking towards
the long beam span of 250 mm, the experimental curves show that model RB250/C
exhibits only 6% higher bending stress as compared to model RS250/C. The finite
element results indicate a similar behaviour, with model RB250/B gives 4% more
bending stress than model R§250/B,

Iigure 6.5(and Table 6.1) compares the experimental and finite element results
obtained for the flat section beam, under a precalculated 90% yield load. In this casc,
it is clearly visible that the bonded beam exhibits a higher bending stress than iis solid
equivalent. Considering both methodologies, the experimental results tend to produce
higher magnitudes of stress as compared with the finite element analyses, which was
consistent throughout the study. Focusing on the model with the 50 mm span, we
note that model RBOSO/C exhibits 39 MPa (18.5%) higher stresses for model
RS050/C. Similarly, the corresponding finite element resuits for model RB0O50/B
gives 29.8 MPa (15%) higher stress than its solid cquivalent. The longer span models
indicate that model RB250/C giving only 4.3% higher stress than its solid equivalent.
The corresponding finite element results show that the model RB250/B cxhibits 3.5%

higher stress than the solid equivalent.

6.2.3 Shear stress

Iligure 6.2 (and Table 6.1) shows the results determined from the finite element
analysis of the solid and bonded models of the L section with various spans. 'The
graph is a comparison of the peak shear stresses exhibited by the solid and bonded

models along the span of cach beam, at the lower interface region as indicated in
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Figure 6.2a. In this case, the bonded models have an adhesive thickness of 0.5 mm
and subjected to a 2 kN three point load.

Whilst under a 2 kN applied load, it was observed that the solid beam undergoes more
shear stress than the bonded beam across the five different spans considered. A
probable reason could be found in the ability of the solid model to effectively transmit
the shear flow due to its nature of being a continuous/homogenous section of high
stiffness matecrial. The neutral axis is located within 1-2 mm of the lower adherend-
adhesive interface of the bonded model. However for both solid and bonded models,
theoretical calculations suggest that the shear centre was contained in the upper
adherend for all beam sections with the exception of the flat beam models. However
this location varies from the beams that were studied and is shown in Figure 4.3. Tor
the horizontal location of the shear centre, apart from the other beams considered, the
load is not exactly centred on the elastic axis of the beam section for the Z beams.

Hence it was observed that the Z beam experienced slight twisting in the FE analysis

The difference in shear stress between the bonded and solid models was at a
maximum for the short spans. According to Figure 6.2, model LS050/B exhibits 46%
higher stress than for model LB0O50/B at the lower bondiine interface. On the other
hand, long span model LS250/B produces just 11% higher stress over model
LB250/B.

Table 6.2 shows the results for the models subjccted to a 90% calculated yield
stress/load. The (ablc shows similar trends to Table 6.1 with some evidence of non
lincarity, especially for the short span models. A possible explanation for the non
linear behaviour of beams may be the result of the beams undergoing sideways
deflection instead of lateral deflection which is ideal. There are many possible factors
for this phenomenon including material non-linearity. A noticeable reason may be
due to the geometric shape of the beam section. For example, the geometric shape of
the L beam section does not allow for a proper transfer of load through the middie of
the cross section. Due to the unsymmetrical nature of the L section which was
bonded to the lower adherend, there is a possibility that a pereentage of the load

transterred transverscly as well as vertically.
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Figure 6.3 shows the relationship between shear stress and span and confirms non-
linear behaviours within the elastic load limit. Acceording to Figure 6.3, the shear
stress determined at shorter span beams was higher in comparison to the longer span
beams. This is duc to the combination of increased bending stiffness and high
compressive stresses in the shorter beams. Similar to the results presented earlier, the
solid beam exhibits higher shear stress than the bonded beam at the five different
spans considered. The shear stress exhibited by model TS050/B is 40% higher than
model TB05S0/B at 50 mm span. With respect to the carlier graph, the marginal
difference in terms of shear stress tends to decrease in magnitude at the longer span
beams. As indicated for the 250 mm span, model TS250/B exhibits only 9% more
shear than its bonded equivalent model TB250/B under 2.5 kN load.

6.3 Effect of adhesive thickness in bonded T & L section heams

The following results represent the experimental and numerical work carried out on
40 models, in order to evaluate the effect of varying the adhesive thickness. The T
and L section beams were considered for this with adhesive thicknesses of 0.1, 0.2,
0.3 and 0.4mm (as shown in the designation system). Figure 6.8 compares the
geometry of bonded T section models with 0.1 mm and 0.4 mm adhesive thicknesses.
Comparatively, both models comprise of similar overall cross sectional dimensions,
with an overall height of 20 mm. However, a close inspection of both models shows
that the thickness of their upper adhcrend is varying very slightly to compensate for
the variation in the adhcsive thickness, keeping thc same overall height for all
sections. For each comparison described in this section, four models of the same span
were subjected to similar loading conditions. Again, comparing experimental and
analytical methodologies, it was observed that the experimental results tended to give

higher valucs.

6.3.1 Deflection

Figure 6.9 (and Table 6.3) represents the results obtained for the T section for 200 mm
span beams under 2 KN, The figure shows a linear reduction in the deflection with
decreasing adhesive thickness. Experimental results show that model TB200/C"
exhibits a deflection of 0.286 mm while model TB200/C*D exhibits a lesser

deflection of 0.260 mm, which is 10% less deflection. The corresponding finite
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element analysis shows a similar trend, with the model TB200/B®* resulted in 3%

more deflection compared to the model TB200/BH.

Figure 6.10 (and Table 6.3) represents the results obtained from the experimental and
finite element analysis of the L section beams with & 75 mm beam span, under a 2 kN
load. Experimental results in this case show that model LB075/CYY exhibits 31.8%
more deflection than model LB0O75/C®Y.  Similarly, the finite element model
LB075/BY, gives 15.7% more deflection than model 1.B075/BOD,

6.3.2 Bending stress

Figure 6.11 (and Table 6.4) compares four 50 mm L beam models subjccted to a
similar load of 7 kN (90% vyield). In this case, it is apparent that the experimental
results give lower bending stress as compared with the results from the finite element
analysis. This corresponds to the comparisons made on the T section beams. This is
possibly due to the work hardening of the materials in the joint which was not
accounted for in the finite element analysis. This non-linear behaviour oceurs when
the materials of the joint is strained beyond the yield point, apparent at the centre of
the beam. Increased stress is required to produce additional plastic deformation as the
materials apparently becomes stronger and stiffer to deform. According to Figure
6.11, the experimental results show that the modecl LB050/CYY exhibits a bending
stress of 106 MPa while model LB050/CY exhibit a bending stress of 102.5 MPa,
cquates to 4%. The corresponding finite element analysis shows a similar trend, with
the model LBO5O/BYY with a 0.4 mm adhesive thickness exhibiting 3.5% more
bending stress as compared to the model LB050/B®",

Figure 6.12 (and Table 6.4) represents the resulis obtained from experimental and
finite element analysis of the T sections with a 150 mm span, under 4 kN load (30%
yield). In this case, the experimental and finite element results as shown tend to be
comparable, and this is observed in the comparison of the 150, 200 and 250 mm spans
of the T & L beam models. The experimental results indicate that model
TB150/CYY, with an adhesive thickness of 0.4 mm exhibils only 2.05 MPa higher
bending stress than model TB150/C%Y, The corresponding finite element results for

model TB150/BY produces 1.3 MPa more bending stress than model TB150/B@Y,
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Comparing both Figure 6.11 and Figure 6.12, rosults suggest that the long bonded

beams are less sensitive to change in the adhesive thickness.

6.3.3 Shear stress

Figure 6.13 (and Table 6.4) comparcs four finite element models for the 150 mm T
section beams under 4 kN. The curve remains nearly constant throughout the four
different thicknesses. Models TB150/B* and TB150/B®Y exhibit shear stresses of
9.96 MPa and 10.2 MPa respectively. The differences between both models are very

small, and this was observed for the five different spans considered for the T models.

Figure 6.14 (and Table 6.4) shows finite element results obtained for the 150 mm L
section beams under 4 kN, In this case, the difference is more noticeable in
comparing the models LB150/B™* and LB150/B®", The shear stresses are 16.7 MPa
and 19 MPa respectively, which equates to a 14% difference. Comparing the models
under the different span groups, all indicate that the shear stress tond to be higher at

the thinner adhesive bondlines.

6.4 Effects of adhesive thickness on flat section beams
The following results represent the experimental and numerical work carried out on
32 models, in order to evaiuate the effect of varying the adhesive thickness. The flat
beam section was considered in this study due to its stability in plastic loading and
ease of fabrication and bonding process. As a reminder, the objectives are:

» To quantify the mechanical behaviour of the bonded beams due to the effect

of the adhesive thickness, up to Imm
» To make a comparison of four models with adhesive thickness ranging [rom

0.1 mm to 0.4 mm.

The bending stiffness of the bonded model tends to be higher as a result of the
increased adhesive thickness., Thereflore it is important at this point to highlight the
difference between the T & L sections and the flat (rectungular) beam section studied
here, and to treat both cases separately. Figure 6.15 (and Table 6.5) compares the
overall cross section of the 0.4 mm mode! with the 0.1 mm model. The increase in
cross sectional area of the 0.4 mm model may result in a greater second moment ol

area and hence structural stiffness. However it is uncertain that the model with the
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smaller thickness will behave insubstantially under similar loading conditions. This
section aims to determine the effect of the varying adhesive thickness whilst keeping

the adherend dimensions constant.

6.4.1 Deflection

Figure 6.17 (and Table 6.5) shows the results obtained from the experiments and finite
element analysis for the flat section beams at 200 mm span. The comparison shown
here consists of 4 different models with the adhesive thickness of 0.1, 0.2, 0.3 and 0.4
mm. Maximum deflection was similarly measured at the underside of the lower
adherend. According to Figure 6.17, both methodologies are showing lincar {rends
and the results are comparable. Focusing our attention on experimental results, model
RB200/C* exhibits a deflection of 0.695 mm while model RB200/C®" exhibits a
deflection of 0.706 mm. The slight difference of 0.011 mm corresponds o the
difference of 4 MPa in terms of bending stress experienced by both models. Finite
element results are more consistent in showing an increase of deflection with respect
to the reduction in adhesive thickness. Model RB200/B®# exhibits a deflection of
0.683 mm whilst the thinner model RR200/B®Y exhibits a deflection of 0.7 mm. The
small difference was similar to the experimental results. As mentioned earlier, any
significant distinction between the 4 models desired must take into account the use of

higher loads in experimentation.

6.4.2 Bending stress

For the comparison as described in this section, six models with adbesive thickness
0.1, 0.2, 0.3, 04, 0.5 and 1 mm were compared under similar clastic loading
conditions. Figure 6.16 represents the results obtained for the 150 mm flat beam
sections subjected to an elastic load of 8 kN. Comparing both methodologies, it was
observed that the experimental results tend to exhibit higher bending stresses as
compared to the finite clement results. Similar to previous measurement procedures,

the bending strain was measured along the reference line shown in Figure 6.8.

Accordingly to Figure 6.16, experimental results show that the model RB150/C™)
(with 1mm adhesive thickness) exhibits bending stress of 309.6 MPa while model
RB150/CY exhibits stress 321.9 MPa. This corresponds to a 4% increase of bending

stress experience by the model RBI50/CV, Between the two models considered, the
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other models tend to exhibit bending stress between 320 — 328 MPa. It is worth
noting here that it was difficult to make any significant distinction between the models
subjected {o elastic loads. Focusing attention on the analytical work carried out on the
models, the difference in behaviour is more obvious. According to beam theory
caleulations, model RB150/A®Y exhibits bending stress of 324.1 MPa while model
RB150/AY exhibits stress of 272.5 MPa., Using the theoretical calculations, the
model with 0.1 mm adhesive thickness exhibits 18.9% more stress than the 1 mm

model.

The experimental results obtained tend to be much higher than the results obtained
from finite element analysis. The flat section beams display pure latcral bending
more easily due to the even and homogenous (ransfer of load attributed to the increase
loading area. Comparing both methodologies, the finite element results however tend
to show more consistency. DBetween the models containing 0.2 mm to 0.5 mm
thickness, the results show a small difference of 0.7 - 1.2 MPa separating each model,
with bending stress incrcasing with reducing the adhesive thickness. Focusing our
attention on the model with 1 mm adhesive thickness, model RB150/B™ exhibited a
bending stress of 283.6 MPa. At the other extreme, model RB150/BOY exhibited a
bending stress of 293.9 MPa. The difference of 10.3 MPa corresponds to 4% increase
exhibited by model RB150/B®Y. This was found comparable to the experimental

results.

6.4,.3 Shear stress

‘Figure 6.18 (and Table 6.5) shows the results obtained from finite element analysis
which aims to determine the effect of varying the adhesive thickness on the shear
stress of the adhesive, Again, the shear stress values were taken at the lower interface
of the bondline for the finite element model. “Figure 6.18 compares four S0 mm flat
scction models subjected to an elastic load of 15 kN. The finite element analysis on
all models analysed shows an increase in the shear stresses with reducing adhesive
thickness. According to the results, model RBO50/B®" produces about 34% higher
stress than model RBO50/BOY.  This signifies that models with a thinner adhesive
bondline will experience higher shear stress as compated to the model with a thicker
bondline under similar loading conditions, With this in mind, designers may take

advantage of subjecting the joint to higher shear loads whilst maintaining the beam’s
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cross sectional area. This observation is true with testing of other joints such as lap

shear joints, cte.

6.5 Elastic-plastic behaviour of flat section bonded beams
The following results represent the experimental and numerical work carried on 32
models, subjected to three-point bending under plastic loads. In this section, the
following methodologies were used;
= to differentiate between flat bonded beam models and models with varying
thickness
= to distinguish between the solid and bonded models and models in terms of

deflection, bending and shear stress.

Figure 6.19 (and Table 6.6) represents a typical load-displacement curve test record of
a flat bonded model subjected (o plastic failure. The test record represents a baseline
curve for models with high bond strength. ‘The initial portion of the curve represents
the clastic behaviour of the model. At around 20 kN load value, the slope changes
and the load take up becomes more gradual. The stress point on the load-deformation
curve exhibits a “knee” also known as the yield stress of the joint. In this region of
the bonded model, the load values represent a slight mctal deformation mixed with the
energy required to overcome the adhesion of the adhesive-adherend interface. The
joint is said to have been plastically deformed which is also a sign that the adhesive
material is absorbing energy. The energy required to overcome these interfacial
forces was represented by a definite break in the test record at a displacement of 11.24
mm. The load value at this point was taken as the vield strength of the bonded

interface. Tt was at this point that the experimentation ceased.

6.5.1 Effect of adhesive thickness on deflection

The [ollowing results represent the experimental work in order to evaluate the effect
of varying the adhesive thickness. The results of the flat beam models with 75 mm
and 55 mm beam span were chosen for comparison in this section. It is worth noting,
that the results for bending strain were not presented here due to the failure of the

strain gauges during tesling on most models prior to reaching the plastic load.
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Figurc 6.20 (and Table 6.7) represents the results obtained from experimental work
with the flat beam models with 55 mm span. The four models compared were
subjected to an estimaled plastic load of 59.2 — 65 kN in the experiments. Figure 6.20
shows a significant deflection increase with increaging adhesive thickness within the
plastic limit of the adherends. Cowmparing this with the elastic results as shown in
Table 6.5, a similar trend is noted. However comparing the models under elastic
loads, the difference of only 9.5% in terms of deflection between models RB050/ oY
and RB0O50/CYD, When we compate the same models under plastic loads, model
RBO055/C* exhibit a deflection of 1.66 mm at failure, while the model RBO55/CY
exhibits a deflection of 1.24 mm. The dificrence of 0.42 mm in deflection
corresponds to an increase of 34% more deflection achieved with the thicker 0.4 mm
model. It is worth noting that the effects of the varying thickness in terms of

deflection became more pronounced as the models were subjected to plastic loads.

Figure 6.21 (and Table 6.7) represents the other set of resulis obtained from the 75
mm span modcls. The models were subjected to a lower plastic load of the range 43 —
50 kN, where 4 models with varying adhesive thickness of 0.1 — 0.4 mm were tested.
Again, we noticed that as the adhesive thickness increases, the model undergoes
further deflection prior to failure. Accordingly to Figure 6.22, the 0.4 mm model
RBO75/C04 exhibits a deflection of 2.4 mm, while the thinner model RBO75/CY
exhibits a deflection of 1.26 mm at failure. This corresponds ta a difference of 90%

more deflection in which the thicker model RB075/C®* was able to operate.

6.5.2 Effect of adhesive thickness on failure load.

The following results were obtained from experiments on the flat bcam models, with
the aim of determining the effect of adhesive thickness on the failure load. The four
different models under consideration here have a span of 55 mm. According to Figurc
6.22, the y-axis represents the failure load of each model determined from the test
records of the experimcntal testing. The x-axis on the graph represents the four
different adhesive thicknesses considered, 0.4, 0.3, 0.2 and 0.1 mm. Experimental
results show that model RBOS5/C"* reaches failurc load at 65 kN while model
RB055/C™Y reaches failure at 59.2 kKN. The difference corresponds to the ability of
the thicker model to undergo a 10% higher load than the thinner maodel before failure.
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The trend of the curve is such that as a higher failure load is achieved with a thicker

adhesive hondline.

Figure 6.23 (and Table 6.7) shows the results for the 75 mm span models where
failure load tends to be lower than the earlier comparison due to the increased span.
The results are more consistent here, where the failwe load decrease almost linearly
along the decreasing adhesive thickness. Experimental results show that model
RB075/C% exhibits a failure load of 49.10 kN, while the thinner 0.1 mm model
RB075/CP" exhibits a failure load of 43 KN. The difference between both model
corresponds to 14%. The curve tends to show a decrease of failure load of 1-3 kN as
the thickness is reduced by 0.1 mm. The results here concur with the results shown

previously. This is discussed further in Section 7.8.

6.6 Elastic-plastic behaviour of solid and bonded flat beam models

Figure 6.24 shows a schematic curve for the force-deflection curve obtained for the
flat section beam models RS150/C and RB150/C. The elaslic region shown is
represented by a three-point load between 0--15 kN. In this region, both curves
obtained from both models shows a linear responsc up to a load of 15 kN. A
reduction in the bonded beam flexural stiffness was found to exist up to this point,
rcsulfing in increased bending stress and deflection. ITowever, this may be avoided as
the difference in the deflection or stiffness is less apparent for long beams (200 — 250
mm). After 15 kN, the curve slope changes and the load take up becomes more
gradual for both the solid and bonded models. In this region, the load valucs represent
a slight metal deformation mixed with the energy required to overcome the adhesion

of the adherend adhesive interfaces in the bonded model.

Figure 6.25 shows a schematic curve for the force-deflection curve for models at
TS150/C and TB150/C under plastic loading conditions. The elastic region which is
represented in the three-point load range of 0 — 12 kN, with both the solid and bonded
beams show a similar response. At about 12.5 kN, the slope changes for both models
where the bonded model slope increascs steeply. At about 4 mm deflection, the solid
beam undertakes a load of 14.8 kN while the bonded beam undertakes a load of 16
kN. The applied load continues to increase gradually for both until the bonded beam

fails at a deflection of 8.89 mm. The load on the solid beam continues to increasc and
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was expected to supersede the maximum load reached by the bonded model. In
summary, the bonded beam fails earlier than its solid counterpart and future analysis

should focus on the determination of the effective working load for similar joints.




Table 6.1
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NS150/X 150 | 2000 | 74922 | 3471 | 0.088 | 73370 | 3507 | D80 | 69.7€0 | 0.111
BS200/X 200 | 7000 | 99896 | 3871 | 0210 | 98400 | 4084 [ 0212 | 95.350 | ¢.241
RE2507K 250__ 2000 [124870( 3871 | 0400 ;423400| 4123 | 0413 | 123.00C | 0444
BRO50 /X 50 2000 | 24975 | 2867 | 0035 | 28.¥70 | 2.4¢0 | 0.008 | 38700 | 0:040
FBO75i X 75 2000 | 37462 | 3667 | 0014 | 41280 | 3132 | 0.016 | 47.150 | 0.039
EB150/ X 180 | 2007 | 74074 | 3.667 | 0CO5 | 735660 | 3672 | 0.009 | 79.952 | 0.144
RB200/X 200 | 2000 | 99899 | 0.067 | 0.218 |1ca.7co| 3.741 | 0.224 | 106600 : 0,258
RE250 /X 250 | 2000 ;124874| 3867 | 042¢ [128.800] 3.753 | 0429 | 131.200 | 0515
15050/ X 30 2000 | 18445 | 12.020| 007 | 75.700 | 10,660 | 0.005 | 22850 | 0.017 |
18075/ X 5 2000 | 27.667 | 13.020| 0.007 | 25.040 [ 10.890| 0012 ; 32000 | 0.048
IS150/ % 150 | 2000 | 55.335 | 13.020| 0.030 | 62.010 | 11230 0.069 | A1.500 | 6085
18200/ X 200 | 2000 | 73779 | 13.020| 141 | 80.460 | 11.230| 0.155 | 77900 | 0479
82504 X 250 ____2000 92224 | 23,020 0.276 | 92900 | 11.280 0.2__93 95,360 : 0.302
| maseix 5 | 2000 | 18487 [ 13.040] 0.005 | 28.010 | 6348 | 0.008 | 26650 | 0033
75X 75 | 000 | 27.730 | 13.048] 0012 | 36170 | 8544 | 0.019 | 38a00 | 0.040
150X 150 | 2000 | 65460 | 13.049f 0.069 | 52.840 | 11.660] D088 , 59450 | 0122
B200/X 200 | 2000 | 73846 | 13,046 | 0454 | 82430 | 12.400] 0.182 | €56C0 | 0.2+7
18250/ X 250 | 2000 | 92433 [ 12,099 | 0202 |10-003] 12.730| 0328 | e840 | 0365

Results of various beam sections under 2 kN load.
(X designation, A = Theoretical, B = Numerical and C = Experimental)
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Table 6.2

Length Aspled Anplytica) Numerical Evzperim;nh]
Specimsn | between r-?:rc.o Reautts Renults Rexults
Deslgnation | supporta e r

(mm) Tin | Thdbaoive ' 5 o | Clen | Tharie 12 G en L]

(ME) | (ME) (MPa) | QPe) | o) | MFa) | (mom)

T056 /X 50 | 10000 |124501' 25559 | 0018 |140,900] 26.560 | 0.027 |137.350| 0.080
TS075/X 75 | 8000 |149521] 20447 | 0053 [164600] 22570 | 0.066 [157.850| 0.083
T8150.X% 180 4000 [149.521| 10224 | 0210 |[158.600] 11350 { 0.221 (1558301 0246
TS200/X 200 | 300 |1da521] 7668 | 0374 [153400] 84¢5 [ 0383 [153.750| 0ALD
TS250/ X 250 | 2400 |148521] 8134 | oov4 |163400| 6750 | 0.598 [157.850] 0610
TBOSO/X | 50 | 10000 |124824{ 25605 0.030 |14800] 16.220 | 0.038 |135200] C.064
TBO75 (X 75| 8000 |149.769] 20447 | 0065 |770.000] 16.760 | 0.082 |134.600] 0.104 |
TR0/ X 150 | 4000 [149.789] 10224 | ©223 [158.900] 5.854 | 0.240 |161950 0273
TB200/X 200 | 200 [149.799] 7668 | 0387 [166.200] 7593 | €.404 [157.850] 0459
TB250/% 250 | 2400 |149.789] 8134 | 0597 [155.900] .134 | 0.620 [157850] 0621
L5050/ X 50 | 7000 | #6.794 | 26416 | 0.014 |1¢6.700] 30.680 | 0.020 | 98400 [ 0066
LS075/% 75 | 6300 | 111692 22647 | 0.040_|131ca 26030 | 0.054 [118.900] 0.086
LSI% /X 150 | #000 | 148790} 15.05% | 0213 _|160.7C0| 19.210 | 0.229 [159.900] 0.296
LS2007% 260 | 2000 [148.780] 11.821| 6375 |166.700 14.350 | 0393 1155800] 042
L5280/ X 260 | 2400 [148.790° 9.057 | 0592 [155900] 11520 | 0511 [159.900] 0.549
LBOSC/X 50 | 7000 | 968680 | 26.663| 0025 [116.600] 16630 [ 0.030 |104.440] 0.083
LRVTS /% T 6000 111703 22.851| 0054 |138.000{ 19.56c [ 0.070 }125,350] 0,085
IB150/ X 150 | 40c0_; 148927 15059 | 0.232 '165.700( 16.220 | 0.265 [161.950] 0.308
LE300/X 200 | 3000 [148937| 11321 0398 160600] 12610 | 0473 [159900] 0480
LE250/X 250 | 2400 [148.937] 9.057 | 0512 [169.400] 10230 0644 [160600] 0885
25050 1X 50 | 2000 | #0899 } 26.066 | 0011 |120.360]37.810 | 0.024 [132.500] 0.079
250751 X 75 | 7000 [106:482] 23666 | 0.0a2 [140.200| 35763 | 0052 |127.4c0[ 0103
251501 150 | 6000 |192022] 20225 | 0.222 |242.900[33.7é0 | 0.262 {202.950] 0250
73200/ 200 | 45C0 182022 5163 | 0385 |206400]25.710} c442 [200.900] 0501
753501 % 250 | 35c0 |478966] 19798 | 050 [138.800] 10530 | 0650 |207.050] 0.5¢8
ZB0307 X 50 | aooo {81117 | 27039 | 0024 |133.300[ 20380 | 0036 [114.200] 0.005
ZB075 X 75| 7000 [108467| 23559 | 0049 [149.0c0] 236007 0.071 [151203] a.128
ZB150 1 X 150 | 6000 [182514] 2¢.225] 0251 |222.200] 26.023 | 0309 |211.500] 0308
ZBZ00/ X 200 | 4500 [182514] 15169 0425 [213.000] 20032 | 0487 [211500[ 0538
ZB250{ X 250 | 3500 [177444] 11830 0829 [202200] 16030 | 0699 -202500] 0740
RS030/X 50 | 15000 |187.305| 20082 0025 | 1617 | 2564 | 0030 | 1722 | 0070
KS075/X 75 | 12000 |224.766 23226 OCE6 | 2007 | 2057 | 0074 | 2173 | G122
R5150/X 15 | 800 |200668| 15484 | 0254 | 2741 | 1360 | 0.352 | 2032 | 0404
RS200/% 200 | 6000 [200688] 11.642 | 0629 | 2/64 | 1010 © 0626 | 2973 | 0671
T RS2AB/X 350 | 5000 [312,475] 0667 | 1.023 | 287.4 | 845 | 1026 | 3157 | 0.842
T Ee0s0iX | 50 | 15000 [187a11) 20.0C2] 0041 | 1915 | 1930 [ 0045 | 2112 [ 0447
RBO73/ X 75 | 12000 [224773[ 23202 0085 | 2262 | 1949 | 2.006 | 248.1 [ 0133
R3150/ X 150 | 8000 [290698]15468] 0479 | 2915 | 14.82 | 0398 | 3258 | 0466
R3200/ X 20C | eocp ;200698] 19.601] 2654 | 2883 | 11.24 | 0674 | 3178 | 073
E3250/X 260 | 5000 [312.185] 9868 | 1050 | 296 | 9.39 | 1.067 | 3304 | 1184
150567 % 50 | 4500 | 41501 | 20.205| 2005 | 59420 | 27670| 0.012 | 55350 | 0,020
18075/ X 75 | 4000 | 55385 | 26.04n| 0015 | 50.650 [ 20620 | 0.024 | €3.560 | 0.030
IS150/X 150 3500 | 96835 | 227851 0.104 109.700 | 18.590 | 0.122 |106600| 0.128
15200/% 200 | 000 [110869] 19530 0212 [12180¢] 15960 | 0.234 1125050] 0.250
15250/ X 260 | 2000 | 92224 [ 13020 0.276 | 99520 | 10640 0298 |100450] D.287
BOS0/X 5) | <500 | 41595 [ 29361 0012 | 65360 | 14C80 | 0.079 [ 63550 | 0086
®075/X 75 | aco0 | 55450 | 26008 | 0025 | 73,210 [16.520] 0037 | 71.750 | 0.084
BI50/ X 150 | 3500 | 97.055 [ 22886 | 0.121 |113.600|20.340 " 0.154 [110700] 0449
B2 /X 200 | 3000 [110919]18574] 0231 [125400] 18600 [ 0.274 1123000 0343
B2507% 250 | 2000 | 92433 | 10.049] 0.202 [02.000] 12.720] 0328 104500} 0263

Results of various beam sections under a 90% yield stress.
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Length Analytical Numerical Experimentat
Specimen ;ﬂuh:alvo betwaen Aifpl[ed Results Results Reosuits
Designatian cxness supports obI;ce

(mm) (mm) ™ G |TAlhasie| & Tn  |Tainwia| & G b
f (MPa} | (MPa) | (um) | (MPa) | (MPa) | (mm) | (MPa) | (mm)
| TROSD ¢ X O 04 A0 2000 | 24959 | 5115 | 0064 | 29.760 | 3742 { 0.008 | 30.750 | 0.031
TRO50/ X2 c3 50 2000 | 24.951 | 5.114 | 0.004 | 20570 ] 4.035 | 0.007 | 30.750 | 0.030
TBG50 /%% 0.2 £0 2600 | 24422 | 5112 | 0.004 | 20380 | 4412 | D.O0/ | 34850 | 0.043
TBO50 /% 1 cA 50 2000 | 24032 | 5.11C | 0004 | 70150 | 4808 | 0006 | 28700 | 0032
TBO75 /3% 04 04 15 2000 | 37438 | 5.115 | 0013 | 40600 | 6699 | 0.016 | 43050 | 0036
TBO?S ¢ X 99 0.3 75 2000 | 37.427 | 5.414 | 0013 | 38970 | 3959 | 0016 | 45.°00 | 0.046
TB075/ X O 0.2 75 2000 137413 | 5112 | 0013 | 41530 | 4767 | 0.018 | 45.100 | 6.041
TBO?S 1 X ©OD 0.1 75 2000 | 372081 5410 | 0013 | 45330 | 50156 | 0.047 | 43.050 | 0546
TB150 73 O% 0A 150 2000 | 74878 | 5.115 | 0105 | 19420 | 4980 | 0.119 | 79.950 | 0127
3150/ X 9% 03 150 2000 | 74.853 | 5114 | 0105 | 70.22C | 5.009 | 0417 | 79950 | 0140
TR150 7 X ED 02 150 2000 | 74827 | 5412 | 0105 | 79.010 | 5.028 | 0115 | 77.900 | 0.128
TB150¢ X @V 0.1 150 2000 | 74.796 | 5110 | 2,105 : 78740 | 5008 | 0113 | 77.900 | 0.187
TR0/ 3 99 C4 200 2000 | 99,834 | 5115 | 0250 |104400| 5.077 | 0.268 | 104.500 | G.286 |
TR20/ X O 0.3 200 2000 | 99.804 | 5.114 | 0.250 [104200| 5073 | 2,266 | 104450 | D.300
TBR00{ X% 02 200 2000 | 98,76¢ | 5412 | 0.250 {103.9C0| 5.054 | 0.263 | 102.500 § G.766
ma00/%xY 01 200 | 2000 | 99.728 | 5110 | 0240 |103.600( 5089 | 2260 | 902500 | 0.26C
TB250/ X0 04 250 2000 |124793! 5116 | 0487 [129600| 5108 | 0511 | 127.100 | 0523
250K % 02 250 | 2000 ;124.755] 5.114 | 0487 |129.300{ 5090 | 0508 | 127.100 | 0517
TH250 /X O 02 250 2000 (1247111 5412 | 0.287 [120.000] 5081 | 0504 | 12740 | 0570
TE2504 X OV 0.1 250 2000 |124.8601 5110 ' 0487 |128.,700] 5.009 | 0501 | 127,190 | 0.529
| LB0s0s x4 04 50 | 7000 | 24819 | 7554 | 0.007 33680 | 5640 | 0.009 | 34850 | 0.043
LBO50 /X O 03 50 2000 | 24815 | 7.553 | 0.0C7 | 33330 | 6,186 ¢ 0.008 | 32.500 | 0.040
LB050/ X O 02 50 2000 | 24810 | 7551 ] 2.007 | 33.170 | 6939 | 0008 | 30,750 | 05038
LBOsH /%Y 0.1 50 2000 | 24805 | 7549 | 0.007 | 52.720 | 8031 | 0007 | 20.75C | 0.033
12075/x% T 04 75 | 2000 | 37229 | 7.564 | 0018 | 45:3¢0 | 5.009 | 2022 | 45100 | 0088
LRo7s /X O a5 75 2000 | 37.223| 7.563 [ 0018 46.16C | 7.387 | 0.021 | 45.100 ; 0.052
LBO75/x 02 0.2 75 2000 | 37.218 [ 7561 | 0.018 [ 44820 8012 | 0.020 | 4100 | 0046
LBo75/x &P 0.1 IL) 2000 | 37.207 | 7.649 | 0018 } 44860 8848 | 0.019 | 41000 | 0044
“B1504 X OF 54 150 2000 | 74458 | 7.554 | 0116 | 82880 | 8.361 | 0.420 82000 | 0.1€8
LB150f X @ 0.3 150 200C | 74446 | 7.553 | 0116 | 82410 | 8630 | 0.124 | 82000 | 0.165
LE150/ X ©® 0.2 150 2000 [ 74.431| 7551 | 0116 | 82,110 | 9.006 | 6.121 | 79.950 { 0.180
IB1s0 /%D 01 150§ 2000 ! 74414 | 7549 | 0116 | 81.700 | 9501 | 0198 | 77.900 | 0141
j _
LB200 f X9 04 20¢ 2000 | 00278 . 7554 | G268 (107500 8588 | 0280 | 110700 | 02321
LB20y X ¥ 04 200 | 2600 | 99261 | 7.563 | 0266 [107.200) 8810 | 9.277 | 106.800 | 0.307
LB200/X 0¥ 0.2 200 | 2000 {99242 | 7,551 | 0.266 [105.800| 9.108 | 0.273 | 1U6.850 | 6.33
1200/ X% OV 0.1 200 2000 |99.219 | 7542 , 0265 [106500| 9524 | 0.268 | 104.550 ; 0.284
12250/ X0 04 250 | 2000 |124.C97| 7.554 | 0510 |132500) 8.067 | 0524 | 433.250 | 0.542
LB250/ X 0.3 250 | 7000 {124.077| 7553 | 0510 [132200| 8864 | 0.524 | 133.250 | 0.537
18250 X2 0,2 250 2000 [124.052| 7.551 | 6.510 [181.800] 6139 | 0519 | 133250 | 0510
LB250 /% @Y 04 259 2000 |124.023| 7549 | 0509 [131400] 9.535 | 0.514 | 131.200 | 0523
Table 6.3 Results for T & L sections at various adhesive thickness under 2 kN,
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Length Analytical Numerieal Expsrimental
Specimen .mz:::’:a betwesn A:zr'::’.d Results Rezuits Results 1
Deslgriation supperts .
{rﬂm‘ (mm) (N) T TAAsseive & Tan | TAlharive 5 Clen ]
_ (MPs) | (MPa) | (wu) | (MPs) | (MP2) | Gow) | (MPa} | (o)
TBO50 £ X 04 0.4 50 12000 |149.751| 80092 | 0024 [178.500( 22450 | 0045 |168.100] 0.071
THOS0 £ X O c3 80 12C00 (149,707} 30683 | 0.024 | 172403 24210 | 0.043 |166.500 0.078
TB050 /X 02 02 50 12000 |142654| 30672 | 0024 {17e.300] 25470 | wua1 [157.950] 0.091
TBO50 ¢ X OV 0.1 50 12000 [14$.592| 30659 | 0024 |174.900| 28390 | 0038 |157.850] 0.091
TBO75 ¢ X O 04 75 8000 |149.751| 20481 | 0.053 |167.200{ 17430 ] 0.077 |153.750| 0.105
TBO75¢ % O 0.3 75 8000 | 149.707| 20455 | 0.053 |152.700] 15840 | 0.068 ;153.750| C.111
8975/ X 0 0.2 75 3000 |149.654 20448 | 0,053 ' 166.100: 19.040 ' 0.071 [153.750| 0.100
TBO75 ) X O 0.1 75 8000 | 149592 20439 | 0.053 [165300: 20,050 ; 0.068 |153.750| 0.116
TB150 /X 9 04 150 4000 |148.7511 10231 | 0.211 |158.800{ 9.960 { 0.238 |157.850| 0.245
TRISH X" 03 150 | 4000 {149.707| ©0.228 | 0.21% [158.400) 10020 | 0.234 |157.860} 0.257
TB150/X P2 02 150 4000 | 149654 10224 | 0.211 [158000] 10350 | 0230 [155.300] 0.243
11504 X O 0.1 15C 4000 1140592| 10.220 | 0.211 |157.500| 10.200 | 0.226 |155800] 0263
B20c/ XY | 04 200 | 3000 |149.751] 7.678 | 0875 |156.6Cu| 7616 | 0402 |156.800] 0424 |
TB2C X 0¥ 0.3 200 3000 [149.707| 7671 | 0374 |456.300| 7.600 | 0398 '155.300| 0.438
TB200 / X ©2 0.2 200 3000 |449.654| 7.662 | 0374 [155.000| 7.581 | 0.394 ;455,800 0.398
TR200 5 X O 0.1 200 3000 |149.592| 7.665 | 0.374 1155400 7.628 | 0390 [153.750] 0.351
TR250/ X ®9 04 750 | 2600 |149.751| 6.138 | 0585 |155503] 6126 | 0.614 |155.800] 0615 |
2250/ X 0¥ 23 250 2400 [149.707| 6.137 | 0585 1155200 6.108 | 0609 [153.750] 0572
TR250 4 X O3 0.2 2590 2100 ,149.653| B34 | 0585 |154.800] 6073 | 0.805 [153.750] 0539
18250/ KON | 01 250 | 2400 [149592| 6132 [ 0.585 (154400| 6.119 | 2601 [155.800( G611 _
l
1B050 %09 0.4 50 7000 | 865.868 | 26439 | 0.025 [118.600| 12,740 | 0.031 [106600] 0086
LB050 X ©D 03 5C 7000 | 86,854 | 26435 | 0028 |117.4C0| 21650 | 0020 |106.600| D.084
L5050 1% @2 0.2 50 7000 | 86837 | 26425 | 0,025 |116.1C0| 24.290 | 0028 |104.550| 0.082
LB05) X U 0.1 50 7020 | 86816 | 26.423 | 0025 |114.500] 28.110 | D026 |102500| 0064 |
LB075 /X0 04 75 6000 [111.688 22662 [ 0054 |13€.200] 20,730 | 0066 |133.250! 0.134
LB075 £ X O 0.3 75 5000 |111669| 22658 | 0056 [135500] 22160 | 0.063 |43%.20C; 0.119
LBa?5 /XD 02 75 6000 | 111.647 | 22654 | 0055 |134.700] 24.340 | 0060 |129.950] 0107
_Lpo75/X Y 0.1 75 600D [ 111621 22848 | 0.056 |133.700| 26.550 | 0.055 |-27.106] 0.036
LB150/ X ©% 04 150 | 4000 [148.417] 15.198 | 0232 [165400] 46.720 [ 0.254 |164.000| 0318
LR150 X 0P 03 150 4000 |148.892) 15405 | 0233 |164.8001 17.280 | 0.248 |159.900| 0304
181504 X 02 0.2 150 2000 (148863 [ 15.102 | 0.233 [184.200[ *8.010 | ¢.24% |159.£00| 0.296
LE150/ X O 0.1 150 4000 [148.828| 15.099 | €.233 [1563.400| 19.000 | 0.237 [157.850| 0.284
p 1B200 /X0 04 200 | 3000 [148817] 11331 | 0398 [161,300] 12,880 | 0421 |161.950| 0468
| 22000X®™® | 03 200 3000 | 148.892] 11329 | 0.3¢0 ]160.800| 13.220 | 0415 [155800| 0448
1B200¢(X 2 2 200 | 2coD |148.863| 11.327 | 0.398 |160400| 13.660 | 040" |167.8%0 0470 :
LB200/XCY | 0. 200 | 2000 [148828] 11.324 , 0.298 {158.700] 14.263 | 0402 |55.600] 0421 o
LB250/ % P 04 | 250 | 2400 [148917] anes | 0611 |1£9.000] w400 [ 0535 |159.000 0645
LB250/%. O3 0.3 25C 2400 148.892’"»9.0@;__ | 6612 |158.600| 10640 | 0.629 [157850] 0619
LB250 (X ©% Q2 250 | 2400 [148.863| 0.061 | 0811 [158.200( 10970 | £:623 | 155.800] 0.563
1B250 /3 O 0. 250 2400 1148828' 9.059 | 0811 |167.500| 11440 | 0616 |155.8¢C0| 0628
Table 6.4 Results for T & 1. sections at various adhesive thickness under 90%

yield stress.
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Length Analytical Results Numerical Results Experimental Results
spacmun | wrween | st | Aostes | 7T ’
Ciesignation Buppotts T
(mm) {mm} {kN) T 'tan adhesive | B mm) Gien | Tadhorwe 5 Gran e -
(MPa) | Tow (MPa} | (MPu) { (mm) | (MPa) (o)
K250/ K 250 05 5 3122 | 9677 | 1023 | 2674 | 84 | 1.026 | 3157 | 4540 | 0812
RS200/ X 200 05 6 2097 | 11613 | 0628 | 2754 | 101 | 0636 | 2073 | 1450 | €571
RS150/X 150 05 8 2997 | 15464 | 0354 | 2741 | 136 | 0.362 | 2092 | 1430 | 0424
RS075/X 6 05 12| 2748 [ 23226 | 0066 | 2007 | 206 | 0074 | 2173 | 1080 | 0122
BS050/ X 50 0 15 | 1673 [ 26082 | 0025 | 1617 | 256 | 0030 | 1722 ' 840  0.070
RESO/X 250 25 5 3122 | 9667 | 1.050 | 208.1 | 94 | 1,067 | 3304 | 1610 | 1134
RB200/X 20¢ 05 5 2607 [ 11801 0654 | 2883 | 112 | 0674 | 317.8 | 1550 | 9.734
RB150/X 150 035 8 2997 [ 15468 | 0879 | 2915 | 148 | 0498 | 3259 | 1590 | 0467
RBATS /X 75 035 12| 2247 [ 23202 | 0006 | 2262 | 192 | 0096 | 248.1 { 1210 | 0.133
RE)50/X 5 05 15 | 187.8 | 20003 | 0041 | 1915 | 193 | 0045 | 2512 | 1080 [ 0.A17 |
RE250/ x4 | 260 04 5 | 3183 [ 9724 [ 1070 | 3007 | 94 | 1084 | 3301 | 1610 | 1102
RB250/% @ 260 03 5 | 32461 9802 | 1061 | 3023 | 94 | 1.007 | 3238 [ 1580 | 1095
RB250 /X0 280 02 5 331.0 | 9867 | 1.112 | 3043 | 93 | 1.1iC | 3301 | 1610 | 1.445
RB250/X O 250 0.1 5 3376 | 9834 | 1434 | 3058 | 92 | 1123 | 3342 | 1630 | 1.159
RE200/X 9% 200 04 B 3cs.6 | 11680 | 0667 | 2012 | 113 | 0683 | 3118 | 1520 | 0695
kB200/ X ) 200 03 6 8116 | 11760 | 0679 | 2¢28 | 113 | 0889 | 3175 | 1540 | 0.708
EB200S X 02 200 02 6 3178 | 11840 | 0692 | 2843 | 113 | 0394 | 8198 | 1560 | 0.705
25200 4% O 200 01 6 | 3241 [11921] 0706 [ 2062 | 111 | v7oo | s178 | 1550 | 0708
po150/%W 150 1 8 | 2725 | 14945 | 0347 | 2836 | 141 | 0394 | 3098 | 1510 | 0480
RE150/ %9 150 05 8 2997 [ 15468 | 037¢ | 2610 | 148 | 0399 | 321.8 | 1570 | 0459
RB150/ 3O 150 ;04 3 3056 | 165574 | 0385 | 2922 | 49 | 0400 { 3260 | 16C0 | n48s
RB150/ X2 150 | 03 8 311.6 | 15680 | 0893 | 2032 | 150 | 0400 | 3219 ! 1570 | 0459
BB159; X2 150 - 02 8 317.8 | 15766 | C401 | 2839 | 149 | 0400 | 3280 | 15€0 | 0467
Re150 /% 0D 150 0.1 8 | 8241 | 15890 | 0408 | 2939 | 147 | 0400 | 3219 | 157C | 0485 |
52075/ | 75 | 04 2| 2202 | 23361 0087 | 2251 | 199 | 0.098 | 2357 | 1150 | 0.102
RBO7S /X% 75 03 12 | 2337 [23520 | 0088 ' 2244 ! 208 1 0031 | 2357 [ 1+50 | 010
RBO75/ % P 75 07 12 | 2383 | 23880 | 0000 | 2224 | 213 | 0.088 | 2378 | 1160 | 0.133
__RBO7S /XY 15 01 12 ] 2431 | 23841 | 0091 | 2196 | 217 | 0.085 [ 2317 | 1430 | 0.101
RBU53/ X 04 50 04 15 1 191.0 [ 20201 | 0041 ( 1966 | 194 | 0.047 | 2030 | 990 | 0083
RB055 1 X0 50 03 15 | 194.7 | 20400 | 0042 | 1863 | 224 1 0042 | 1988 | 970 | 0056
RBOSH X @2 50 0.2 15 ) 1986 | 28800 | 0042 | 1866 | 238 | 0040 | 1989 | 970 | 0082
RBISS ) x O0 50 0.1 15 | 2026 [ 20891, 0043 | 1822 | 246 | 0.087 | 1948 | 950 | U087
Table 6,5 Result for flat beam sections with various adhesive thickness under 90

% vield stress.
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Length Numerical Results Expsrimental Results

Speclm?n betw‘:en 1}.':2;:]:; i
Designation | supports (mmy  |Reached 5 |Reached a
{mm) Load Gten |ThAchesive Load 2 Methine
oy | MPa) | (MPa) {mm) &N) {mm)
RS250/% 250 05 100 32034 | 3894 {41134 | 100 | 3920 | 258
RS200/X 200 05 150 [ 327.71 21013 [ 79476 | 150 | 5440 | 278
RS150/X 150 05 300 | 49255 | 17755 | 59648 | 197 | 5140 | 2.00
RSO75/X 75 05 330 [407.71 [ 5008 | 2245 | 485 | 8000 | 2.13
KS050 /X 50 05 220 | 22871 3686 | 0042 | 495 | 2630 | 1.79
RBS0/X 250 05 100 | 37966 | 4413 | 50675 | 100 | 3950 | 2.6
RB200 (X 200 05 150 139903 | 2103 [80210] 150 | soo0 | 300
RBIS0/ X 150 05 300 [410.21| 6548 | 84028 | 198 | 6082 | 200
REO75/X 75 05 320 |41547 | 7043 | 9773 | 4g6 | 11220 | 289
RB050/X 50 05 320 |40078 | 4030 | 0183 | 486 | 4260 | 185
Table 6.6 Results obtained from flat section solid and bonded beams subjected to

plastic loads

Length Adheslve Numerical Results Experimental Results
Specimen hetween Thickness
Oesignaton supports {mm) Reached O [TA $ Reached E

(mm} Load 6 Adieosies Load € Mechine

Ny | PR (MPa) {mm) *N) {mm)

RE250/ X 0 250 04 100 | 37880 | 39.04 | 57632 | 100 | 4400 | 287
RE250/X % 250 | 03 100 | 27700 | 3946 60542 | 160 | as10 [ 277
RB250/ X 02 250 02 10.0 | 37746 | 3990 | 64767 | 100 | 4600 | 285
RB250/x OV 250 0.1 100 | 37674 | 4578 | 87579 | 100 | 480 | 344
RB2007 X €9 200 04 150 |40027 | 3765 | 81016 | 150 | 5870 | 287
RB200 /X ¥ 200 03 160 | 399.22 | 3900 | 81077 : 50 | 0C80 | 2.71
RB200 /%X 9 200 02 150 | 89794 | 4279 | 30988 | 150 | 6260 | 269
KB200 £ X @ 200 0.1 150 ;39534 | 4643 {80663 | 150 6880 | 2.90
RB150 /XM 150 1 225 | 423371 6287 {72426 | 288 8670 | 1356

i RB150/X%> 150 05 226 | 42256 | 6378 | 72.870 | 278 | 20480 | 13.34
RB150 ¢ X ©¥ 150 04 225 (42144 | 6386 | 72884 2441 | 18310 | 3.00
BB150 X2 150 0.3 225 | 42042 | 6298 | 72824 | 275 | 3970 | 1310
EB15¢ /X @D 150 0.2 225 141841 | 6298 | 72707 | 237 2190 | 784
RB150/ X" 160 0.1 228 |4%494 | 6352 |72145] 255 | 5550 | 540
RB7S ( X 99 75 04 300 |40729 | 7243 | 4882 | 491 1950 | 240
_____ RBO75 /X 0P 75 03 300 40076 | 76.18 | 6608 | 468 | 28400 | 200
RBO75/ X O 7 02 315 [32142 | 6589 | 10196 [ 450 | 22430 | 158
RB75/ %O 75 0.4 310 | 49363 | 8851 [ 10141 430 | 19150 | 126
RB055 /XY 55 04 220 | 30454 | 3177 | 0086 | 650 | 23840 | 166
RBO055 /%02 55 03 315 42344 | 8112 ] 1718 | 639 | 35210 | 166
RBo53 X Y2 55 0.2 275 |<2539| g0.8e | 1707 | 817 | 23920 [ 154
RBOS5 1 XN 55 0.1 375 | 42602 | 7168 | 1986 | 502 | 46270 | 1.24

Table 6.7 Results obtained from flat section bonded beams with various adhesive

thickness subjected to plastic louds.
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a) Shear stress, b) bending stress and c) deflection results computed via
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Figure 6.2 Shear stress results computed via FEA along of the span of the L beam

section under a 2kN load.
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Maximum deflection computed via experiments and FEA along of the
span of the inverted T section beam undergoing a 2kN three point load.
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Chapter Seven

DISCUSSION

7.1 Imtroduction

The initial part of this research aims to quantify the difference between mechanical
behaviour of solid and adhesive bonded beams under similar loading conditions. For
simplification purposes, the assumption used was that cach solid beam would be a
rcalistic representative of a full penetration welded beam. Bonded panels appear to be
slightly heavier and do not perform as well as their welded equivalent, However the
associated production and cotrosion advantages mean there is a potential in a bonded
beam design to save overall weight and cost. The difference between the bonded and
welded beams would be smaller when we consider a weldable metal of relatively low
Young’s modulus such as aluminium as the adherend material. Since the difference
between the clastic modulus of both aluminium and the structural adhesive 1s smaller
compared with steel and adhesives, the failure of the bonded joint could be initiated
by the both adherends and joining mechanism. In certain cases, the adhesive material
could resist the failure loads of the aluminium material. Studies involving the
buckling stress analysis of bonded aluminium structures demonstrates the possibility

that no adhesive failure occurring during clastic buckling [133].

The degree of deviation of the bonded joint and ifs solid equivalent in terms of overall
stresses and deflections under similar loading conditions was investigated. The study
aims to produce a design guide for the calculations of stresses and deflections of
bonded beams. Such design calculations already exist tor welded beams but have yet
to be implemented for bonded beams. The eflects of using various spans and beam
section configuration were also investigated. Such design configurations contribute to

overall behaviour of the stiffened panel under a lateral load,

The bond length, the adhesive thickness and the adherend thickness are important
design factors as they will influence the stress distribution in a joint. A paper by Li et
al. studied the effect of adhesive thickness in bonded tee-joints as shown in Figure 7.1
with the finite element method [15]. The adhesive thickness used ranged from 0.03 to

0.5 mm. Subjecting the beam to an elastic tensile load in the y direction, the author
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las found that increasing the thickness of the adhesive led to a reduction of the peak
stress along the adhesive bonded layer. This was found to have a similar effect when
the same joint undergoes cleavage loads P, & M, cxcept that this led to an increase in
the stress at the joint’s free ends. The follow up paper by the same authors
determined that the linear stiffness of the same joint is lower when thickness of the
adhesive is increased [32], where linear stiffncss was calculated from the gradient of
the force-deflection curve. The authors concluded that the smallest possible adhesive

thickness should be recommended for joints subjected to tensile and cleavage loads.

The effect of adhesive thickness variation in this study was determined through
experimental and numerical means. As mentioned earlier, this variation of the
adhesive thickness was achieved in two different approaches. The first approach
consist of modifying the upper adherend thickness in order to compensate the varying
adhesive thickness, which mainfains the overall height of the section at 20 mm. This
approach was adopted in the experimentation of the T and L section beams. The
second approach was solely increasing the adhesive thickness, which resulted in an
increasc of the height of the entire joint. The approach was adopted in the fabrication
of the flal section beams. The objective of both approaches was to determine the
effect of varying the adhesive thickness of all the models considered under similar
elastic loading conditions. According to mest studies carried out on single lap joints,
the thinner the bondline the stronger the bond is. However the results from the study

show otherwise, especially in the plastic deformation of the bonded specimens.

The structural behaviour of each model considered depends on the amount of material
and the geometry of the cross section. Consideration of the bending stress distribution
along the depth of the cross scetion of each beam is required for economical design,
that most of the material of the beam should be placed as far as possible from the
neutral axis. There is a limit which may be somewhat approached in practice by the
use of an 1 section with most of the material in the flanges. Due to the necessity of
putting part of the material in the web of the beam, the limiting condition is normally
never realised, Studies have shown that a wide flange section like an 1 section is
much more economical than a flat section of the same depth. In addition, due to its
wide flanges and geometry orientation, the I beam section will always be more stable

with respect to L beam sections in terms of sidewise buckling tripping or twisting
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action. An T section is shown also to have a better resistance / allowable to side

cleavage loading as compared to other beam sections.

The motivation behind the use of various beam seclions was to compare the structural
behaviour of each bonded joint profile and determine their correction factors.
Correction factors already exist for structures to poriray a more accurate
determination of the strength criteria of the joint, for example implementing a plastic
correction factor on elastic buckling of structures [134]. These factors can provide a
more accurate understanding of the bonded beam behaviour, advantages and their
limitation. The T, L, Z, flat and inverted T section beams were considered in this
study, with the models having a benchmark adhesive thickness of 0.5 mm. The
objective of the study was to identify also which beam sections are more suited for
bonded joints. Distinguishing the effective profiles instead of using generic beam

sections adopted in welded joints was also analysed.

The study of the structural behaviour of the beam joints subjected to elastic-plastic
loading conditions forms the essential part of this research. Few research projects
previously carried out have considered of all the beam sections used in this study and
implementing an elastic-plastic analysis would give a fuller picture. This phase
enabled the agssessment of the struclural stiffness of the bonded beam joint as it
undergoes extensive plastic deformation. Two important issues were considered in
this study, namely the influence of the varying adhesive thickness and the behaviour

of the bonded beam as compared to its solid equivalent.

Earlier results obtained from experimentation and finite element analysis of all the
beam section congidered suggest that the bonded beam does not deviate significantly
from its solid equivalent in terms of bending stresses and deflection. The comparison
was made with bonded specimens/models of a benchmark adhesive thickncss of 0.5
mm subjected to an elasiic load. A rcason could be found in the overall dimensions of
the solid and bonded specimens/models being similar, and therefore only slight
differences in behaviour were observed under elastic loading. The comparison of the
T & L beam sections with adhesive thickness variation (0.1 — 0.4 mm) also yield
small differences between each specimen/model. This variation represents values

often used in the fabrication of bonded joints used in aerospace and similar
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engineering structures [138]. However, the lack of deviation could be found in the
small difference in adhesive thickness considersd. The nature of the test evaluates the
joint’s structural stiffness in compression. The difference in mechanical behaviour of
both solid and bonded models was emphasised when a better dimensional control was
maintained foliowed with plastic deformation testing of the specimens. By testing the
bonded joints to failure, we could determine the failure load of the bonded model as

well as comparing the maximum amount of deflection under plastic loads. .

7.2 Theoretical evaluation methods

The mathematical models for the structural beams studied were based mainly on the
beam theories for solid and sandwich sections discussed by Timoshenko and Allen
[13,80]. Both theories represent a simplified approach for the calculation of structural
stiffness. The sandwich structure stiffness analysis was based on the thin core with
thick faces approach. The core in the sandwich calculations represented the properties
of the adhesive. Calculations for maximum tensile bending stresses, shear stresses and
lateral deflections were made. The stress distribution within the adhesive shows areas
of stress concentration and possible failure initiation that exists not easily determined
through experimentation, The aim of the theory places emphasis of the corc and lakes
into account of the effects of the shear stiffness present in the bonded beams. The
global deformation of the bonded beam integrated both the shear displacement and the

normal displacement obtained from the associated bending moments.

In the finite element modelling, emphasis was placed on the locations of the applied
loads and the simply supported boundary conditions. A convergence analysis carried
out on the T solid section finite element models found that minor adjustments of these
reference nodes led to a change in stress behaviour. Good agreement was found in the
clastic analysis carried out involving bath methodologies of beam theories and finite
element analysis. When we compare the bending stress values obtained from the T
section beams, results deviate between 2-18 % in comparison of both methodologies
as shown in Table 6.1, In terms of deflection values, results from both methodologies
differ beiween 4-26 % in comparison according to the different spans considered.
This comparison was important in validating stress analysis, as in any bonded joint
analysis, because it is very difficult to obtain experimental strain measurement in the

adhesive bondline duc to accessibility. The finite element analysis provided values of
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shear stress and its distribution present within the interfaces of the adhesive layer.
Determination of shear stress using typical experimental methods is both difficult and
questionable in terms of reliability. An alternative method to experiments may be
found in using thermoclastic stress analysis {TSA). Thermoelastic stress analysis was
used in a study to obtain full field stress data from sandwich construction tee joints

loaded in compression [122].

Determination of the stresses and deflection of the models under plastic loading
condition proved difficult. The results obtained through the finite elements analysis
differed from experiments, therefore experimental results would be evaluated and
used in the determination of the interface coefficients. A possible explanation could
be found in the distortion of the element mesh under plastic loading conditions, which

continued to occur after several refinements of the model was intraduced.

Iigure 7.4 shows a comparison of results obtuined from all three methodologies
congidered, In terms of linear elastic analysis, all three methodologies seemed to be
comparable. For model 1B250/X® accordingly to Table 6.1, it was noted that the
experimental results exhibit 24 % more deflection than theoretical results and 10 %
for the corresponding results from finite element analyses. The comparison shown
here was based on an clastic load of 2—4.5 kN loads tested on models with varied
beam spans for the models., The accuracy of deflection measurements was slightly
influenced by the exact positioning of the transducer centralised at the bottom surfacc
of the lower adherend. In these circumstances the correlation between the three
methodologies is appropriate. This trend was found true for the rest of the models
discussed in the Chapter 6, which show comparable results among the three

methodologies.

7.3 Experimental evaluation methods

In the development of adhesive applications, experiments remain the most important
and reliable techniques available for evaluating adhesives, adhesive joints and the
performance of bonded structures. The small-scale models used in this research
represent structural components within stiffened panel structures. Each model
represents the stiffener-plating combination normally found in steel marine structures.

Five different beam sections were studied closely and the dimensions were intended
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to resemble that of a real joint in smaller proportions. The three-point loading
congiders the design assumption for ship structures where panels are freated as beams

under concentrated loading.

Both central deflection and plate bending stress were measured. If was desirable to
measure the strain within the adhesive but lack of suitable instrumentation prevented
this. Seventy percent of all tests were performed within elastic limits of the steel and
the adhesive. The maximum limit load (90% of the calculated yield strength) for the
joint was determined through various methodologies. The joint failure strength was
determined by experimentation where the joint underwent gross plastic deformation.
Such information will prove uselul for designers even for lightly loaded design

considerations in case unexpected loading conditions arise.

In the initial phase of this project, the overall dimensions of the solid and bonded
model were not controlled precisely, resulting in the bonded beam having an increase
in the overall height due to the inclusion of the bondline thickness. As a result, the
experiments demonstrate that some bonded beams exhibit lower bending stresses and
deflection as compared with the solid equivalent. However, theoretical investigation
does not demonstrate considerable differences in the structural rigidity of both
sections. This was due to the effect of the bondline being accounted for in the
sandwich beam theory. A more justifiable comparison was obtained by configuring
equivalent overall sectional dimensions for both bonded and solid beams. This
amendment is shown in detail in Figure 6.10 where the relative height of the upper

adherend was reduced to compensate for the thickness of the adhesive material

The deviation from ideal solid beam behaviour for the bonded beam was emphasised,
and whilst presenting our study the response from fellow researchers has been
apprehensive [140]. Researchers in adhesion have suggested that the author should in
fact carry out test on actual welded beams in order to determine a more suitable
comparison with the bonded beams. Having said that, small specimens were specially
fabricated using fusion welding but the decision to carry out experiments was
abandoned due to the limited welding techniques available. Upon receiving the
specimens, the author found that it was difficult to quantify the amount of welding

malterial that was included in the welded joint, and hence difficult to accurately
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compare its behaviowr with the bonded beams under similar loading conditions,
Hence, the choice of using solid beams was mainly to simplify the fabrication process
and to confrol the dimensions effectively, which are more difficult to achieve by

welding small specimens.

7.4 Comparison between solid and bonded beam joints

‘Table 6.1, 6.2, 6.3, 6.4, 6.5 and 6.6 showed the theoretical, numerical and
experimental results of the clastic behaviour for various beam sections. Overall
results show that bonded beams behave differently from their welded equivalents.
Generally, bonded specimens with shorter spans producc higher bending stress and
deflection than the equivalent solid/welded ones. Solid specimens tend to have
comparative higher structural stiffness, which was validatcd by theoretical
calculations, [inite clement analyses and experiments. On the other hand, the shear
stress found in the joint’s interface is relatively lower for the bonded beams. The
author feels that the shear load is undertaken through both interfaces in the bonded
structure; hence the shear stress measured at once interfacc represents part of the
entire shear load. ‘The solid beam however, will experience higher shear stress near
the corresponding measured location. While the experimental results in Tables 6.1~
6.7 show higher values than the ntumerical ones, the trend of the results seems to be
the same as seen in the stress & deflections graphical comparisons. In addition,
analytical rcsulis bascd on the earlier beam equations arc also in agreement with these

results.

Under equal bending load, shorter span beams exhibit lower bending stresses and
deflection when compared to longer ones. However when we extend the comparison
to the solid equivalent, the longer span bonded beams excel especially under a 90%
yield load. From the results shown in Chapter 6, it may be concluded that shorter
span bonded beams exhibit significantly higher deflection and bending stress than the
solid equivalent. Being stiffer, shorter beams were subjected to higher shear loads (8-
10 kN), where the longer beams undergo a smaller 90 % yield load (2-5 kN). This
means bonded shorter beams were more likely to collapse under shear stress in
comparison with longer bonded beams. Having a smaller bonded surface area to
resist shear resulted in a higher deviation from its solid equivalent in terms of bending

stress and deflection for shorter span beams.
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7.5 Determination of correction factors

The concept of the correction factor which is used for laminated composites is very
useful for determining the deviation between solid and bonded sections. The
correction factors are represented by the ratio, between the stress and deflection
values (numerical) for bonded sections and those of their solid equivalents. Thus the
following general equation for the correction factors of deflection, bending stress and

shear stress may be used,

[o2]

(7.1}

s ]
s s

f,=b f =Z_, f =

d]og-l

"

Plotting the correction factors versus § gives a set of useful design curves for the
various sections as shown in Figure 7.5 — Figure 7.9. From these curves equations of
the polynomial lines for deflection, bending stress and shear stress for the Z, T and L.
scction can be generated and uscd by designers as shown in Table 7.1. The

polynomial equations for the T section beam is shown below.

Deflection fr=Ax" —A,x+ 4, (7.2)
Bending f,=Bx* — Byx+B, 73)
Shear fo=Cx* -Cyx+C, (7.4)

From the curves shown in Figure 7.5 — Iigure 7.9, it was observed that correction
factors for bending and shear are slightly above unity, depending on beam spans and
section types. The correction factors for deflection however are significantly higher
as compared to bending and shear stresses. Since the results obtained for deflection
through finite element analysis are comparable with those obtained from theoretical
calculations, equations shown in Chapter 4 may be used to generate equations for the
correction factors as a function of beam geometry and materials, including adhesive

thickness. For example the deflection equation is;
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Tor the bonded T models, the correction factors for bending siress and deflection is
above unity. The deviation from unity is more prominent for beams with shorter
spans. This trend applies to all beam sections considered. The correction factor for
shear is below unity but it also depending on contact area between stiffener and plate.
Using ordinary shear formula would tesult in the overestimation of the shear stress in
bonded joints. The results shown can be utilised in conjunction with the simple
bending beam theoty to account for more accurate stresses and deflection in bonded

beams.

Generally, it appears that the design of bonded beam is more sensitive for deflections
than bending stress within the elastic limit of the adherends. Beyond this, plastic
deformation can result in excessive deformation of the adbesive and adherend causing
catastrophic failure. This may be seen in Figure 7.10 for the bonded T specimen that
underwent extensive plastic deformation, which resulted in the delamination of the
upper and lower adherend. Thus high deflections in a bonded panel may imply
increase material requirements in the bonded beam design to sustain the required
loads. Such a requirement may result in bonded structures being slightly heavier than
their welded equivalents. However, increased deflection of a bonded panel could be
compensated by its advantages in joining panels instead of welding techniques.
Firstly, the absence of welding residual stresses in the plating will mean that bonded
panels would have less structural defects. Secondly, the technique gives the freedom
to join thinner plates with closer stiffeners without the technical and economical
problems associated with controlling thermal distortions during welding of such
geometries. Bondcd stiffeners would also increase the effective breadth of panels due

to the possibility of wide flange attachment and absence of distortions.

7.6 Comparison of various beam sections
To compare various beam sections, the correction factors are plotted collectively in
the Figure 7.11 — Figure 7.13. The graphs were plotted from finite element results. As

mentioned before, the shorter beams behave significantly different from longer ones,
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especially for shear stress and deflection. For all sections, the correction factors for
bending stress were slightly higher than 1 (unity). The unity line as indicated by the
dotted black line represents the ideal behaviour for the bonded beams. Under elastic
loading conditions, the correction factors obtained for all four beam sections range
from 1 -1.1. The choice of stiffener shape has a direct impact on the level of stresses
and it was found that thc most suitable section was the T section. The bonded T
section was found to be the most efficient connection with respect to longitudinal
bending as shown in Figure 7.11. Although the Z and L section beams seem suitable
for bonding with respect to longitudinal bending, lateral bending/loading conditions
may cause critical cleavage stresses due to lack of symmetry (in comparison with the
T section). From exaggerated deformation of finite element models, a direct three
point load subjects the Z and L section bonded beams to deflect laterally as well as
horizontally. This results in higher shear stresses in the interface region along the

horizontal axis.

Figure 7.12 shows the corrections factor for deflection for the four beam sections
considered. Similar to the earlier graph, the bonded T section was found to behave
comparatively to its solid counterpart. In terms of beam spans, correction factors for
shorter span beams are significantly higher in terms of both deflection and bending
stress. It is also noted that from comparison of the three graphs, the T and L sections
tend to display similar values of correction factors for bending stress, deflection and
shear stress. This may be because both beam sections have very similar structural

flexural rigidity.

Figure 7.13 shows the correction factor for shear stress for the various beam sections.
The adhesive shear stresses found in the inverted T section were the highest among all
models due to the small bond arca. The Z section bonded beam at 250 mm span
seemed to have higher shear stress than other models. According to post-processing
results ol the displaced finite element model, the model had displaced laterally as well
as sideways, therefore extensive shear was experienced in the interfaces of the joint
and is a possible reason for the high correction factor at 250 mm span. With the
exception of the inverted T section, all bonded scetions produced shear stresses lower

than their solid section equivalent.
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7.7 Elasticity and Plasticity in bonded beams

To explain the behaviour of beams under plastic loads, the author restricted the
investigation to the flat beam sections. Such beams may not be widely accepted in
real structures but provide a simplified model for analysis. [n the three-point bending
of bonded beams, there are shear forces generated at the bond causing shear stresses
that are not that much different from lap shear joints. Similarly, typical adhesive
elements along the becam will be subjected to compressive and shear siresses which
can be added algebraically to give von-Mises Stress. Adhesive [ailure in the bonded
beams is more likely to initiate from the centre as a result of combined shear and
compressive stress, as found in the finite element analysis. Two specimens were
taken apart at the bondline to determine the source of failure of the joini as shown in
Figure 7.2 & 7.3 Trom the figures shown it was difficult to tell where initiation of
failure started. During expcrimentation, the failure of the joint is noted by the sound
of the fracture and a sudden drop in the force-deflection curve plotted by the
computer-controlled monitoring software. It would have been useful to use a high-
speed video camera to capture the initiation of the fracture, but one suspects it could

have initiated in the middle of the joint rather than the edges.

However, the plastic deformation of the adhesive and the stress distribution of the
bonded beam could be explained by consideration of perfectly plastic material under
pure bending [125], and this is shown in Figure 7.16. When the yield load (adhesive)
is reached in the flat beam bonded section, the upper and lower interface of the
bondline have just reached the yield point stress. As the bending load is increased, the
region near the interfaces begin to yield and plastic deformation penetrates further
into the adhesive material. At beam failure load, the regions of plasticity approach the
neutral axis of the middle section of the flat beam section. When the plastic
deformation reaches the neutral axis, the resistance to bending at this point of the
cross section ceases, and the joint will fail. Complete failure is reachcd when a
crushing rupture is initiated within the adhesive material. This may have initiated
from the bondline interfaces or defects in the adhesive material. The two adherends
subsequently rotate with respect to each other about the neutral axis as about a hinge.
This behaviour reflers to a plastic hinge. Theoretical work covering deformation of

beams beyond their elastic limit has been studied extensively [123,124], but not with
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reference to bonded beams. There is hence a possibility of extending the models in

this study to correction factors in plastic beam equations for future work.

The perfect plastic material theory was adopted in the elastic-plastic analysis carried
out in the finite element study. The behaviour of the material models used in the
analysis closcly follows the different stages of the stress distribution as defined hy a
perfectly plastic material. This elastic to plastic transition of a solid flat beam section
is shown in Figure 7.14. This behaviour was found to similar when reviewing results
of the finite element model as the applied load increased progressively in a series of
load increments. Comparing the ¢lastic and plastic behaviour of the adhesive material
as shown in Figure 7.15, we noticed certain important differences. Under an elastic
load, the stress distribution in the adhesive material tends to be constant along the
beam span. Under a plastic load, the plastic stress peaks nearer the centre of the beam
where the adhesive failure might initiate. On further plastic loading, the peak
principle stress reached above 120 MPa to tie in with the adhesive compressive
strength. The author feels that the initiation of the crack has to lie within the centre of

the beam span rather then the edges.

7.8 Effects of varying adhesive thickness in joints

Figure 7.16 shows experimental curves for the 0.1 and 1 mm models under three-point
loading. This shows the influence of adhesive thickness beyond the elastic limit for
the 150 mm span. Both joints were taken to the maximum possible load fo trigger an
adhesive failure in the joint as shown in Figure 7.17. The influence of the adhesive
thickness on the results obtained from both finite element and experimental work
shows that a thicker adhesive line could produce a stronger joint, especially within the
plastic limit of the steel adherend. From experimentation and finite element analysis,
the model RBI50/XY" is producing smaller stresscs than the thinner model
RB150/X"D, Under plastic loads, increasing the adhesive thickness increases the
maximum deflection of the beam significantly. Increasing the thickness from 0.1 to
Tmm resulted in increasing the central deflection by 188%. A thicker adhesive
accommodates higher shear stresses within the bondline and resulling in less shear
strain and stress at the interfaces between the adhesive and adherends. It might be
said here that for bonded beams the thicker the adhesive the stronger the joint is in

bending. However, a stiffened panel in other cases may be required to resist various
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types of loads, and in such cases a thicker bondline may be detrimental to a bonded
joint subjected to pure shear in certain loadcases. For certain types of bonded joints,
namely shear, cleavage, and butt the opposite trend is normally expected when the
adhesive thickness is increased [34,116].

When a lap shear joint is subject to pure shear, the effect of porosity and voids within
the adhesive reduces the joint’s strength due fo slippages occurring at the movement
of dislocations along the axes of the applied tensile loads. These slippages provide
large local stress gradients surrounding the dislocation and easy localised fracture
(micro-fracturc). These microcracking areas in the bondline under load transfer are
the best candidates for fracture initiation and catastrophic failure of the component.
The behaviour of a bonded joint in compression could be explained with concepts
similar to brittle materials, For a brittle material under compression, the
effective/operative force in compression is actually the value of the Poisson ration v
multiplied by a comparative tension force. The range of the Poisson’s ratio v of such
materials is between 0.2 — 0.5. This clearly explains that the apparent strength of the

brittle material is thus greater in compression than when it is in tension.

Similar to ceramics, porosity in structural adhesives is normally unavoidable during
the fabrication of the joint. This is shown in the specimens taken apart at the hondline
in Figures 7.2 and 7.3. As described earlier in Chapter. 2, the effect of porosity
contributes to a deterioration of the integrity of the material structure and the overall
bonded joint. The increase of dislocations present is found proportional to the
thickness of the bondline in a joint. Rescarch relating to lap shear joints tend to show
that a thinner bondline makes a stiffer joint. The averall structural response of the
joint is directly attributed to the amount of dislocations present in a thinner bondline.
However, a thinner adhesive bondline in this case produces lower local moments on

the edge of the joint.

Under a concentrated three-point load, the load is transferred to the middle of the
adhesive bondline. The local stress gradicnts surrounding the dislocations is different
to a similar joint subjccted 1o pure shear. Compressive stress is directly subjected to
bondline and localised fracture may occur within each individual dislocation.

However the fracture collapses the dislocation upon itself, instead of initiating a
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fracture that propagates to another dislocation, as in a lap shear joint in tension. This
could be a possible explanation for the higher compressive stiffness associated to the

increasing adhesive thickness of the test specimens studied here.
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T - Section| Deflection: y = 0.0029x - 0.2661x + 1.6451
Bending: y = 0.0033% - 0.0288x + 1.0777
Shear: y = - 0.0257x%" - 0.2294x + 0.3955
L - Section| Defiection: y = 0.0259 - 0.2583x + 1.6942
Bending: vy = 0.0067)¢ - 0.0565x + 1.1407
Shear: y = - 0.0289x% - 0.2609x + 0.3058
Z - Section| Deflection: y = 0.0182)° - 0.2143x + 1.6821
Bending: y = 0.0063x* - 0.0573x + 1.1568
Shear: y =-0.0283x" + 0.2247x + 0.3379
Flat Beam - Section| Deflection: y= 0.038x° - 0.3441x + 1.8134
Bending: y = 0.0102x% - 0.0984x + 1.2752
Shear: y = -0.0354x° + 0.3024x + 0.4825
Inverted T - Section| Deflection: y = 0.0161x¢ - 0.2266x + 1.8358
Bending: y = 0.0073%% - 0.0606x + 1.1487
Shear: y = -0,0346%° + 0.351x + 0.3123
Table 7.1 Polynomial equations for various beam sections developed with results

from finite element analysis.
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Figure 7.1 Loading of the joints in the x, y directions and loading in the moment
M [15,23]
=

Figure 7.2 Fractured surfaces of standard steel/steel 75Smm T bonded beam
specimens.
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Figure 7.3 Fractured surfaces of standard steel/steel 150mm flat beam specimens.
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Figure 7.4 Comparing the deflection obtained for the inverted T bonded beam for
all three methodologies considered.
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Figure 7.5 Graph for interface coefficients in terms of deflection, bending and
shear stress for the T beam section under elastic loading conditions.
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Figure 7.6 Graph for interface coefficients in terms of deflection, bending and
shear stress for the L beam section under elastic loading conditions.
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Figure 7.9 Graph for interface coefficients in terms of deflection, bending and
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conditions.

Figure 7.10  Deformed T beam specimen (150 mm)
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Figure 7.11  Comparison of correction factors for tensile bending stress obtained for
the T, L, Z and inverted T profiles.
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Figure 7.12  Comparison of correction factors for deflection obtained for the T, L, Z
and inverted T profiles.
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Figure 7.13  Comparison of correction factors obtained for shear stress for the T, L,

Z and inverted T profiles.
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Figure 7.14  Bending stress distribution of the T section under an elastic-plastic
load transition.
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Figure 7.15  Generalised adhesive stress distribution along bondline (250 mm span).
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Figure 7.16  Force-deflection curve of the 150 mm flat beam section with
specimens of two adhesive thickness

Figure 7.17  Critical failure within the adhesive for the bonded T section
(Span = 150 mm)
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CHAPTER EIGHT

CONCLUSION AND RECOMMENDATIONS FOR
FUTURE WORK

8.1 Conclusions

The conclusions drawn from the present study are summarised below:

1. The machining of the solid beam section to represent the welded stiffened beam is
somewhat conservative but is the closest representative to welded beams.

2. The bonded beams bchave differently from their welded equivalent. Bonded
beamn models exhibit higher bending siress and deflection, with the highest
deviation found when comparing shorter span beams. Shorter beam models tend
to experience higher interfacial shear stress than the longer beam models and are
more likely to collapse under shear stress in comparison

3. The bonded beams/pancls appear to be slightly heavier than the welded
equivalent, with this being more significant for the shorter beams. However, this
factor may be compensated by production and corrosion advantages of using
adhesives.

4. The choice of stiffencr shape has a direct impact on the level of stresscs and its
distribution in the joint. In terms of deflection and bending stress, thc most
suitable stiffener shapes are the T and L beam section configuration. In terms of
shear stress, the Z beam section represents the most suitable stiffener shape.
Overall, the T beam section was found to be the most suitable stiffener shape to
resist lateral loads taking into consideration of maximum siress levels of both
shear and bending found in the joint,

5. The concept of correction factor, which is used as a means for manipulating stress
data in laminated composites, is very useful for determining the deviation between
solid and bonded beam sections.

6. The generation of polynomial equations for the correction factors have direct
applicability to determination of deflection, bending and shear stresses.

Extrapolation of these equations could be made to real panel structures.
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Adhesive failure in the bonded beams is more likely to initiatc from the centre of
the beam and arises from combined shear and compressive stresses.

Under elastic loads, increasing the adhesive thickness increases bending stiffhess
and reduces adhesive stresses.

Under plastic loads, increasing the adhesive thickness increases the deflection of
the beam significantly. Tncreasing the thickness from 0.1 to 1mm resulted in
increasing the central deflection by 188%. Bonded models with thicker boadlines
tend to accommodatc higher shear stresses under plastic loading, resulting in a

stiller and more durable joint in bending.

Recommendation for Future Work

Further work is recommended in the following areas to improve our understanding of

the behaviour of adhesively bonded beam joints under bending.

(¥4

The use of small-scale models will require identification of suitable techniques
such as similitude theorics thus allowing the behaviour extrapolation to the real
scalc.

The mechanical testing and finite element modelling of large bonded panel
representing a specific stiffener shape

Determination of the bonded beam joint under various types of loading, which
will include static and fatigue loading conditions.

Bchaviour of bonded beam joints in wet environments

Better production methods of models to control the adhesive thickness and to
reduce defects.

The study of alternative steel section designs, which are specially used for
bonding structures in engineering.

The development ol mathematical modcls to predict the failure load of adhesively
bonded beam joints.

Detailed 3-D modelling and sub-modelling of bonded beam joint under plastic

loading,
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APPENDIX A

Fabrication and bonding process

The success of an adhesively bonded structure depends to a large extent on a few
parameters that were present in the fabrication process as emphasised in Chap. 3. The
parameters discussed here include the choice of adhesive, surfuce preparalion,
application of the adhesive, proper clamping and the curing process, The adhesive
material selected in the fabrication of the joints was a well established structural
epoxy adhesive.  Consultations were made with Huntsman (UK) Ltd for
recommendation of their most suitable structural adhesive for this study. This
adhesive was also studied extensively in research conducted at the Glasgow Marine
Technology Centre [82, 94].

Surface preparation of the affected surfaces is a key to the durability of the joint.
However, it may affect short term strength of a bond., The primary guideline was to
use a standard surface preparation to commensurate with the proposed use of the
adhesive bond. The surface preparation carried out in this study consists of a
combination of simple grit-blast and degreasing technique. Since a standard surface
preparation was adopted for all specimens, it is important to note that the surfacc

preparation did not influencc the different behaviour of the specimens under loading,

The adhesive Araldite® AV119 has a good gap filling capabilities for the quality of
the bond which for up to | mm adhesive thickness. The T and flat bonded models
were wedged open for inspection in order to evaluate the quality of the bond.
According to Fig, 7.2 and 7.3, the bond area of the beam seems voids-free. However,
the presences of voids in the adhesive layer werc unavoidable in the fabrication of
adhesive bonded joints in this research. Figure 7.3 shows a visible bond defect
resulting from incomplete gap filling resulting from inadequate clamping of the flat
beam specimen. Such defects could bc removed by using a vacuum oven curing
procedure where the voids are extracted by adjusting the pressure in the oven.
However, joints fabricated under such conditions will require a gap fill of 2-3 mm and

the joint may need to be sealed in order to prevent the loss of adhesive due to the
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suction effect. However, the author fccls that the presence of such defects did not
affect the beam’s behaviowr. The presence of defects was discussed in detail in
Section 7.6. In reality such a procedure will normally be difficult to implement in the
fabrication of a large joint like a stiffened panel. For a first time user of the adhesive
for a major structural application, one would consider complementing the adhesive
joints with other joining methods to consider a (ail safe design. In addition to the
psychological barriers, the problems of impact and fire risk may dictatc such a
decision. A feasibility study [115] carriecd out by a steel fabricator/manufacturing
company examined the possibility of using the manual arc welding process in
conjunction with the bonded joint (both ends of a [ m Jong beam were fillet welding
at an L stiffener to an 8mm plate attachment withoul significant damage to the bonded
joint. The heat affected adhesive areas were only charred locally due to the intensity
of the heat from welding and did not spread further because of the poor thermal

conductivity of the adhesive and large heat capacity of the bonded stecl beam.

Proper clamping was essential to ensure adeguate contact pressure along the adhesive
joint. The test specimens were subjected to clamp pressure through the use of small
G-clamps and dead weights. For thickness control of the adhesive, a bonding jig was
fabricated to control the relative positioning of the upper and Jower adhcrends and
also to avoid disturbances during the curing process. In terms of the varying adhcsive
thickness in certain models, the L and T section beam were found difficult to work
with due to lack of adequate contact area found on the upper adherend. Rework in
terms of debonding was necessary in order to preserve the fabricated speeimens and to
obtain a thickness within tolerance. The specimens with the flat beam scection
however, proved easier to control due to their bond area and adequate contact area for

clamping, hence less handling time was necded.

Clamping of real joints in shipbuilding to fabricate a panel would rcquire more
sophisticated equipment such as a hydraulic press or thc use of magnetic clamps for
stee] adhercnds. It 1s important to note thal when we use such equipment, the amount
of clamping pressure must be controlled in order to fabricate the joint. The issue of
using excessive and minimal force by itself will determine the strength of the bond.
Sufficient pressure is necessary for squeezing excessive adhesive to reach the desired

thickness. Curing of the joints was carried out in a hot air oven at 160° C for a
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minimum period of 30 minutes. It is obvious that the adhesive within the specimens
will not reach curing temperature as rapidly as the temperature in the oven or the steel
specimens, [t was essential, therefore, to monitor the temperature at the glue line
itself with a thermocouple when timing the curing cyele. For such joints to be cured in
the indusiry, using heating elements similar to the kind used in post-weld treatment
could be used into the fabrication process. Such curing methodologies arc versatile as
compared to others and are not limited by the size and configuration of the joint.
Another curing method such as induction heating could be considered for its strength
to reach the cure temperature within the adhesive layer quickly. Adhesives have been
formulated which lend themselves to this curing method and provide fixturing

strength in a shott period of time.
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APPENDIX B

THEORETICAL WORK - BEAM THEORIES
Thus, the following bending stress, shear stress and deflection are used for the bonded
beam sections;

MxzxE
crb==~—-—D

L _OS*ERE R4,
max D*b

nax

Y, =
TR D G, *d*2

L _FFD g%erl

The resulting strains and stresses in a beam are directly related to the curvature of the
defllcction curve. To illustrate the concept of curvature, consider a beam subjectled to
a load P acting in the middle of the span as shown in Figure B.1. For purposes of
analysis, two points n and ¢ are identified on the deflection curve. At each of these
points we draw a line normal to the tangent to the deflection curve. Both normals
intersect at point O, which is the centre of curvature of the deflection curve. The
distance 20’ from the curve to the centre of curvature is called the radius of curvature
£ and the curvature x which is defined as the reciprocal of the radius ol curvature.
Thus

(B.1)

1
K=~
p

The curvature is a measure of how sharply a beam is bent. The curvature and the
radivs of curvature are functions of the distance x measured along the x axis. I
follows that the position @’ of the centre of curvature also depends upon the distance
x. The curvature ai a particular point on the axis of the beam depends upon the
properties of the beam itself which is made up of the cross sectional shape and the
type of material used. Therefore, if the beam is prismatic and the material is

homogenous, the curvature will vary only with the bending moment. Consequently, a

e i, T T
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beam in pure bending will have constant curvaiure and the beam in nonuniform

bending will have varying curvature,

The longitudinal strains in a beam can be found by analysing the curvature of the
beam and the associated deformations. Consider a portion AB of a beam in pure
bending subjected to positive bending moments M as shown in Figure B.1. The cross
scctions of the beam, such as scctions mu and pg in the figure, remain plane and
normal to the longitudinal axis. The initial distance dx between the two planes is
unchanged at the neutral surface hence p d@ = dx. However, all other longitudinal
lines between the two planes either lengthen or shorten, thereby creating normal
straing &. To evaluale the normal strains, consider a typical longitudinal line ef
located within the beam between planes mn and pg where line ¢f is identified by its
distance y from the neutral surface. Thus, the length L of line ef after bending takes

place is
L = (p-y)do= dx - Ldx (B.2)
P

in which we have substituted d@ = &/p. Since the original length of line ef is d, it
follows that ils elongation is L — dx or — ydx/p. The corresponding longitudinal strain
is equal to the elongation divided by the initial length dx; therefore the strain

curvature relation is defined as

by === oKy (B.3)

Bending stresses in beams
In deriving the relations for the normal bending stresses and deflections in beams, we

normally make the following idealisations:

1. We assume that the beam has an axial plane of symmetry and the load act in
this plane. Then, from considerations of symmetry, we conclude thal bending
must also occur in this same plane. In most practical cases this condition of
symmetry is fulfilled since the usual cross-sectional shapes of beams, such as

L-scction, Z-section, rectangular, I-section, or T-section are symmetrical.
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2. The beam is subjected to pure bending; this means that the shear force is zero,
and that no torsion or axial loads are present

3. The material of the adherend is isotropic and homogeneous.,

4. Plane scctions originally normal 1o the longitudinal axis of the beam remain
plane and normal to the deformed longitudinal axis upon bending.

5. The proportions of the beam are such that it would fail by bending rather than

by crushing, wrinkling, or sidewise buckling.

The most common stress-strain relationship encountered in engineering is the
equation for a linearly elastic material. For such materials we substitute Hooke’s law

for uniaxial stress (o= E¢) into Eq. B.3 (above) and obtain

X

o, =E¢g, =—Q’-=—EKy B.4)
P

One of the objectives in designing a beam is to use the material as efficiently as
possible within the constraints imposed by funclion appearance, manufacturing cost
and so on. From the standpoint of strength aloune, efficiency in bending depends
primarily upon the shape of the cross section, In particular, the most efficient beam is
onc in which the material is located as far as practical from the neuvtral axis. The
farther a given amount of material is from the neutral axis, the larger the section
modutus becomes. This results in a larger the bending moment being resisted for a
given allowable stress. To obtain the neutral axis from the first equation of statics,
consider an element of area d4 in the cross section of the Z seclion beam shown in
Figure. B.2. The element is located at distance y from the neutral axis. The force
acling on the element is equal to ¢, d4 and is compressive when y is positive. The

[irst equation of statics states,
l‘\cdi=-—_[\EKydAm0 (B.5)
eliminating the nonzero constants, curvature k and modulus of elasticity £,

[ yaa=o0 (B.6)
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The first equation of statics state that the first moment of area of the cross section,
evaluated with respect to the z axis, is zero. In other words, the z axis must pass
through the centreid of the cross section. The neutral axis passes through the centroid
of the cross-sectional area when the material follows Hooke’s law and there is no
axial force acting on the cross section. The assumption makes it relatively simple to

determine the position of the neutral axis.

Using the location of the nentral axis with the moment-curvature relationship, we can
determine the stress in terms of bending moment in the flexure formula equation. The
Nexure formula shows that the stresses are directly proportional to the bending

moment M and inversely proportional to the moment of inertia f of the cross section.

G, =~ (B.7)

‘The siresses vary lincarly with the distance y from the neutral axis, as observed from
Figurc. B.3. If the bending moment in the beam is positive, the bending stresses will
be positive (tension) over the parl of the cross section where y is negative, that is, over
the lower part of the beam. The stresses in the vpper part of the beam will be negative
(compression). The maximum tensile and compressive bending stresses acting at any
give cross section occur at points located farthest from the neutral axis. Consideration
of the stress distribution along the depth of the cross section leads to the conclusion
that for economical design most of the material of the beam should be put as far as
possible from the neuiral axis. The distance from the neutral axis to the extreme
elements in the positive and negative y dircctions are represented by ¢; and ¢;. This is
iltustrated from Figure. B.4 which shows the relationship between the bending
moments and associated normal stresses. The maximum normal stresses oy and o

from the flexure formula are

oo Mo Mo Me, M (B.8)
1 I S, ’ { S '
in which
gL s, =L (B.9)
o) Cy
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where the quantities Sy and S; are known us the section moduli of the cross sectional

area.

The scction modulus is normally calculated when designing a beam to resist bending
stresses, If the beam has a doubly symmetric cross section and the allowable stresses
are the same for both tension and compression, we can calculate the required modulus
by dividing the maximum bending moment by the allowable bending strcss for the
material.

S = i"{ﬂu (B.10)

0«] ferne

The allowable stress is based upon the properties of the material and the desired factor
of safety. To ensure Lhat this stress is not excecded, we must choose a beam that
provides a section modulus at least as large as that obtained from the above equation.
To minimise weight and save material, we usually select a beam that has the least

cross-sectional area while still providing the required section moduli.

The analysis presented in this section was for the pure bending of prismatic beams
composcd of homogenous, linearly elastic materials. Should a beam be subjected {o
nonuniform bending, the shear forces will normally produce warping or out-of-planc
distortion of the cross sections. Thus, a cross section that was plane before bending is
no longer plane after bending. Warping due (o shear deformations greatly
complicates the behaviour of the beam. Howcver, detailed investigations show that
the normal stresses calculated from the flexure formulae are not significantly altered
by the presence of shear stresses and the associated warping [112]. Thus we may
justifiably use the theory of pure bending for calculating normal stresses in beams

subjected to nonuniform bending as well,

The flexural formula gives results that are accurate only in regions of the beams
where the siress distribution is not disrupted by changes in the shape of the beam or
by discontinuitics in loading. For instance, the flexure formula is not applicable near
the supports of the beam or close to a concentrated load. Such irregularities produced
localized stresses, or stress concentrations, that are much greater than he stresses

obtained from Lhe flexure formula.
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Effect of shear stresses
When a beam is in pure bending, the only stress resultants arc the bending moments

and the only stresses are the normal stresscs acting on the cross sections. However,
most beams are subjccted to loads that produce both bonding moments and shear
forces (nonuniform bending). In such cases, normal and shear stresses are developed
in the beam. The normal stresses are calculated from the flexure formula provided the
beam is constructed of a linearly elastic material. The shear stresscs will be discussed

in detail in the following section.

The reclangular cross section beam shown in Figure. B.5 is subjected to a positive
shear force V. It is assumed that the shear stresses 7 acting on the cross section are
parallel to the shear force, which is parallel to the vertical sides of the cross section. It
is also reasonable fo assume that the shear stresses are uniformly distributced across the
width of the beam, although they may vary over the height. Using these two
assumplions, it was possible to determine the shear stress at any point on the cross

section.

This section focuses on evaluating the horizontal shear stresses rather than the vertical
siresses in ¢ beam. Horizontal shear stresses are casier to determine and also have the
same magnitudes as Lhe vertical shear stresscs. The existence of horizontal shear
stresses in a beam is shown in the bending of two separate beams in Figure, B 6(a).
The two identical rectangular beamms are placed together on simple supports und
loaded by a force P. Since the friction between the beams are small, the beams will
bend independently. Each beam will be in compression above its own neutral axis
and in tension below its neutral axis, and therefore the bottom surface of the upper
beam will slide with respect to the top surface of the lower beam. Bonding the two
beains along the contact surface will result in a single solid beam, When loaded, the
horizontal shear stresses will develop along the glue surface in order to prevent the
sliding found in B.6(b). Because of the proscnce of these shear stresses, the single

beam is much stiffer and stronger than the two scparate beams,

Consider the rectangular section beam undergoing nonuniform bending shown in
Figure. B.7. Taking two adjacent cross sections with distance dx apart, and consider

the element mmman. Isolating a subelement mnz pip by passing a horizontal plane pp;
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through element mm nx, where the subelement is shown separatcly in Figure. 4.7c.
Since the subelement is in equilibrium, we can sum the forces in the x dircction and
obtain;
B =F,-n
8B.11)
F= J’-(M -i}%)ldfi“ j? dAd = if‘}—f- Jraa

If the shear stresses 7 are uniformly distributed across the width b of the beam, the

force £ is also equal to the following:

F, = thdx (B.12)

where b dx is the area of the bottom face of the subelement. Combining Eq. 4.12 and

4.13 and solving for the shear stressz, we gct

\%
=— {yaA
= fy (B.13)

where
Q= [yda (B.14)

The integral in Eq. B.14 is evaluated over the shaded part of the cross scction shown
in Figure. B.7(d) is the first moment Q of the shaded arca with respect to the nenfral

axis. With this notation, the equation for the shear stress become,

=T (B.15)

J'his above equation, known as the shear formula, can be used to determine the shear
slress T at any point in the cross section of a rectangular beam. Note that for a specific
cross section, the shear force V, moment of inertia 7, and width b are constants.

However, the first moment Q varies with the distance y; from the neuiral axis.

The elementary shear theory presented in this section is suitable for determining the

vertical or horizonial shear stresses in the web of a wide flange beams. Figure. B.8
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shows the shear stress distribution of the various beam sections considered in this
study. However, when investigating vertical shear stresses in the [langes, we can no
fonger assume that the shear siresses are counstant across the width of the section,
which is across the widih b ol the [langes. The distribution of the shear stresses at the
junction of the web and the flange is quite difficult and cannot be investigated with

elementary methods.

THEORETICAL WORK - MATERIAL PROPERTIES

The mechanical properties that are cssential and obtained from the series of
experiments were as follows;

e Elastic modulus, £

e Poisson Ratio, v

¢ Secant modulus, &

e Tangent modulus, &,

Along with the measurement of stresses and displacement, tensile force was measured
from the tensile testing machine and recorded simuitaneously into the data logger.
The force was measured in terms of voliage supplied by the machine, represented the
total tensile force subjected across the flat beam cross section of the test specimens.
The axial strain measurements were obtained through the usc of biaxial rosette strain
gauges. The modulus of elasticity in tension stated as the ratio of the stress difference
o7 minus o to the corresponding measured strain difference values £ minus g; is

shown in Figure. 3.6. The calculation of the modulus of easticity is shown below,

. _5,~0
B €; =%
whoere
E: is Young's modulus of clasticity, expressed in megapascals
C1 is the siress, in megapascals, measured at the strain value €,=0,0005;

G2 is the stress, in megapascals, measured at the strain value £,=0,0025;
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As tabulated in Chapter 3 Table 3.2, the average clastic modulus obtained from the
gxperimentation on the eight test pieces for the AV119 adhesive material was 3.624
GPa. According to the manufacturer Ciba Speciality Chemicals (UK), the modulus of
gclasticity was given as 3.5 GPa for the AV119 material. Similarly, material properties
used in FC analyses carried out by different authors indicated that the modulus was
likely be within the range of 3 - 3.5 GPa [109,110]. The elastic modulus varies in
accordance to the specified curing temperatures and schedules. The average clastic
modulus obtained for the 10 adherend mild steet test pieces from experiments was 205
GPa. This was similar to the elastic modulus for 080M15 mild steel material as
stated by MatWcb [108].

The Poisson’s ratio was taken from measuring the tensile strain g, in one of the two
axes normal to the direction of pull, to the corresponding strain & in the direction of
pull within the initial linear portion of the longitudinal versus normal strain curve as
shown in Figure. 3.7. Measurements for the Poisson’s ratio werc made while the
matcrials were within the elastic region. The principlc strains were measured using a
biaxial rosettc pattern strain gauge developed by Vishay Measurements (UK). The
pattetn has two measuring grids perpendicular to one another as shown in Figure. 3.8.
Two independent measurements could be made in perpendicular directions about a
single point, which is the centre of the dumbbell shaped test speciimen in this case.

Calculation of the Poisson’s ratio is defined as follows;

it

;ZR ==
&
where
My is the P’oisson’s ratio, expressed as a dimensionless ratio with n =D
{width) indicating the notrmal direction chosen.
€ is the strain in the longitudinal direction.
£, is the strain in the normal direction, with n = b (width).

As shown on Figurc. 3.15, the mean poisson ratio obtained from the experiments for
the adhesive material is 0,36. According to the mavufaclurer, the mean poisson ratio
suggested under the specified curing conditions should be 0.37. With this in mind, it

should also be noted that similar testing was carried by various author indicate that the

PR R SO
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Poisson ratio fall in the range of 0.34 — (.38 {109,110], depending on their
corresponding curing conditions. The average Poisson ratio obtained for the adherend
material from experimental results was 0.23. However, the results were much lower
than values specified by the material database MatWeb, which indicated that the

Poisson’s ratio should be 0.29.

The derivation of the tangent and secant moduli can be esiimated from the true
inelastic stress-strain curves obtained from both the adhesive and adherend materials,
'The theoretical work shown was obtained from the ESDU 89052, which also includes
4 program which is useful in the prediction of the structural element’s behaviour over

its 1ull inelastic range up to failure.
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Figure B.1.  Curvature of a bent beam
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Figure B.2.  Cross section of beam showing the z axis as the neutral axis of the cross

section.
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Figure B.4.  Relationship between signs of bending moments and direction of normal

stresses,
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Figure B.5.  Shear stresses in a beam of rectangular cross section.
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Figure B.6.  Bending of two scparate beams.
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Figure B.7.  Shear stresses in a beam of rectangular cross section.
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Details of a T bonded/sandwich section
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Schematic of a typical sandwich beam
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Figure B.11, Shear stress distribution and 2D schematic of the homogenous T section

beam.
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Figure B.12. Decflections of a sandwich beam under bending moment only (b) and
under heavy shear forces only (c) and (d), In (c) the local stiffness of the
faces are ignored, and in {(d) they are taken inio account. Curvature of the
beam undcr the load has an infinite value in (¢) while in (d) the value is

finite. Diagram adopted from Allen [13]




Figure B.13.

Shear deformation of a beam with thick face
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