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STRESSES IN THE ADHESIVE LAYER OF BONDED MID-
PANEL JOINTS CONNECTING SANDWICH PANELS

ABSTRACT

In this investigation, theoretical and experimental

study of adhesive-bonded connections has been carried out.

To begin with, a brief and up-to-date survey of
the available literature on connections has been presented.
Use has been made of the theory of elasticity to develop
mathematical expressions for the shear stress, T and the
normal stress, ¢ in the adhesive layer of the bonded joint.
In this analysis, two approaches with different sets of
assumptions were used: (a) small deflection theory and

(b) large deflection theory.

To verify these results experimentally, several
adhesive-bonded connections were fabricated and tested
under various loading conditions. The photoelastic method
of analysis was used to analyse the experimental data.

Experimental and theoretical results compare favorably.

In addition to the bonded connections, nailed
and adhesive-nailed connections were also tested, and their
photoelastic data recorded. Stress results for these were

also plotted.
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The experimental data was processed from about 600

colored photographs of fringe patterns.
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PREFACE

The existing building methods in the construction
industry cannot meet adequately the demand of building space
foreseen for the future. It is vital that prefabrication
techniques be used in order to satisfy the ever-increasing

residential and industrial space requirements.[19'52]

Because of its many advantages over the conventional
materials of construction, sandwich construction is finding

wide application in the prefabrication industry.

Extensive bibliographies, outlining the present
and future possibilities of using the principles of sandwich
construction in designing various structural elements, have
appeared, confirming the wide spread interest this construc-

tion material is gaining.

To exploit sandwich construction in the building
industry, however, it is necessary (i) to develop effective
and economic means of connections (ii) to formulate design
criteria for the basic sandwich components and (iii) to

understand the behaviour of sandwich panel assemblies.

This project has been limited to the study of

mid-panel connections and in particular, bonded connections.



CHAPTER I

INTRODUCTION

Connections are an integral part of panelized building
construction. They can be of innumerable configurations,
depending on the particular requirements of a connection
design. For joining sandwich panels a commonly used
connection is the one that employs a double-tapered key in
the core to transfer transverse shear across the panels.

And in order to transmit the axial forces in the facings,
cover plates are bonded to the facings of the sandwich

panels using adhesives.

As is well-known from the fundamentals of the theory
of elasticity that external forces acting on any homogeneous
body seldom produce a uniform state of stress; but when two
or more materials are joined together as in an adhesive-
bonded joint, the state of uniform stress distribution is
virtually non-existent. The difference of physical
properties at either side of the joint between the adhesive
and the adherend will produce a varying intensity of stress,
hence will introduce some degree of stress concentration in

the adhesive layer.

The significance of such stress concentrations has
been neglected by many investigators in the past which led
to many erroneous conclusions and some confusion. It has

been customary to express the strength of an adhesive-

L3



bonded joint as an average failure stress, i.e., the

failure load divided by the area of the overlap.

However, during the last decade some investigators
found out that the stresses developed in the adhesive layer are
not uniform, and the stress concentrations are a function of
the shape and size of the test specimens so that the more
highly stressed areas break first and give rise to stress waves
which travel from the higher-stressed zones to the lower-

stressed zones in the adhesive layer.

An accurate knowledge of the stress distribution in an
adhesive is, therefore, indispensable for the prediction of
their strength; it also gives a better insight into the
behaviour of the adhesive under all external forces and loading
conditions. The investigation in this study is mainly
confined to stress distribution below the elastic limit. The
stress distribution above it is not included here,which is
not a serious limitation because the adhesives are mostly

brittle, breaking with little or no creep.

The two fundamental works in this study appear by

Reissner and Vblkersen[ao’gs].

Both of these authors have
assumed that stresses in a lap joint are constant across the
thickness of the adhesive layer and come to the conclusion
that with flexible adhesive layers, the highest shear stress
develops at the edges of the overlap. The adhesive layer,

however, has a definite thickness and ends in free adhesive-

to-air surfaces at each end of the overlap. On such free



boundaries the conditions of equilibrium limit the internal
stresses to simple tangential tension or coﬁpression without
any shear. A longitudinal shear component may exist only

at places where the boundary forms an oblique angle to

this direction. Thus, the assumption of constant shear

across the adhesive is not permissible.

Besides having the theoretical expressions for
determining the shear and normal stresses in the adhesive, it
is necessary to get some insight into the behaviour of the
joint in -experimental set up. The obvious check on the
theoretical strength of a joint is its test to destruction,
but this gives no specific cause of rupture or any indica-
tion of how to improve its strength. The necessary informa-
tion can only be obtained by the knowledge of stress distri-
bution throughout the joint. It can be acquired experi-
mentally by measuring the stresses actually developing in

the models similar to real joints and similarly loaded.

In the following Chapters, expressions for 1t (the
shear stress) and ¢ (the normal stress) are developed
for -an adhesive in a double-tapered, adhesive bonded mid-
panel joint between two sandwich panels. Both small and
large theories of deflection are employed in the mathe-
matical investigation. The results obtained theoretically
are verified experimentally by testing joint specimens with

different loading conditions.



CHAPTER IT

GENERAL SURVEY OF RECENT DEVELOPMENTS
IN THE DESIGN AND ANALYSIS OF CONNECTIONS

To become familiar with the present state of knowledge
on connections, it was deemed necessary to carry out an
extensive literature survey in this field. The main topics

of investigation were:

a) Riveted and bolted connections
b) Welds and welding processes

c) Adhesion and adhesive joints

The subject matter of a selected number of research papers

(see "Selected Bibliography")is presented below.

2.1 RIVETED AND BOLTED CONNECTIONS

2.1.1 High Strength Fasteners

Douty and McGuir:e—.z[:zl:| analyzed the relationship
between the performance and the design of the more common
types of high-strength bolted moment connections. Although
it was undertaken for the specific purpose of studying their
use in plastically designed structures, many of the findings
pertain to elastic behaviour as well. This work was extend-
ed by Chesson, Faustino and Munse[16] who investigated the
strength and behaviour characteristics of single high strength
bolts subjected to various combinations of tension and shear.

These results were then related to the strength and behaviour



of rivets under similar loading conditions. Kinney[51]
discusses briefly his experience with high-strength bolts in
the Mackinac Bridge. The procedure for bolting and inspec-
tion as developed on the project, is outlined. Ball and
Higgins[7] carried this work further by describing the
installation and tightening of high-strength bolts so as to
produce the minimum bolt tension reguired by specifications.
The behaviour of A440 steel joints connected by A490 (high
strength) bolts is studied by Sterling and Fishertss]. They
emphasize this selection by arguing that the recent develop-
ment of the ASTM A490 high-strength bolt was necessitated

by the increased use of high-strength steels. Fasteners of
higher strength than the A325 bolt had to be developed so
that the connections could have reasonable proportions.
Prynne[77] describes a comprehensive research project carried
out to investigate the fundamental problems associated with
friction grip joints using high tensile bolts. The effective-
ness of a number of bolt-tightening techniques is assessed

and the results of carefully controlled tests on simple

bolted joints are presented.

2.1.2 Analysis of Riveted and Bolted Joints

Fisher and Rumpf[27]have developed a general theoreti-
cal solution for the load partition in double-lap plate
splices which is applicable to the load region between major
joint slip and ultimate load. The solution is based on the

observed behaviour of plates with holes and of high-strength



bolts in bearing and shear; it is verified by experimental
results. Lewitt, Chesson and Munse[13] have extended the
above work by discussing the behaviour of bolted structural
connections under repeated loadings. They also report the
results for recent fatigue tests on joints assembled without
hardened washers. The test results indicate that hardened
washers generally have no significant effect on the fatigue

strength of a bolted shear type connection when properly

assembled.

A comprehensive investigation of 248-T riveted tension
joints has been carried out by Fefferman and Langhaartzsj.
They tested 55 different joints each having two specimens
made up by connecting 24S5-T sheets with protruding-head
rivets. With the aid of a general empirical "stress-concen-
tfation" factor, the data are well-correlated with a modified
form of the elementary theory of tension joints. The
modification lies in the assumption that rivets of unequal
diameter in a joint carry equal bearing stresses, rather than
equal shearing stresses when the ultimate load is approached.
The authors have also developed mathematical expressions to
optimize multiple row joints. Monroe[sgj goes a step
further and outlines a semi-graphical analysis applicable
to all riveted and bolted joints eccentrically loaded but
not stressed beyond the elastic limit. By using his method,
it is possible to calculate stress on each rivet or bolt by
plotting one point on a scale drawing of the joint and

multiplying the distance from this point to each rivet or bolt



by a constant factor. The application of this method is simple
and brief. BAnother significant contribution is made by

[13]

Chesson and Munse who performed experiments on various

truss-type tensile connections, made up of plates and rolled
shapes, to provide information on their general behaviour

and ultimate strength. The variables of the test program
included specimen configuration, method of hole preparation,
and type and size of fasteners. The comparative behaviour

of typical specimens is presented. A comparison of predicted
and actual efficiencies is made and recommendations are given
for the design of truss-type members. Munse and Chesson|:70:|
elaborate on the various aspects of the net section design
for riveted and bolted joints. It is well-known that struc-
tural tension connections have long been designed on the basis
of the theoretical net section and an allowable working or
design stress. However, as the authors argue, research has
shown that the effective net section of such connections is

a function also of (a) the geometry of the member and
connection, (b) the manners in which the stress is trans-
ferred through the connection and (c¢) the method of fabri-
cation. Recommendations are made, in the above reference,
for empirical design rules for tension connections that will
result in a more realistic section, a more consistent factor
of safety based on ultimate strength, and often a savings in
material. In another study on the strength of rivets and
bolts in tension, Munse, Petersen and Chesson[7l] have

considered such factors as the flexibility of the connected

~



members, the magnitude of the initial clamping force in the
members, the number of lines of fasteners, and the grip of
the fasteners. Hansen[35] studied the aspect of fatigue of
joints of high strength steels. He has presented a condensed
summary of a program of fatigue testing, in direct tension,
of joints connecting various structural steel sections such
as channels, angles, etc, His study revealed that clamping
force was the most important variable governing the fatigue

of the joints tested.

Hewitt[38] has written on various joint designs, joint
efficiencies, types of rivets and special treatments for
joints. This work is followed by that of Beedle and Christopherca]
who in their report have compiled and discussed some important
studies of rigid moment connections in building frames. They
have analysed three typeé of connecting media: welding, riveting
and bolting. Primary attention is focused on the moment and
deformation capacities of these joints. It is assumed in the
above report that connection is able to undergo inelastic
strain resulting in joint rotation many times that associated
with initial yielding, while providing a predictable resisting
moment. The most important result of these tests is the fact
that for all properly designed, detailed and bolted moment
connections the plastic moment of the adjoining members was

developed and large plastic rotation capacities were observed.



2.1.3 Additional Aspects of Riveted and Bolted
Joints

Misalignment in bolted joints was studied by Vasarhelyi

and Chang[95].

From a series of tests carried out on mis-
aligned bolted joint specimens, they concluded that mis-
alignment, even in a rather severe arrangement, does not seem
to have a significant effect on the ultimate load carrying

capacity of the bolted joint, but might somewhat reduce its

efficiency.

Jones[47]

offers evidence that in riveted joints of
usual structural proportions, subjected to substantially
gtatic loads, the joint strength will not be reduced if the

ratio of rivet bearing stress to axial or shearing stress is

increased above that sanctioned by most specifications.

Vasarhelyi ,et al[94] have discussed the effects of
fabrication techniques on the efficiency of bolted joints,
especially such factors as punching of the holes, misalign-
ments, and the paint on the faying surfacés. Tests on joints
with drilled and with misaligned punched holes showed that
the method of punching of holes does effect significantly the

efficiency of the joint, whereas, the misalignment and the

paint do not.

Winter[97]

summarizes the results from 574 tests on
bolted connections in light-gage steel considering many
pertinent variables such as bolt diameter, sheet thickness,

mechanical properties of sheet and bolt steels, edge dis-
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tance, etc. The following criteria are established for

predicting failure loads which are in satisfactory agreement

with test results:

i) Longitudinal shearing of the sheet along
two practically parallel planes whose distance

equals the bolt diameter,

ii) Shearing-tearing along two distinctly
inclined planes with considerable "piling-up"

of the material in front of the bolt,
iii) Transverse tension-tearing across the sheet,

iv) Shearing of bolt, with more or less pronounced

preceding elongation of the hole.

A realistic evaluation of the factor of safety of a
bolted bracket has been made by Shaffer[BSJ by analysing
a bolted bracket when it was subjected to pure bending
moment of sufficient intensity to induce first an elastic,
then an elastic-plastic, and finally a fully plastic stress
distribution within the supporting set of bolts. It is
shown that when the bracket is held in place by three
equally spaced bolts, it can resist at least 28 percent more
load than a conventional elastic analysis of the problem

indicates.

Yienger and Walkertgg] have tabulated equations for

bolt-point-reactions along three mutually perpendicular axes.
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These equations apply to forces at the mounting points for a
package with a rectangular attachment pattern for either ex-
ternally applied loads or loads produced by inertia due to

acceleration of the base structure.

2.2 WELDS AND WELDING PROCESSES

2.2.1 Design of Welding Joints

Koopman[56] presents a design of joints to be fusion

welded by any of the arc or gas processes. His design would
apply to either manual or machine welding. A specialized
aspect of a theoretically sound design is discussed by
McCampbell, Cook, Nordholt and MerrickEGs]. They have described
an automatic control system which senses direct weld properties
entirely from the arc side and makes the necessary compensation
to travel speed or to weld current as required to achieve
consistent weldments. The paper covers only research done with

aluminum, but the techniques are equally applicable to other

materials.

2.2.2 Welding Methods....A General Review

There are very few engineering products manufactured
today which do not make use of one or more of the established
methods of metal jointing. A commonly used method is
explosive welding. Addison, Fog, Betz and HusseyEz] have
discussed its application to aluminum alloys. According to
them, the process offers promise for supplementing and, in

certain instances, replacing conventional fusion welding
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processes. This process, therefore, is receiving considerable
attention from several researchers like Bahraini and Crossland[4]
who have performed a number of experiments on the explosive
cladding of mild steel with stainless steel, 70/30 brass, and
high conductivity copper. They have also determined the
mechanical strength of the welded joints by shear, tension

and bend tests. The authors conclude that explosively cladded
material has some advantages over conventionally pressure

cladded material due to higher strength of the welded inter-

face.

Hewitt[37’ 39, 40, 41,42] has conducted a survey of

the established processes for the jointing of metals. He
describes the automatic and semi-automatic processes, e.qg.,
soldering, brazing, electrical resistance methods, high fre-
quency induction methods and fusion welding. The fusion welding
process is treated extensively by him to suit requirements of
welding various metals using several different weld metals.
Other topics include arc welding, atomic hydrogen welding, the
Weibel process, the thermit process, projection welding and

[61]

flash welding. Long and Cremer have expostulated that

high temperature corrosion-resistant brazing seems destined

to blay an important role in the fabrication of structures
meeting the exacting demands of advanced missile and space
vehicle designers. This process, introduced recently, gives
promise of producing complex but light weight structures

that are both strong and reliable at the temperatures encounter-

ed in hypervelocity flight. Adams[l] has deduced certain
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engineering relationships through the use of mathematical
approximations which determine the centre line cooling rate
and peak temperature distribution in fusion welding. The
most significant feature of the simplified equations is the
clarity with which effects of changes in any welding, thermal

or geometric variables, can be predicted.

Another important welding technique, gas metal arc weld-
ing, is presented by Lohr and Watkinstsg]. They have quoted
a specific example of a low-alloy steel pipe and describe how
the welding is accomplished in all positions with the short-
circuiting arc process wherein 97% of the electrode is deposit-
ed in the joint and savings up to 40% are realized over con-
ventional manual-arc welding. KXaehler, Bank and TraboldEso]
have described one of the most advanced techniques of welding:
arc image welding--a process in which weldments can be produced
by focusing the image of a carbon arc or any other high tempera-
ture source on the compeonents to be welded together. The
authors have speculated that when fully developed this tech-
nique can be effectively used for repairing damage to space-
craft which may occur due to meteorites during rendezvous

operations, The high teméerature source in this case would be

the sun's energy.

Bratkovich, Roth and Purdy[gj have developed techniques
to reduce cost, decrease weight, increase reliability and solve
complicated design problems in electron beam welding. The

paper presents the applications and design considerations for
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electron beam welding of critical aircraft engine parts such
as highly loaded power train and accessory gears. The main
advantage of this process is its capability of fusion welding
with minimum distortion. Meier[67] attributes the wide

acceptability of this process to the following three major

advantages:

a) Low-total energy input to the workpiece

for a given job.

b) Precise controllability of the process,
and
c) Very high purity welding environment.

All three factors are associated with the operating

characteristics of the equipment and the phenomena governing

the weld formation.

The formation of weld seams in electron beam welding

has been discussed by Lockshin and Puzrin[39] briefly.

2.2.3 Ultrasonic Welding

Jones and Meyerl:‘w:I

have discussed the applications of
ultrasonic welding to structural aluminum alloys. The

process deals with joining metals and metal alloys without

the aid of solders, fluxes or filler metals and usually without
externally-applied heat. The metals to be joined are clamped

at low static pressure between welding tips or sonotrodes,

and the ultrasonic energy is introduced for a brief interval.
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A strong metallufgical bond is produced without the signifi-
cant external deformation that characterizes pressure welding
and without the cast-metal zones associated with resistance
welding. The paper outlines a program undertaken to explore
the ultrasonic weldability of aircraft structural aluminum
alloys and to investigate the effect of resistance heating

as an auxiliary to such vibratory welding. Phenomenoclogical
consideration in ultrasonic welding are presented by Jones,
Maropis, Thomas and Bancroft£48]. The paper describes in-
vestigation resulted in special instrumentation and techniques
for observing phenomena and interpreting factors relevant to
the ultrasonic welding érocess. It included preliminary study
of certain ultrasonic weld phenomena and considered the

influence of material properties on weldability. A compre-

hensive study is made of

i) The stress distribution in the weld zone,

ii}) The vibratory energy delivered to the

weld zone,
iii) The energy transmitted through weld zone,

iv) The temperatures developed in the weld

zone,

v) The material properties mnd their

relationship to ultrasonic weldability, and

vi) Of the interface disturbance and metallurgy.
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2.2.4 Laser Welding

A great deal of interest has been shown in the develop-
ment and application of high energy intensity heating
techniques in the fields of material processing and fabri-
cation. One of these, laser beam fusion welding, represents
one of the earliest proposed uses of laser device. A laser
welding machine has the potential capability for extremely
high energy, precise energy control and exact welding spot
location. Since the advent of the higher energy lasers,
laser welding development has advanced from micro applications

to the more common macro joining problems.

Five excellent papers have been reviewed on laser.
The first of the series by Earvolino and Kennedy L42]
describes an investigation of a high energy output laser device
for use as an industrial tool for the fusion welding of current
structural alloys. The primary objective of this work was to
demonstrate that a high energy, pulsed laser has the capability
of producing reliable and consistent weld joints in selected
materials typical of aerospace structural applications. The
evaluation is based mainly on the results obtained througn

study of each of the following areas:

i) Laser welding techniques and procedures.

ii) Mechanical properties of weld joints at

various temperatures.

iii) Mechanism of laser bonding.
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iv) Metallurgical effects on base material

and equipment versatility.

The following topics are presented in detail in the

discussion of this work:

a) Equipment,procedure.

b) Welding parameters,

c) Mechanical testing, and

d) Metallographic examination.

Included in the presentation are a comparison of laser
welding with electron beam welding and a general discussion
of high energy fusion welding process. Anderson and

£3]

Jackson elaborate on the theory and application of

pulsed laser welding and have concluded after sufficient
experimental evidence, that wire-to-wire and sheet-to-sheet
welds involving a variety of materials are successfully
achieved using this process. They have also discussed its
basic advantages and limitations in the light of the

latest experimental data. Laser performance in microwelding
has been evaluated by Schmidt, Ham and Hoshi[83] who have
established conditions for obtaining satisfactory welds in
0.005 and 0.010 in. thick type 302 stainless steel as well
as 0.005, 0.010 and 0.015 in. thick nickel-steel. A
disadvantage of laser welding, pointed out by the authors,

is vaporization of the metal in excessive temperatures.
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They recommend that for laser welding, the laser pulse, the
thermal and set up conditions must be such that melting

and only little or no vaporization occurs. To apply the

laser beam to microwelding, many factors must be considered
such as mode of operation, type of laser material, capacity

of unit, characteristics of laser pulse, energy intensity,
thermal properties of material, etc. Miller and Ninnikhoven[68]
state that any joint can be laser welded if it can be fusion
welded by any other process. According to them, the materials
which can be joined by laser welding are about the same as
those joined by the electron-beam process. The only major
difference is the joining of dissimilar alloys, where the
electron beam is excellent, but the laser is even better since
it does not need the protection against atmospheric contamina-
tion that the electron beam process requires. A further
application of laser beam fusion welding is discussed by
Fairbanks and Adams[24] who conclude that a capability to
withstand very high instantaneous temperatures without expul-
sion associated with high thermal diffusivities makes metals

such as copper, gold and aluminum ideally suited to laser

welding.

2.2.5 Special Topics in Welding

The various welding methods have been discussed,to a
large extent, in the preceding paragraphs. In this section, a
few special topics related to welding are included. Heuschkel[36]
has presented an extensive coverage to "Composition Controlled,

High-Strength, Ductile, Tough, Steel Weld Metals". He
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argues that the newly available high-strength welding steels
provide no advance in structural usefulness until they are
accompanied by a suitable welding system. Advanced arc-weld-
ing electrodes, and close process control, are required for
these steels. Laboratory studies have led to a technical
solution of this problem. This solution involves selective
additions of metallic elements to pure iron to secure the
required alloy balance. Simultaneously, the elements which
reduce ductility and notch-toughness in as-deposited weld
metals were removed. Deliberately added components of the
welding electrode surfaces were found to be one source of such

offending elements.

Experimentally derived bi-axial stress-strain data
have been presented on weld metal of five high strength-density
ratio alloys by BairdEsJ. The test result conclusively debunk
the often stated general rule that all welds are weaker than
base metal because cast structures are inherently weaker than
wrought structures. In three test materials, after heat
treatment, welds were shown to POsSsess stress-strain character-
istics identical to base metal. In one test material they were
shown to possess slightly reduced biaxial yield stress values
due to imperfect heat treat response, and in yet another they
were shown to possess totally unacceptable biaxial strength

properties due to inherent metallurgical deficiencies.

Joining new high-strength aluminum alloy X7005 has

been discussed by Dudas[22]. X7005 is one of the most versa-
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tile of the new heat-treatable aluminum-zinc-magnesium alloys,
because it can be easily welded, brazed and soldered. It is
well suited for applications in sheet, plate, extrusions and
tubing where high strength is needed and solution heat treat-
ment after joining is undesired. The paper discussed the
joining characteristics and properties of joints in this

promising aluminum alloy.

The fracture characteristics of aluminum alloy welds have
been evaluated from the results of tear and notch-tensile tests
by Nelson, Kaufman and Holt[73]. The tear resistance and notch
toughness of welds are generally greater than those of cold-
worked or heat-treated base metal, and approach those of
annealed base metal. Subsequent thermal treatment of heat-

treatable filler metals may appreciably change the fracture

characteristics.

Brungraber and ClarkElo] have discussed the strength
of welded aluminum columns. as is known, welding heat-
treated or cold-worked aluminum alloys causes partial annealing
of the material in the vicinity of the welds so that the
strength of the material near the welds is lower than the
Strength of the material in the rest of the structure. an
experimental and analytical investigation was conducted to
determine the effect of the varying mechanical properties on
column strength. The strength of aluminum columns with long~
itudinal welds can be computed by means of the same techniques

used in determining the effect of residual stresses on column
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strength. Columns with transverse or other localized welds
can be analyzed as stepped columns. Working along the same
lines, but on a broader level, Goodwin[34] has carried out

an investigation on the effects of variations in twelve para-
meters on the static and fatigue strength of spot-and seam-
welded aluminum alloy joints. This study was undertaken in
response to the demands of aircraft structural engineers and
10,000 aluminum alloy joint specimens were tested. The
program related the strengths of resistance welded joints to

those of riveted joints.

Hydraulic and weight features of welded spiral cases
of draft tubes are discussed by Sutherland[sg] . An illustra-
tive example of comparative head loss of welded and riveted plate~-
steel spiral cases shows that a substantial monetary value may

accrue by the use of a welded case.

2.2.6 Residual Stresses Due to Welding

Residual stresses and distortions due to welding are
important factors to be considered. Masubuchi[54] has develop-
ed an analytical method for studying these residual stresses
and distortions. The analysis is based on an analogy between
the theory of residual stresses in mechanics of a deformable
body and the theory of vortex motion in fluid dyanmics. The
fundamental principles of the theory and a summary of the
results obtained in its experimental verification are describ-~

ed in this paper. The following are investigated:



22
i) Transverse shrinkage and residual stresses
in a butt joint.

ii) Distortion of a structure caused by angular

change occurring in a butt joint.

iii) Distortion of a structure caused by angular

changes occurring in a fillet joint,
iv) Longitudinal distortion of a welded beam.
A few brief but important comments on pre-heating,

residual stresses and stress relieving in welded joints have

been made by Spraragen[87].

2,3 ADHESION AND ADHESIVE JOINTS

2.3.1 General

Although most of the metals may be more or less satis-
factorily joined by welding, brazing, soldering or riveting,
there are many instances in which it may be possible and
convenient to overcome some of the difficulties and disadvan-

tages of these methods by glueing with a plastic adhesive.

Plastic bonding materials received considerable
attention in many countries during World War II, and have
been applied with various degrees of success to the produc-
tion of metal to metal and metal to wood, glass and thermo-
setting plastic joints. Some of the advantages which may be

gained by the use of this type of bonding process compared to
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other metal jointing techniques are:

i) Joints of clean and pleasing appearance
may be obtained which are often stronger
than those produced by riveting or spot

welding;

ii)} Freedom from the distortion and other

heating effects which occur during brazing

and welding;

iii) The bonding matexrial forms an electrically
insulating film between the metal surfaces,
thus avoiding the corrosion which may
occur in metal to metal joints made by
other processes. (This problem may be
especially serious in the jointing of dis-

similar metals).

A survey of plastic structural sandwich construction
has been ?resented by Baldanza[6:| containing technical
information and references that should give the designer and
materials engineer a better understanding of the potential
usage of these techniques. The information is applicable
to the design and fabrication of structural sandwich .
components for tank-automotive usage or similar applications.
Included are technical data and references relating to

specifications, various types of sandwich facings and core

components, adhesives, sealants, fasteners, ballistics, and



nuclear radiation protections. The state-~of-the-art search
concludes that sufficient advantages of sandwich construction
exist to warrant further investigation of practical appli-
cations. Hewitt[37] has given a detailed description of
plastic bonding. Some recent European developments in the
structural-adhesive field are outlined in Catchpole's article[lzj
which gives information on recent design, production, and
service experience of bonded structures in Europe, including
the limited number of space applications, as well as hover-
craft and other miscellaneous uses. While the main European
contribution to the subject lies in this extensive experience,
there have also been interesting developments in both adhesive
and core materials, notably adhesives applicable to supersonic
airliner service and aluminum core materials with high tempera-
ture strength and high resistance to bond splitting for use in

nonperforated sandwich.

Metallizing history, joint design, joint materials,
methods of wetting, methods of increasing braze strength and
other pertinent topics have been reviewed by Van Houten[93]
in his literature survey of "The bonding of cermets to metals".
In his paper he reasons that brazing cermets to metals is
complicated by the great differences in thermal coefficients
of expansion and by the difficulty in finding braze metals
which will wet cermet surfaces. The need for brazes which are
strong at high temperature further increases the problem of
differential expansion. Slaughter, Patriarca and Manly[86]

have outlined the techniques and procedures utilized to bond
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cermet-valve components successfully to metals for high-
temperature fluid service. The cermets studies contained
varying percentages of titanium carbide, tungsten carbide,
tungsten-titanium complex carbide and niobium-tantalum—
titanium complex carbide. The binder materials were
primarily nickel and cobalt. The results of wetting tests

on these cermets with different brazing alloys are presented,
as are photomicrographs of many of the most promising cermet-

to-metal joints. Dean[l7]

gives a brief account of water-
proof adhesives for cellulose mostly from chemical point
of view. He also conducts a survey of commercial waterproof

adhesives for plywood.

Humke[44] has written a selection guide for sandwich
panel adhesives. In wetting behaviour and bond reliability,
they have kept pace as sandwich construction has advanced to
prove itself under widely different environments of heat,
cold, impact loads, fatigue and corrosion. But the wide
choice has complicated the job of selecting the adhesive for

a specific application.

2.3.2 Properties and Tests of Adhesive Bonded Joints

Numerous articles have appeared on the properties and tests
of adhesive-bonded joints. The first in the series is a compre-
hensive study of micromechanical properties of adhesive-bonded
joints by Hughes[43]. The basic purpose of the test program
described in this report was to demonstrate the feasibility

and utility of making microstrain measurements to establish the

~»
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mechanical properties of adhesives in metal-metal bonds. Load-
ing modes were tension, compression and shear as a function of
joint thickness and test temperature for selected adhesive
systems. A high sensitivity capacitance-type extensometer was
used to measure deformations. It was shown that this micro-
strain method is fully capable of establishing the mechanical
properties of adhesive materials in metal-metal joints. While
the principal experimental variables of glue-line thickness,
test temperature and composition were investigated, it was
also shown that the properties of the epoxy adhesives are
influenced by stress level, pre-strain, loading rate, time at

load, time between successive loads and strain rate.

Delollis, Rucker and Wier[laj have carried out a study
of the comparative strengths of some adhesive-adherend systems.
The adhesives were polyvinyl acetate, cellulose nitrate,
resorcinol resin, casein, gum arabic, natural rubber, and neo-
prene. The adherends were stainless steel, aluminum alloy,
paper phenolic laminate, glass, birchwood, and hard rubber.

The properties studied were double lap shear, tensile, long-
time loading shear, and impact strengths. Test results were
tabulated for various adhesive-adherend systems for comparison

and various conclusions drawn from them.

An article appears on the fracture toughness of adhesive
joints by Ripling, Mostovy and Pai:'rickl:81:| in which specimen
designs and a testing method have been developed for investi-
gating the fracture toughness of adhesive joints. The

technique makes control of strain rate feasible for both
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homogeneous and hetrogeneous systems.

I.unsford[63:I has developed a theoretical analysis for
designs of metal~to-metal joints to replace empirical analysis
which he believes to be costly and time-~consuming because
it involves the testing of components to prove the design.,

In his paper, theoretical analysis, considering coméletely elas-
tic elements, has been derived for three types of basic joints:
type 1, joints in which all the load is transferred to the skins
through the bond line; type 2, joints in which the facing is
loaded partly in bearing and partly by shear transfer through
the bond line; type 3, joints in which the load is transferred
to the edge member through a row of fasteners and to the face

by shear transferred through the bond line. Test specimens re-
presenting type 1 and 2 joints were designed, fabricated and
tested. The results of the tests correlate well with the pre-
dicted values. An idealized specimen simulating the torque
loading of a thin walled tube with a large diameter was devel-
oped as a means of establishing a true stress-strain curve

and thus the modulus of rigidity and shear strength of the

adhesive.

The effect of joint design and dimensions on adhesives

is studied by Bryant and Dukes[llj. They performed experiments

on

i) Circular butt joints in simple shear,

ii) Circular butts in torsion, and
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iii) Tubular butts in torsion to measure
their shear strengths, using steel ad-

herends and rubbery adhesives cured at

room temperature.

Tests revealed that variation of adherend dimensions did not
affect the failing stress. The authors have concluded that
torsional testing gives the best estimate of fundamental
shear strength. They have also made several recommendations
on the optimum-strength design of adhesive joints. Seger-
1ind[84] has presented a short mathematical treatment on the

determination of shear stresses in bonded joints.

2.3.3 Conclusions

The above literature survey has revealed the numerous
means by which structural members can be connected. The
requirements listed above for most of these connection methods,
however, are not altogether satisfactory in joining sandwich

panels in the construction industry.

Bolted and riveted connections are not suitable

because of their
i) High cost of production,
ii) Heat conductivity, and

iii) Exposed heads and nuts.
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Ordinary welding techniques such as soldering, brazing,

fusion welding, resistance welding, flux soldering develop

high témperatures and cannot be used for sandwich panels having
non-metallic cores. 1In addition, these methods are not
adequate for welding thin metallic sheets especially under
field conditions. Special techniques such as laser, ultrasonic
and arc-image welding would be ideally suited for thin metallic
sheets. However, they are not yet developed to the stage where

they can be used economically in the field.

It would seem that adhesives and nails may be used to
provide more effective means of connecting sandwich panels.
A series of examples of these types of connections is given

in Appendix I.

The following Chapters present a theoretical and experi-
mental study of adhesive connections and an experimental study

only of nailed connections only.
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CHAPTER III

ADHESIVE BONDED JOINTS

3.1 TYPES AND TYPICAL STRESS ANALYSIS OF AN
EDGE MEMBER ATTACHMENT

A brief description of three different types of

adhesive joints follows.

3.1.1 Butt Joints and Joints Subjected
to Peeling

In butt joints (Fig. la), the surface area of the
adhesive is determined by the cross-section of the adherends,
Since the synthetic resin bonding agents so far developed
have only a small tensile strength in comparison with that
of the usual structural metals, the joint forms the weakest
link and determines the breaking strength of the whole system.
Consequently, the tensile strength of the metals is far from
being utilized, so that the butt joint cannot be regarded

as an efficient type.

This evaluation of the butt joint is confirmed when it
is realized that the normal forces are also non-uniformly
distributed because of the difference in the elastic moduli
of metal and adhesives. Asg a consedquence, local stress
concentrations occur which can be several times that of the
mean stress computed from the tensile load divided by the
cross-section. A uniform stress distribution could only

occur if the metal and adhesive experienced the same lateral

~r
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contraction which means that both materials would have to have

the same value of m/E (m=Poisson's ratio).

Particularly unfavourable circumstances occur when thin
sheets are subjected to peeling (Fig. 1b), where progressive
failure occurs along a line because of the increased stress

in a smaller area.

3.1.2 Simple and Double Lap Joints

In these types of joints, shear forces are set up in
the plane of the joints (Fig. lc and 1ld). Such joints are
far better suited to the characteristics of adhesives, since
the possibility here exists of making the joint surfaces big
enough for the shear strength of the joint to be of the same
order of magnitude as the ultimate strength of the adherends.
In this way, an optimum utilization both of the adherend and
of the adhesive is attained. It must, however, be noted that,
as a consequence of the differential strains between the metal
and the adhesive, the stress distribution will be non-uniform
even in joints subjected to pure shearing forces, and stress
maxima, which are far greater than the mean stress, will be
present at the ends of the overlap. This is particularly so
for relatively rigid adhesives such as thermosetting synthetic
resins with a high E value, while in extensible adhesives, for
example those of a rubbery basis, the stress concentrations
are reduced so that a more uniform distribution is attained
over the whole joint surface. The disadvantages, however,
of the deformable adhesives are the smaller breaking strengths

and the liability to creep, particularly at elevated tempera-
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tures. In the simple lap joint shown in Fig. lec, there is
superimposed on this stress distribution an additional effect
pProduced by the couple which is a consequence of the eccentric
loading and as a result, there are force components perpen-
dicular to the plane of the joint. On account of its symmetri-
cal structure, the double lap joint shown in Fig., 14 is free
from this additional stress system caused by bending moments

and thus has advantages over the simple lap joint.

3.1.3 Tapered Joints

In considering tapered joints (Fig. le), it must be
borne in mind on the one hand, that the area of the joint surface,
as in the butt joint, is limited and because of machining
difficulties cannot be indefinitely increased. On the other
hand, the gradual reduction in the cross—section of the metal
reduces the differential strain between metal and adhesive
below that of the usual lap joint, so that the stress concentra-~
tions at the ends of the joint are reduced. From this point
of view, the tapered joint represents a very good solution
from a structural point of view. To be sure, scarfed joints
have the disadvantage of requiring more machining, and are
hardly feasible with thin sheets. The various kinds of stress-
ing and the stress distributions resulting must, of course, be
carefully considered in analysing the breaking strength, since
their effect cannot be evaluated in terms of a uniform mean
stress but by the maximum stress occurring. Deformations both
in the adhesive and in the adjacent metal parts are on the one

hand, affected by the material constants concerned - modulus of
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elasticity, shear modulus, Poisson's ratio - and on the other
hand, by the geometrical shape and the dimensions. Univer-
sally valid values for the breaking strength of a given
adhesive cannot therefore be given, due to the influence of

the above-mentioned factors.

3.2 TYPICAL STRESS ANALYSIS OF AN ADHESIVE
JOINT

Presented in this section is a brief analytical study
of the structural behaviour of a sandwich panel joining an
edge solid member. Based on the following assumptions, a
theoretical expression for Tt (the shear Stress in the adhesgive)
is developed which when maximizeqd predicts the maximum axial load
that can be transferred to the edge member through the facings
of the sandwich. This study provides a good insight into the
behaviour of the adhesive for further analysis in subsequent

chapters.

3.2.1 Basic Assumptions

An example of the theoretical analysis of a bonded joint
is given in this section. The joint considered (Fig. 2)
connects a sandwich panel to an edge member. Analytical express-
ions for the stress distribution in the joint neglecting thermal
Stresses have been derived to define the stresses. The deri-
vations of these expressions are based on the principles of
elasticity, and the following assumptions: (a) plane sections
will remain plane, (b) the proportional limit is not exceeded,

(c) the adhesive is a Hookian solid, (d) the normal stress



system across any section of the skin or core is uniform,
(e) shear deformations in the skin and core are negligible,
(f) the joint is free of significant bending stresses, and
(g} the manufacturing process of the panel is controlled
to such an extent that the various physical dimensions and
mechanical properties of the skins, cores and adhesives are

uniform and predictable.

The most questionable assumption in these derivations
is that the adhesive is a Hookian solid and not a Newtonian
fluid. The basic difference is that a Hookian solid has no
time dependency, whereas the force resisted by a Newtonian
fluid is completely time-dependent. No material can be
classified as completely Hookian or Newtonian in character,
.although many adhesives will be more nearly Hookian and so

classified.

3.2.2 General Solution

The joint configuration to be analyzed is illustrated
by the bonded honeycomb sandwich specimen, shown in Fig. 2
that provides metal-to-metal joints free of bending and

peeling stresses.

The symmetrical specimen is divided into two equal
portions to simplify the development of the analytical ex-
pression. (éee Fig. 2(b)). The load Tf carried by each
facing is equal to the load Ts carried by one-half of
the edge member, Asis the cross-sectional area of one

half of the edge member while w 1is the width of the same.

~r
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From the free body diagram shown in Fig. 2(c), the equili-

brium conditions yield the following:

-Asdcs = Twdx = +A_do

The shear strain is
Y = uf/w - us/w

The increment of shear strain is

dy = 1/¢E(af/E) - (0g/E.) Jax
The increment of shear stress is

ar = Gc/w[(Uf/E) - (0./E ) Jax
Differentiating again gives

2
T

[e O Lo ]
b

= G /yL(1/E) (do./dx) - (1/E]) (do_/dx)]

Substituting from eqg. (1) produces the following

2
T =

o]

(Gc/w)[(“T/AsEs) + (wT/AE) ]

3

X

This results in the differential equation

On
~

- Gcw/w[(l/AsEs) + (l/AfE)]T =0

A

which takes the form

6ZT 2

G—Z-KT=0
X

(1)

(2)

(3)

(4)

(5)

(6)

n
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where

K = [(6u/y) (og= + g 1%/2 (8)
8" s

AfE

The general solution for this equation is

Ty = A sinh Kx + B cosh Kx (9)

It can be seen from Fig. 2(c) that the joint is
representative of double lap shear joints in which all the
load is transferred to the facings through the bond line.

The boundary conditions at x = 0 are

g, = 0 and GSAS = T

£ ]

At x = b, the boundary conditions are

cfAf = Tf and °s =0

Differentiating Eq. (9) gives

%% = AK cosh Kx + BK sinh Kx (10)

At x = 0, Egs. (4) and (10) yvieid
AK = -G 0./ B
and

A

~(1/K) (G 0/ By

Substituting A in Eq. (10) at x = L results in the following:

St _ ' . _
= - —(Gccs/wEs(cosh KL) + sinh KL = Gccf/wE

£
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Then B = Gb/w[(cs/Es) cosh KL + of/E]/K sinh KL

Substituting A and B in Eqg. (9) yields
T = Gch/xw[—(l/EsAs) sinh KX + (l/ESAS) coth KL cosh KX +

(l/EAf)(cosh KX/sinh KL) ] (11)

This expression relates the adhesive shear stress at
any point along the joint as a function of the load, adhesive
shear modulus, adherend modulus, and thickness. To determine
the maximum load that can be applied to this type of joint,
Thax Must be located with respect to x. Calculating the

maximum wvalue of T, Tnax OCCUrs at x = b(at the bonded edge).

Then

Eg =N = T (KwEsts) sinh KL _ (12)
) £ max G TﬁstS/wa) cosh KL + 1

where X is modified by substituting w = 1 in. into Eq. (8),

G 1/2
= |- €1 1
K"[w(tSES"'?_E )]

Since the analytical expressions were derived from one-half
of the joint specimen, the load obtained from Eq. (12) must
be doubled to obtain the total that can be applied to the

specimen.
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CHAPTER IV

THEORETICAL ANALYSIS OF ADHESIVE BONDED MID-
PANEL JOINTS CONNECTING SANDWICH PANELS
SMALL DEFLECTION THEORY:COMPRESSION SIDE OF SPECIMENS

The type of joint selected for the theoretical analysis

is as shown in Fig. 3. 1In accordance with the assumptions

generally made in sandwich construction, the bending moment

is taken by the facings and the shear is transferred across

the core through the tapered shear key. Normal stresses in

the facings of one panel are transmitted to the respective

facings of the second panel through the adhesive layer.

4,1 ASSUMPTIONS

(1)

(ii)

The stress in the adhesive is assumed to have
only two non-vanishing components, the normal
stress ¢ and the shear stress T, which vary
negligibly across the small thickness of the
bond.

The aluminum sheets are assumed fixed at the
positions where the loads P are applied, thus
introducing fixing end moments in the facings
at the load locations. It should be noted that
at these points, the loads cause upward bulging

in the facing thus justifying the assumption.
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(iii) The bending effect on the facings due to the
shear stress T between aluminum sheets and

core is neglected.

(iv) Deflections are assumed to be small, hence

small deflection theory is used.

(v) As shown in Fig. 4, we are considering two
rectangular sheets of the same material of
unit width and of lengths 2(a + b), and 2b.
The faces of the longer and shorter sheets of
thickness £ and E£f respectively, (0 < & < 1),
are cemented by an adhesive layer of thickness
Y, where Yy is small compared to £. The force
Tf induced in the faces due to bending of the
sandwich beam is considered per unit width.
The stiffened structure is considered as a
homogeneous thin plate with finite discontinuities
in its thickness and in its neutral plane. Bend-
ing of the neutral piane occurs under the
applied loads; hence, a bending'moment and
compressive force acts on the longer sheet at

the bond edges.

The basic equations necessary for the solution of the problem
are formulated within the framework of classical plate theory

together with a system of sufficient boundary conditions.
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4.2 STRESS RESULTANTS AT THE BOND EDGES

The composite plate shown in Fig. 4 will be considered
as a homogeneous cylindrically-bent plate with a discontinuous
thickness and neutral plane. For this calculation, since
the thickness Yy of the adhesive layer is relatively small
compared to the thickness f of the facings, the effect of
adhesive thickness will be initially neglected. The loading
Tf and Mf at the edges of the plate, will produce a
stress couple resultant (Mz)o acting on the facings at the

bond edges. (Mz) can be expressed in terms of the forces

o
(Tf,Mf)and the physical dimensions of the plate, as shown

below:

M
— = -5 (1)
dx D

which is the general expression relating curvature and bend-

ing moment, where

D, the flexural rigidity of the plate, is given

by
E.£
>oT 12(1-v2)
where
Ef is Young's Modulus for facings,
end v is Poisson's ratio for facings.

The deformation of the structure may be conveniently

studied by separating it into regions 1 and 2 with
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coordinates (xl,wl) and (xz,wz) respectively, where both
coordinate systems are fixed, as shown in Fig. 2. Then the
bending moments acting at generic sections of regions 1 and

2 are given by

M1 = Mf - Tfml 0 < X < a (3)

M, = M

5 gt Tel=5—-w,) 0 <x,<b (4)

where Mg igs the moment in the facings at the concentrated
loads P. In Egqg. (4), the adhesive thickness ¢ is neglected
and the neutral axis of the facing is assumed to shift upward
by half the thickness of the cover plate E% at the beginning
of region 2. It should be noted that the length of region 2

(4 to 8 in) is so large, relative to the facing thickness
(.030"), that the assumption made regarding the upward shifting

of the neutral axis is not unrealistic.

Substituting Egs. (3) and (4) into Eq. (1),
respectively, and introducing the factor (1+£)3 to account

for the variable thickness, the following equations are obtained

d"w T M
1 Tg _ Mg
w2 D 1T -7 0ixca 5)
1
a?o, T w0, 1 T EE
5~ - 3~ = 5—{M+ }0<x,<b (6)
ax®, (1+5)°p  (1+8)°D

Egs. (5) and (6) have general solutions

T T
w, = A sinh {(ﬁg)ixl} + B cosh {(Sg)éxl} + == (7)

=
Hh
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T T
. . £ ) £ 3
w. = C sinh {Y y}x.+ D cosh {{ Y<ix, +
2 (1+£)p 2 (1+£)3p 2
Mg

+ = 4+
Te

Nrn
Fh

(8)

The intermediate steps have been omitted for brevity.
The constants of integration A,B,C,D and Mf are determined

from the following five conditions:

dwl
at X1=0, wl=0,a-}—‘z= 0
dwl dwz
at X = a, %X, = 0, Wy = Worgxs T o (9)
1 2
dm2
at x2=b'ax—2-=0

After the constants in Egs. (7) and (8) have been deter-

mined by use of Eg. (9), the bending moment at the bond edges

is given by

M) = (M) - - oL
2’0 17x,=a dle Xy-a
M) =
'5§Tf Sinh{(?I§§7§E)éb}003h{(;£)%a} N
(1+g)§{sinh(;§¢a.}{cosh b(zzégygg)§}+°°Sh{a(;£’i}Sinh{b(?Eéiyig)é}

(10a)
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Eq. (10) applies to the moment (Mz)o in the connected facings
on the compression side of the sandwich beam. For the tension

side, the following equation applies.

M, =
jngf sinh{(?Eéi;gg)ib}cosh{(gg)%a}
(1+8) Fsinh( (-5 Falcosh (_(1_2—)33) Y. }ecosnt (5 Ra)sinnt <$)-§;) i)
(10p)

4,3 EQUATIONS FOR STRESSES ¢ AND 1
IN THE ADHESIVE LAYER

We now consider the bonded region. The ends of the
lower sheet, Fig. 5 are acted upon by a compressive force

resultant Tf and by a bending moment resultant (Mz)o given
by Eg. (10). Because the bond is considered in its undeformed
state, symmetry requires the shear to vanish at the ends. The
x-axis has its origin, as shown in Fig. 5. Equations which
must be satisfied by each of the bonded sheets and by the

adhesive will now be formulated.

According to the theory of cylindrically-bent plates,
an element of the upper sheet will be acted upon by T, and
Qu' the axial and shear force resultants and by M., a bending N
moment resultant, as shown in Fig. 6(a). Counter-clockwise
moments and downward forces are taken positive. Since the

forces and the moments are in equilibrium with the adhesive

stresses ¢ and T, the following equations hold
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:i___xu-'-o‘ = 0 (11)
dTu
= tT =0

Similarly, if an element of the lower sheet (Fig. 6(b) is
considered, then for equilibrium, the following equations

must be satisfied.

dML £ _
-aT'+QL+'—2—'—0

dQL

x_..g=0 (12)
dT

-t = O

If the bositive transverse deflections of the neutral planes

of the uéper and lower sheets are denoted by Wy and Wy,

resf;ectively, then from the Bernoulli's law

da W, _ Mu
dx2 E3D
2
d”w M‘L
L 1 —
= = - (13)
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If v, and u, are the longitudinal displacements of the
lowermost and the uppermost fibres of the upper and lower

sheets respectively, then

My _ Lou, _u,
dx - E ‘Ef E;2f2
(14)
e T S L N
dx E *°f f2

Finally, from the stress-strain relations for the adhesive,

we have

T Yy ~ Uy
-t = (15)
g, _pl'_.

o Wy, T Yy
o _ (16)
E_ v

where E, and G, are the Young's and the shear moduli
respectively for the adhesive and y is the thickness of the

adhesive.

Equations for the determination of the adhesive
stresses o and T can now be formulated. Differentiating
Eg. (15) and substituting Eg. (14) gives

G 6 6M
g - gEel (Ty, - ?MI‘ - %—(Tu + =9} (17)

Differentiating Eq. (17) twice and substituting Eqs. (l11) and
(12) yields
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SPr . Scpaare) ar, 60 (1-£2), (18)
ol | BV E & YT T2

In a similar manner, differentiating Eq. (16) and substitut-

ing Eq. (13), we obtain

2 E M
do c, Q
= (= - ) (19)
) ;3 My,

Differentiating Egs. (19) twice and substituting Egqs. (11)
and (12) gives

4 E 3
d~o c,o0(1+E”) £
7 = - _{ + (E
dx ¥D 53 252

Equations (18) and (20) form a pair of simultaneous, ordinary

2

- g (20)

differential equations with constant coefficients for deter~
mination of the stress distribution in the adhesive. More-
over, seven conditions are necessary with which to evaluate
the seven arbitrary constants involved in the solution of
Equations (18) and (20). The following physical conditions

hold at the bond edges. (Refer to left-hand side of Fig. 5).

Mu=Qu=Tu

n
o

at x = ¢ 3 (21)
T

-
I
o

1
]
N
)
1
o
n

£7 Q=

Equivalently, the substitution of Egs. (21) into Egs. (17)
and (19) yields
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G 6 (M,)
dt _ "¢ - 20 . b
T - EW?‘Tf ¥ ) at x = + 7
: (22)
dar _ _ Gc(T _ 6(Mz)o) _ _Db
&~ gEETg - —F latx=-3
a%s _ Ec b
oz - w Mo at x = ¢ 3 (23)
x

To Equations (22) and (23), the following equilibrium
and symmetry conditions are added, assuming £ = 1, that is

when both plates are of equal thickness.

T
£
5 (24)

3
o7}
"
]

[
Q

Pa

b
|

0; 0B = o (-5 (25)

4.3.1 Solution of the Differential
Equations (18) and (20)

The solution of Egs. (18) and (20) for the
adhesive stresses subject to Eguations (22) to (25) will
now be considered. For the special case of § =1, that is,
when both sheets are of egqual thickness, Egs. (18) and (20)

reduce to

W
w

_ Gc at

= (26)

3
:
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4 2E
do C
—Z = — 350 {(27)
dx vD

which are independent of each other.

The solution of Egs. (26) with boundary conditions
specified by Egqs. (22) and (24) is

(M) ‘/7G i 6(M)

3T +6——?——- _T(—Wf (T —-E———)cosh 2/7(—$g)5x}
ToE a5
Sth{Z/f(——f)% %)
(28)
The solution of Eq., (27) under the conditions given by
Egs. (23) and (25) is
E E -1
g = - 2(2wD)é(M ) [sin{(iw%)i b} + Sinh{(iﬁ%)% b}] X

E E
X [COS{ (ZIPD)% b}Slnh (m)i b} Sln{ (Td%)% f}COS{ (m)i
cos{(—E—)%x}cosh{( ) x} + cos{(———)% }sinh{ ( )i b}
27D 2yD 29D 2 2yD
E E E E
+ sinl (D) Bcosnt g Braint (2 Furstnnt (D) 5x}]

(29)

The maximum values of T and ¢ occur at the boundaries

and are given by the following expressions:

b

2

+

}
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M,y)

3T:+6 (M o

= 't' V2, ¢} c,3b

Ty = — b +re (wa (To-6 )coth{z/?(mf) 21
(g} e, ¢ [sinne (——)*}b] - [{ RN

5 } ) 2 sin 70D - sin |{( )

max

[sn.nh{ (ﬂ)—) b} + sin{ (-2-1,)——) b}]
(30)

4.4 TILLUSTRATIVE EXAMPLE

Calculations of the stresses in the adhesive are made
for actual values of the parameters in a stiffened plate.
Specimens of joints used for experimental verification of
+heoretical results were fabricated using the same values of
parameters for comparison. For the designation of specimens,
their types, mode of testing, etc., refer to Chapter VII.
For the plates, the values chosen are EAQ = 10.25 x lO6 psi;
v =20.33;: a=2.0in.; b = 4.0 in.; £ = 0.030 in.; ¥ = 0.0128 in.
(Fig. 3). For the bond, the material constants are
E, = 516 x 103 psi and G, = 184 x 103 psi, which are repre-

sentative values for Waldex W-105 adhesive.

In Fig. 7, the stress variation of T(Eq. 28) in the
adhesive is plotted for the case £ = 1.0 for 500, 750 and 1,000
1bs of applied load 2P on specimens (Fig. 3). These loads are
converted into their corresponding Tfs and Mcs using the
flexural properties of sandwich beams. Fig. 8 illustrates

the nature of o variation (Eq. 29) for £ = 1.0 and is seen
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to decay quite rapidly away from the edge. 1In Fig. (9), the
maximum values of Tnax and O max of the adhesive stresses
are plotted as a function of bond length for the case & =1,
using different cover plate lengths and calculating Trax

and Cax 2t the bonded edges in each case separately.

4.5 CONCLUSIONS

The graphs in Fig. 7 and 8 reveal that the yielding
of the adhesive will occur at the bond edges where the
maximum stresses occur. Although Umax is less than Tax’
Onax is the stress which produces yielding because Waldex W-105,
has a yield stress of approximatly 2485 psi in shear as
compared to 1250 psi in tension. Furthermore, it is seen
from Fig. 9 that the maximum stress is independent of bond
length except when the bond length is very small. Hence, the
bond will yield by tearing off at its edges. This tear

travels in towards the centre of the bond and will probably

stop when the remaining overlap beccomes small.

Another theoretical study similar to the one outlined
in this Chapter, but with a different set of assumptions is

preéented in Chapters V and VI.

These theoretical results are compared with
their experimental counterparts collected from tests performed

on the joint specimens in the structures laboratory (Chapter

VvII).
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CHAPTER V

THEORETICAL ANALYSIS OF ADHESIVE-BONDED MID-
PANEL JOINTS CONNECTING SANDWICH PANELS

LARGE DEFLECTION THEORY : COMPRESSION SIDE OF SPECIMENS

The joint to be analyzed is the same as used in Chapter
Iv. This type of joint, as shown in Fig. 3, is primarily
dependent on adhesives for its strength. The most critical
area from the strength point of view, is the adhesive between
the cover plate and the aluminum facings. fThis connection is
to be used in joining sandwich panels in which all bending
moment is taken by the aluminum facings and the shear by the

core.

As shown in Fig. 10, we are considering two rectangular
sheets of the same material of unit width and of lengths
(2a + b) and b. The faces of the longer and shorter sheets
of thickness f and Ef reé;ectively, (0 < £ < 1), are
cemented by an adhesive layer of thickness {, where ¢ is
small compared to £. The force Tf induced in the faces
due to bending of the sandwich beam is considered per unit
width. The stiffened structure is considered as a homogeneous
thin plate with finite discontinuities in its thickness and
in its neutral plane. Bending of the neutral plane will
occur under the applied loads; hence, a bending moment,and

a compressive force acts on the longer sheet at the bond

edges.
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5.1 BASIC ASSUMPTIONS

The basic assumptions in this investigation are the

following:

(i) The stress in the adhesive is assumed to have
only two non-vanishing components, the normal
stress ¢ and the shear stress 1T, which vary

negligibly across the small thickness of the bond.

{(ii) The bending effect cn the facings due to the
shear stress 1T between aluminum sheets and core

is neglected.

(iii) In this analysis B8-vertical component of the
axial force (Tf) induced in the facings of the
sandwich beam has also been included. This
component is a function of the deflections of the
facing and because of its small magnitude was

neglected in the analysis in Chapter IV.

5.2 STRESS RESULTANTS AT THE BOND EDGES

Because of the variable thickness of the structure
ghown in Fig. 10, bending will occur under the loading Te
and Mg, and will produce a stress couple resultant (Mz)o
acting on the facings at the bond edges. To determine this
bending moment, the structure will be considered as a

homogeneous cylindrically bent plate with a discontinuous

thickness and neutral plane. For this calculation, since
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P << f, the effect of adhesive will be neglected.

We know that

2

o
!
1
o=

(1)

0

X

which is the general expression relating curvature and bending

moment, where D, the flexural rigidity of the plate, is given

by
E, . £
D = £
=
12(1 - v°)
In this analysis two values of D, i.e., D and D have

! 5

been used corresponding to Section I and Section II, of the

composite plate, respectively (Fig. 10).

Eg is Young's modulus for facings, and v 1is Poisson's

ratio for facings.

The deformation of the structure may be conveniently
studied by separating it into Sections I and II, with coordinates
(x,yl) and (x,yz), respectively, where both coordinate
systems are as shown in Fig. 10. The bending moments acting
at the general sections m-m and n-n of Sections I and II,

respectively, are given by :
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5.6 ILLUSTRATIVE EXAMPLE

Calculations of stresses in the adhesive are made for
actual values of the parameters in a stiffened plate in this
Chapter. Specimens of joints used for experimental verifi-
cation were fabricated using the same values of parameters
for comparison. (For specimen designations, their types,
modes of testing, etc., refer to Chapter VII). For the
plates, the values chosen aré Eaz = 10,25 x 106 psi; v = 0.33;
a = 2.0 in.; b = 4.0 in.; £ = 0.030 in.; ¥ = 0.0128 in. For
the bond, the material constants are Ec = 516 x 103 psi and
Gc = 184 x 103 psi, which are representative values for

Waldex W-105 adhesive.

Values of (Mz)o - the stress couple resultant acting
on the facings of the bond edges are calculated for three
different values of Tf corresponding to 500, 750 and 100 lbs.
of applied load using Eg. (34). This is accomplished by
first calculating the elements of the coefficient matrix in
Eq. (31). Then, making use of Egs. (32) and (33), the
constants of integration A, and A; are calculated. The

value of B was determined experimentally for each loading.

Coefficient matrices [A]_ and their inverses [A];1
calculated for 500, 750 and 1,000 1lbs. of loads are shown

on pages 94, 95 and 96.
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Now making use of Egs. (51), (52), (53) and (54)
values of T, §, Tnax and Gmax have been calculated and
plotted against the bond length b. The graphs are shown on

pages 97, 98 and 99ﬂ

5.7 CONCLUSIONS

The study of grabhs in Figs. 13, 14 and 15 shows 15-18%
higher values of stresses as compared to those calculated in
Chaﬁter IV, using the Small Deflection Theory. This is
exblained by the inclusion of the term B- the component of
the axial force induced in the aluminum facings due to external
loading - which increases ﬁhe stress couple (M2)o. O max
apéears to be the stress which produces yielding as compared to
%max because Waldex W-105 adhesive has a yield stress of 1250 psi
in tension, as com?ared to 2485 psi in shear. Furthermore, it
is seen from Fig. 15 that the maximum stress is independent of
bond length except when the bond length is very small. Hence,
the bond will yield by tearing off at its edgesl This tear
travels in towards the centre of the bond and will probably stop

when the remaining overlap becomes small.
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CHAPTER VI
THEORETICAL ANALYSIS OF ADHESIVE BONDED MID-PANEL
JOINTS CONNECTING SANDWICH PANELS

LARGE DEFLECTION THEORY: TENSION SIDE OF SPECIMENS

The joint to be analysed is the same as used in

Chapter IV.

This type of joint, as shown in Fig. 3, is primarily
dependent on adhesives for its strength. The most critical area
from the strength point of view, is the adhesive between the
cover ?late and the aluminum facings. This connection is to be
used in joining sandwich panels in which all bending moment is

taken by the aluminum facings and the shear by the core.

As shown in Fig. 16, we are considering two rectangular
sheets of the same material of unit width and of lengths
(2a + b) and b. The faces of the longer and shorter sheets
of thickness f and Ef, respectively, (0 < § < 1), are
cemented by an adhesive layer of thickness ¢, where V¢ is
small compared to f. The force Tg¢ induced in the faces due
to bending of tae sandwich beam is considered per unit width.
The stiffened structure is considered as a homogrneous thin
plate with finite discontinuities in its thickness and in
its neutral plane. Bending of the neutral plane will occur -
under the applied loads; hence, a bending moment and a com-

pressive force act on the longer sheet at the bond edges.
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6.1 STRESS RESULTANTS AT THE BOND EDGES

Because of the variable thickness of the structure
shown in Fig. 16, bending will occur under the loading Te
and Mf and will produce a stress couple resultant
(Mz)o acting on the facings at the bond edges. To determine
this bending moment, the structure will be considered as a
homogeneous cylindrically bent plate with a discontinuous
thickness and neutral plane. For this calculation, since

Y << £, the effect of adhesive will be neglected.
We know that

2

o]}

(1)

Q
[
1
o=

X

which is the general expression relating curvature and bending
moment, where D, the flexural rigidity of the plate, is given
by

12(1 - vz)

In this analysis, two values of D, i.e., Df and Df
2
have been used corresponding to Section I and Section II of

the composite plate, respectively (Fig. 16).

Ef is Young's modulus for facings, and v 1is Poisson's

ratio for them.

-
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The deformation of the structure may be conveniently
studied by separating it into Sections 1 and 2 with coordinates
(x,yl) and (x,yz), respectively, where both coordinate systems
are as shown in Fig. 16. The bending moments acting at the
general sections m-m and n-n of regions 1 and 2, respectively,

are given by

2

- - x_
My, = M. - [By,a + } By,blx + Tey, + By;=5 --- 0<x<a (2)

M, = Mg - [Byla + 3 Byzb]x + Tf[y2 + %(1 +g) + By,(x 5 a)2

+ fy,alx -"%) ... a<xg<b (3)

Egs. (2) and (3) are simplified working along the same
lines as shown in Chapter V. As a result, the following

differential equation is obtained containing 1y,

d4y1 + K 2 dzyl + K dzyl + K dzyl + K 4 +
—7 X' — X —% T X'y
ax 1 dx 2 dx 3 dx 4 1
+ K x3v + K #2 + K xy, + K + K xz +
5% ¥y 6x Y1 7*¥1 g¥1 9

\
[=]

+ K,.x + K (12)

10 11

where Kl’ kz ........K11 are the coefficients, as shown

oy

below
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ky =+ + + £ (a)

-+|-B L _B_
k2 + + (b)

ks = |-B2 4 _Ba . _8b o

£, £, f,
BZ
kt. = (d)
SDlef2
-3 2 2
kg = = B”a + B”b (e)
2Dlef2 8Df1Df2
- 3BT 2.2 2
ke = £ + SB a~ , _B7ab (£)  (13)
4D
f1Df2 SDlefz 4DfIsz
L 37 _B8a T _Bb 23 2.2
2Df1Df2 ZDEIsz 4D, De. BDlefz
LT T _Ba?
ke = . S - (h)
D¢ De, 2Df1sz
ks = [ MgB
(i)
2Df1Df2
k = + [ McBa TeBb.f T BbEE _
1o + - (3)
Dg De. 4Dlef2 4Df1Df2
:M T M_ga?
kiv = |MeTe | Mef (%)
_Dlef2 2Df1Df2

(NOTE: For convenience in reading, equations in this Chapter

have been numbered in the same sequence as in Chapter
V, which should be referred to for the missing equations in
this derivation).
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Similarly, the differential equation containing Yo is as

follows:
4 2 2 2
__4.d Y2 + K'x? -——gd Y2 + K'x —fd Y2 + K' -d—y—z + K'x4y
dx 1 dx 2 dx 3 dx2 4 2
3 12 ; -
+ Kéx Yo + K6x Yo + K.'7xy2 + Kéy2 + Kéx + Kiox + Kil =0
(18)
where Ki, Ké ...... "‘Kil are the coefficients, as shown
below:
T 2
sz 2Df2 Dfl
' - + 8 g
kz + 4 (b)
2Df2 Dfl
k! o= - [-R24 PRy B (c)
2Df1 sz 2Df2
2
k: - B (@)  (19)
8Df1Df
k' - [ Bza + sz
5 - g (e)
2Df1Df2 Dlef2
38T 2.2 2
K - £ + 58¢a + B-ab (£)
6
4D. D
£,°f BDlefz 4Df1Df2

3T _.Ra 243 2.2
k' - _ £ + £ + Bca + B<a‘b (3)
2Df1Df2 2D
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e 2 2
o - TS . TeBa (h)
8
flefz 2D Dg
o _MfB +Tf.f8 +Tf.afs'}
9 . 8 (i)
D, Dg  8Dg Dg  8Dg De,
s H 19
o 1 Ba . T Baf . Tz E£63] (19)
10 - ) 5 (3
Dg Dg  4Dg D, 4D; D
T2.€ P2, Ef ~ M_ga?
o - Tt T et Tx (k)
11
folsz Df1sz 2Dlefz 2Df1sz

6.1.1 Solution of the Differential Equations
for Daflections ¥y and V.

The differential equations (12} and (1l8) are linear,

non-homogeneous with variable coefficients.

The intégration of the two equations will be obﬁained
by assuming y to be an unknown function expandable into an
infinite series (converging for all valués of x), i.e., -
y(x) = A + Agx + A2x2 + A3x3 veve.. + A X" where the
An's are undetermined coefficients. From here onward, we
proceed>along the same lines as described in Chapter Vv, -

until Eq. (31), where we get the same coefficient matrix [A]

except that some of the elements have their signs reversed.
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- 9 7 1 [
oy o, g 0 0 0 0 Al ¢l
By 8, By B, Bg B B, a, 0
Yi Yz Y3 TYq4 Y5 Vg Vg A3 0
0 0 0 & &, &, &, Bl = 0
0 0 0 +ry Ay HAg A, ) B, ¢q
M My B3 My Mg Mg g B, 0

i Y9 ¥, w3 0 0 0 o0 ] bBB- LO |

(31)

The bending moment (MZ) at the bond edge and

o
at the compression side is given by

(M2)o = —Dfl[2A2 + 6A3a] (34)

6.2 EQUATIONS FOR BONDED REGIONS: EQUATIONS FOR
THE ADHESIVE STRESS T AND 5 : SOLUTION OF
THE DIFF A =

We now consider the bonded region. The ends of the
lower sheets (Fig. 17) are acted upon by a tensile force
resultant Tf and by a bending moment resultant (M2)O given
by Eq. (34). Because the bond is considered in its undeformed
state, symmetry requires the shear to vanish at the ends. The
x-axis has its origin as shown in Fig. 17. Equations which
must be satisfied by each of the bonded sheets and by the ad-

hesive will now be formulated.
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According to the theory of cylindrically-bent plates,
an element of the upper sheet (Fig. 18a) will be acted upon by
Tu and Qu’ the axial and the shear force resultants, and by
Mu, a bending moment resultant. Counter-clockwise moments
and downward forces are taken positive. Since the forces and

the moments are in equilibrium with the adhesive stresses o

and 1, the following equations hold:

am » -~

a CEET

W™ Tt =0

. dg

a3+0=0 ¢ (35)
dTu

®x -~ T =0 j

Similarly, if an element of the lower sheet (Fig. 18b)
is considered, then for equilibrium the following equations must

be satisfied.

aMy, £

Tyt o= o

dao

XL_0=0 ) (36)
ar

-dT{E-*-T_O J

Solving the sets of equations (35) and (36) for the
same boundary conditions as shown in Chapter IX, the following

values of T are obtained:
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6.3 ILLUSTRATIVE EXAMPLE

Calculations of stresses in the adhesive are made
for actual values of the parameters in a stiffened plate in
this Chapter. Specimens.of joints used for experimental
verification were fabricated using the same values of para-
meters for comparison. For specimen designations, their
types, modes of testing, etc., refer to Chapter VII. For
the plates, the values chosen are Epp = 10.25 x 106 psi;

v = 0.33; a = 2.0 in.; b = 4.0 in.; £ = 0.030 in.;
¥ = 0.0128 in. For the adhesive, the material constants

3

are Ec = 516 x 103 psi and Gc = 184 x 10~ psi, which are

representative values for Waldex W-105 adhesive.

Values of (Mz)o - the stress couple resultant
acting on the facings of the bond edges are calculated for
three different values of Tf corresponding to 500, 750 and
1,000 1lbs. of applied load using Eq. (34). The value of 8
was determined experimentally for each loading.Coefficient

matrices [A]s and their inverses [A];l calculated for

500, 750 and 1,000 lbs. of loads are shown on pages 112,
113 and 114.

Now making use of Egs. (51}, (52), (53) and {(54),
values of T, O, Tmax and O ax have been calculated and
plotted against the bond length b. The graphs are shown on

pages 115,116 and 117.
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6.4 CONCLUSIONS

The study of graphs in Figs. (19), (20) and (21),
shows 16-19% higher values of stresses, as compared to those
calculated in Chapter IV, using the Small Deflection Theory.
This is explained by the inclusion of the term A- the
component of the axial force Te in the aluminum facings -

c on the tension

which increases the stress couple (Mz)o' max

side appears to be the stress which produces yielding as
compared to Tmax Pecause Waldex W-105 adhesive has a yield
stress of 1250 psi in tension as compared to 2485 psi in shear.
Furthermore, it is seen from Fig. (21) that the maximum stress
is independent of bond length except when the bond length is
very small. Hence, the bond will yield by tearing off at its

edges. This tear travels in towards the centre of the bond

and will probably stop when the remaining overlap becomes

small.

Chapter VII will cover the experimental work carried
out on various test specimens to substantiate the theory
presented in Chapters V and VI. It is hoped that this would
complete a major phase of study of the joints for sandwich

L0
Hts
panels.,
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CHAPTER VII

EXPERIMENTAL STUDY OF ADHESIVE CONNECTIONS

7.1 INTRODUCTION

The reflective photoelastic technigue has been
used to study the stresses in the adhesive-bonded connections.
Fundamentals of this theory are presented in this Chapter.
Three different types of adhesive connections are tested for four
different loading conditions (Figs. 22 to 26), with each test
being performed for at least three different applied loads.
The shear and normal stresses (t,0) in the adhesive layer
are calculated by making use of the photoelastic test data

in combination with the shear difference method of stress

analysis.

7.2 BASIC PRINCIPLES OF REFLECTIVE PHOTOELASTICITY

Certain materials when strained become doubly-
refracting. If a beam of white polarized light is passed
through a strained model which is made of such a material, a
coloured fringe pattern is observed. Analysing this colour
pattern, the stress or strain distribution can be found in

the model. This technique is called photoelasticity.

The photostress technigue is a method of stress
analysis in which the actual structure to be stress-analysed
is coated with a photoelastic plastic. When the structure is

loaded, the strains set up in it are transmitted to the
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plastic coating, which then becomes birefringent. There
exists a direct proportionality between this birefringence
and the intensity of strains. If a reflective surface

is provided at the interface between the structure and the
plastic bonded to it, birefringence can be observed and
measured by using a reflection polariscope. When observed
with the polariscope's plane polarised white light
distribution of strains in the actual structure is revealed
by black and coloured fringe patterns. Unless otherwise
specified, it is to be understood that the polarised light
path is normal to the surface of the plastic. This type of

illumination is called normal incidence.

The black fringes, or isoclinics, are the loci
of points along which the principal strains have parallel
directions. -These directions are established by recording
the angular position of a reference axis on the polariscope.
The reflective-type polariscope is so designed that the
directions of principal strains of any isoclinic are always
paralell to the reference axis. Thus by rotation of the
reference axis of the polariscope (from 0° to 900), it is
possible to detect an isoclinic at any point on the surface
of the subject under investigation. The isoclinics, thus
determined make it possible to define the direction of
principal strains over the entire structure. From these
isoclinic fringes the two families of isostatics (stress

trajectories) can be platted.

Inserting two additional optical components (quarter
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wave plates) in the light path of the reflection polariscope,
the isoclinics can be suppressed such that only coloured

fringes remain visible in the photostress plastic.

The coloured fringes, or the isochromatics, observed
with polarized light falling on the plastic coating under
normal incidence, are the loci of points where the principal

strain difference (el - 52) is constant

Areas showing black fringes with quarter wave
plaﬁes in the fieid of observation, indicate areas where the
principal strain difference is zero, whereas, an area of
uniform colour denotes an area of uniform shear strain. Colour
gradients correspond to shear strain gradients and colour
concentrations correspond to shear strain concentrations.
Since the birefringence is directly proportional to (g1 - 52),
it is possible to determine the quantitative values of (el - 32)

by measuring the degree of birefringence present in the photo-

elastic plastic.

The measurement of the strain difference is accomplish-
ed by optical compensation (which implies addition or subtrac-
tion of birefringence). A reflective polariscope is used to
accomplish optical compensation. By shifting one of instru-
ment's components, the isoclinics are eliminated from the
field and a precise amount of birefringence can be subtracted
from the unknown birefringence in the photostress plastic.

When compensation is achieved at a given point or area of the
photostress plastic, the plastic appears black. The amount

of subtracted birefringence is indicated in the polariscope
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and is proportional to (sl - €2) present in the structure.

The coefficient of proportionality is either given by the
manufacturer of the plastic or can be obtained by calibra-
tion. The accuracy of results can be considerably increased
when the birefringence in the photostress plastic is brought

- by compensation to a reference colour (other than black),

generally purple red, which is called the "tint of passage".
This sensitive tint of passage corresponds to a very precisely

defined and known birefringence value. The birefringence in

the coating is then obtained as follows:

O
]

(birefringence in coating)

corresponding to the tint ence introduced by
of passage) photostress meter)

((Always—known birefringence) - [Artificial birefring-
The birefringence (Gn) measured under normal incidence
and the principal strains in the plastic are related by the
following formula:

[29]
e; ~ e3) = 7xx
where
t: thickness of the coating and
K: the strain optical constant of the photo-

elastic plastic.

Using the relationship of the theory of elasticity,
the difference of the principal stresées in the structure is

given by:
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= - —E
((‘)‘1 - 02) - (Sl Ez) l + u Where

E: Modulus of elasticity of the structure.
1#: Poisson's ratio of the structure.
oyt Major principal stress and

0yt Minoxr principal stress

Also Tmax(maximum shear stress) in the structure is given

by 3(o; - 0,).

The value of (01 - 02) and the directions of
o4 and o, being known, it is possible to determine the
individual values of principal stresses o, and 0,. Along
any free boundary, where most failures occur, the stress
normal to the boundary is zero; therefore, the tangential
stress is given directly by the instrument reading. However,
in a general case of experimental stress analysis where
individual principal stresses should be determined only
empirically, a photoelastic analysis made with oblique
inéidence will »rovide oq and g, in magnitude and sign.
The procedure for recording oblique incidence readings is

identical to th= one used for normal incidence readings.

Another important factor to record is the thickness
of the plastic because the birefringence in it is a function
of its thickness, as well as of strain in it. However, the
directions of the principal strain difference (isoclinic)

are independent of the thickness of the plastic.
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7.3 EXPERIMENTAL SET-UP AND FABRICATION OF
SPECIMENS

In order to proceed with the analysis of adhesive
bonded joints in sandwich material, 15 joint specimens were
fabricated - all having the same type of tapered shear key
as shown in Fig. 22. 1In order to transfer forces from the
facings across the joint, aluminum cover plates were bonded

to the facings by three different methods.

(a) Using Waldex W-105 Adhesive only....designated
as Specimen BAs.

(b) Using nails only....designated as Specimen Bs.

(e) Using both adhesive and nails....designated as

Specimen Cs.

A mathematical analysis has been developed for
the bonded joints using adhesive only. A comparison of

experimental and theoretical results is made in Chapter VIII.

All the joint specimens were subjected to the

following loading conditions.

(i) Flexural Loading....Henceforth designated as
loading condition 1. (Fig. 23)
(ii) Direct Shear Loading....Henceforth designated as
loading condition 2, (Fig. 24)
(iii) Direct Compression....Henceforth designated as
loading condition 3. (Fig. 25)
(iv) Direct Tension......Henceforth designated as load-

ing condition 4. (Fig. 26)
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The above system of nomenclature has been adopted
for easy identification of the various test specimens. For
example: B3 is a specimen of the connections made with nails

only and tested in direct compression {(Fig. 25). C4 is a

specimen of the connections made with both nails and adhesive

and tested in direct tension (Fig. 26).

Load magnitudes were varied for each test in
order to establish relationship between external loads and

internal stresses.

Standard photoelastic method of analysis was used
to analyse the joint specimens. Photostress plastic sheets
were bonded to the cover plates using reflective adhesive
and cured at room temperature. Photographs of isoclinics
were taken for angle settings of 0%, 30°, 45°, 60° and 90°
on the polariscope dial whereas, isochlormatics were shot for
half and integral order fringes. This data was used to
determine o (the normal stress) and Tt (the shear stress) in
the adhesive using Shear Difference Method, as described in
the following pages.

7.4 EXPERIMENTAL DETERMINATION OF SHEAR STRESS (t) AND
NORMAL STRZSS (o) IN THE ADHESIVE LAYER

As mentioned in the beginning of this Chapter, it
is possible to determine the difference of principal stresses
(cl - 02) from the isochromatic patterns and that the
maximum shear stress could also be determined provided the

two principal stiresses are of opposite sign. Also, at free
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boundariés, the principal stress normal to the boundary is

zero, and the isochromatic data yield directly the value of

the other principal stress. However, it is frequently necessary
or desirable to obtain the individual values of the principal
stresses throughout the interior regions of the plastic
specimen. This separation of the principal stresses requires
the usage of supplementary data or the employment of numeri-

cal methods. A very commonly used method is the shear-

difference method.

7.4.1 The Shear Difference Method

It is a convenient method that may be used to
determine the principal stresses at interior points in the
model which is based upon the equations of equilibrium., These
equations, when applied to the plane-stress problem in the

absence of body forces, reduce to

ATXX ATXY

5x * oy - °
OTXY " oYY . 0 : (1)
—Bx = oy

The first of Egs. (1) can be integrated along x

as

b4 X
T 1 agix % = - f 1 agxy
Xs Xo Y

ox

This equation can be evaluated numerically by
employing finite-difference methods, where the partial diff-

erentials are replaced by differences, as shown below:
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X
1 doxx
d 9xX

X = cxx]x - crx_x]x = - é%§x] X txy Ax (2)

b4 1 o)

1
= )

where X 1 X etc., represent positions along x. Ax and A

Yy
represent finite intervals along x or vy, as defined in
Fig. 28. 1If, in particular, Ax is selected equal to A_,
Eg. (2) reduces to

oxx]_ = oxx]_ - Atxyl] (3a)
3 X, X *Xq
(=)

The value of oxx]x can be obtained directly from
(o
isochromatic data since the point X is on a free boundary.

The value of Atxy c¢an be computed from isochromatic and
isoclinic data. Hence, it is pogsible to determine O, 2at
the interior point Xq . If the procedure is continued stepwise,

the value of 0.y Can be determined across the entire length

of the line segment OP. (Fig. 28).

Gxx]x2 = oxx] - Atxyl o L.
(22
cxx]x = cxx]xz- Atxy] P (3b)
3 ( 2 3)
oxx]x4 = oxx]x3- Atxy] x3¥x,

(—5—)

where 1xy is given by the equation

Nfd
Xy = -3[0;-0,]sin26 = - 75— 9in2e (4)
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where

N: Fringe orxder
£ _: The material fringe value, péi—in.

h: Thickness of model, in.

The shear-difference method, which employs only
isochromatic and isoclinic data, can be used to separate the

stresses along any arbitrary line OP. (Fig. 28).

It should be noted that the normal stresses (o)
in the adhesive layer given by the experimental method are
normal to the y 2z plane, whereas, the normal stresses given

by the theories developed are normal tc the x y plane.

When the two were coméared, however, there was
a strong agreement between them. As a result, comparisons
between experimental normal stresses Oy and theoretical
normal stresses cy have been made in this work without

distinction in subscript. The subscriét y has been adopted.

The agreement between the two normal stresses
in different plane may be exélained as follows: only normal
stresses (Gy) may be induced in an element of
adhesive. Since the Poisson's ratio of the adhesive used is
approximately equal to 1, the strains in the x direction
(ex) would be equal and opposite to ey. However, the strain
€y is not allowed to occur due to the relatively high rigidity
of the aluminum facings and the relative thinness of the

adhesive layer, thus introducing normal stresses in the x
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direction of the same magnitude as there are in the vy

direction.

7.5 TRANSFERENCE OF STRESSES FROM THE COVER PLATES
TO THE ADHESIVE

The photoelastic test data obtained from the
experiments shows the strains in the,cove£ plate and not in
the adhesive. In order to transfer stresses from the cover
plate to the adhesive a linear stress distribution is assumed
for the entire specimen, as shown in Fig. 39. The modulus of
elasticity for aluminum and adhesive are respectively Eny

and EAd' Strains €, - and e, are related by the equation

E2y L e c .
(EI) = (2 + £ + mp)/(2 + 2£ + y) oxr
(%+f+w)
€y, = €1 —3 where
(? + 2£ + )
€y ¢ Strain in the aluminum facing
€, ¢ Strain in the adhesive

Half the thickness of the core

Thickness of the facing

< th NjQ

: Thickness of adhesive
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Now defining Eng = n:
Era
S+ £+ E
- 2 A
stress 4 = €, [

]
(F+2£+9) 7

7.6 A BRIEF DESCRIPTION OF THE ADHESIVE USED

The adhesive used in bonding aluminum cover plates
to the facings of the beam-specimens used in the experimental
part of this investigation is Waldex W-105. This is a two-
component, expoxy resin/hardener system, formulated to
provide reliable adhesive bonds to a large variety of materials.
The most useful feature of this particular formulation is the
flexibility range of the cured adhesive which can be controlled
by varying the proportion of hardener. If a very flexible
bond is required, e.g., soft rubber to soft rubber, 200 parts
of W-105 hardener to 100 parts of W-105 resin should be used.
Conversely, if a more rigid bond is desired, as in this case

for bonding metals, 50 parts of W-105 Hardener to 100 parts

of W-105 resin are used.

After the addition of hardener, W-105 cures at
room temperature without the application of heat or pressure,
although heating may be used to accelerate the curing
process. The fully cured adhesive exhibits good mechanical
strength, good insulating properties, resistance to moisture

and it will not corrode any surface to which it is applied.

At room temperature, W-105 becomes sufficiently
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hard after 8 to 12 hours for bonded parts to be handled,

clamps removed, etc. To achieve optimum properties, however,
the minimum curing time at 72°F. is 3 days.
7.7 PRESENTATION OF THE EXPERIMENTAL VALUES OF T

AND o© 1IN THE ADHESIVE LAYER : SPECIMEN Ali
FLEXURAL TESTING

Making use of the theory outlined under "The Shear
Difference Method" and "Transference of Stresses from the
Cover Plate to the Adhesive", the shear stress (1) and the
normal stress (g) in the adhesive layer of the bonded joint
were calculated for three different values of applied loads
on the specimen, vis. 500 lbs., 750 lbs., and 1,000 lbs.
(Table 1) The photoelastic test data is presented in Tables

2 to 7, along with the calculated values of T and 0.

In Figs. 31 and 33 are plotted the variations of
T (the shear stress) for the compression and tension sides
of the specimens, respectively, whereas Figs. 32 and 34

show the plot of ¢ (the normal stress) for the same.



SUMMARY OF EXPERIMENTAL TEST DATA

TASBLE 1

(TESTE ON PANEL CONNECTIONS)
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Specimen 8ida of P
Designation Type of Test Spacimen Load Applied (P) 1bs. R:g:‘l:: m::r Experimental Set-Up
%
Comprassion 500, 750, 1,000 136-138; 139-140 :
Ay rl 1 2
Tenalon 500, 750, 1,000 141-143;  144-145 L ¢ ]
P
Compression 1,250 147; 148-149
Az Shear
Tension 2,250 150; 151=-152
One. 2,500 153; 154~155
. Compressi P - -
Two 2,500 156 157=-158
One 1,500 1593 160=161
)
A Tension EL.&__——
Two 1,500 15%9; 160-161
Wzl 7
Campression 2,000 165
Bl Flexural t L I
Tension 1,000 166
" P
2 Compression 700 167 |
Tension 700 168
One 2,500 169
2, Compression P—..__g_:}-f-
Two 2,500 170
o Th 4 brok - 2 d
. e spacimen broke, test ————
84 ion could not be cnmpléted
Tvwo -
% %
Compreasion 1,000 170 e qomo—
¢ Flaxural L
Tension 1,750 1
P
Compression 2,700 172
cz Shear f t
Tension 2,700 173
One 7,500 174 b e
C3 Compression -
Two 7,500 175
One 1,750 176 I3 B
Cy Tension
™o 2,250 177




TABLE 2

EXPERIMENTAL PHOTOELASTIC DATA AND THE CALCULATED VALUES OF SHEAR STRESS
(T) AND NORMAL STRESS (o) IN ADHESIVE CORRESPONDING TO THE COMPRESSION

SIDE OF ZPECIMEN A, _ F

OR 500 LBS. OF LOAD IN FLEXURAL TESTING.{ FOR PLOT
"SEE FIGS. 31 AND 327,

Point* Isochromatics (N) Isoclinics (8°) T psi o psi
Line AB Line CD Line AB Line CD

-2.00 2.18 2.18 60 60 620.00 270.00
-1.9375 | 2.16 2.16 59 59 265.00 107.00
-1.90 2.13 2.13 58 58 150.67 0.0
-1.875 2.09 2.09 58 58 61.50 - 51.70
-1.8125 | 2.0s 2.05 57 57 47.82 - 52.50
£l I B R B B
150 1.85 L ss o 56 31.62 - 10.00

. . 55 28,37 - 9.67
-1.25 1.65 1.65 50 50 26.52 - 9.67
-1.00 1.35 1.35 48 48 16.10 - 9.67
-0.75 1.00 1.00 43 43 12.13 - 9.67
-0.50 0.75 0.75 40 40 20.27 . 9.67
-0.25 0.45 0.45 38 38 10.27 _ 9.67
origin 0.15 0.15 35 35 10.27 _ 9.67
0.25 0.45 0.45 38 38 10.27 - 9.67
0.50 0.75 0.75 40 40 10.27 9.67
0.75 1.00 1.00 43 43 12,13 - 9.67
1.00 1.35 1.35 48 a8 16.10 - 9.67
1.25 1.65 1.65 50 50 26.52 - 9.67
1.50 1.85 1.85 55 55 28.37 - 9.67
1.625 1.79 1.79 56 56 31.62 -10.00
1.75 2.00 2.00 57 57 33.75 -26.60
1.8125 | 2.05 2.05 57 57 47.82 -532.50
1.875 2.09 2.09 58 58 61.50 -51.70
1.90 2.13 2.13 58 58 150.67 0.0
1.9375 | 2.16 2.16 59 59 265.00 107.00
2.00 2.18 2.18 60 60 620.00 270.00

»

The points marked are shown on the abscissa starting from the left-hand
side of Figs. 31 and 32.
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TABLE 3

EXPERIMENTAL PHOTOELASTIC DATA AND THE CALCULATED VALUES OF SHEAR STRESS (t)
AND NORMAL STRESS (o) IN ADHESIVE CORRESPONDING TO THE COMPRESSION SIDE OF

SPECIMEN Al-— FOR 750 LBS. OF

FIGS.

LOAD IN FLEXURAL TESTING TFOR PLOT SEE

Isochromatics (N)

Isoclinics (e°)

Point* T o
(in)| Line AB | Line CD |Line AB Line CD psi psi
-2.00 2.50 2,50 65 65 934,00 522,29
-1.9375 2.45 2.45 65 65 398.00 188,21
-1.90 2.40 2.40 65 65 145.67 0.0
-1.875 2.25 2,25 64 64 92,50 ~104.29
=1.8125 2,10 2.10 64 64 68.29 _106.31
=1.75 2.00 2.00 63 63 51.00 - 55.11
~1.625 1.85 1.85 61 61 41.27 - 14.20
-1.50 1.75 1,75 60 60 31.23 - 14.20
-1.25 1.50 1.50 57 57 27.29 - 14.20
=1.00 1.28 1.25 53 53 19.61 - 14,20
-0.75 0.85 0.85 49 49 18.37 ~ 14.20
-0.50 0.35 0.35 45 45 15.27 _ 14.20
-0.25 0.16 0.16 42 42 15.27 - 14.20
origin 0.10 0.10 40 40 15,27 - 12.67
0.25 0.16 0.16 42 42 15.27 - 14.20
0.50 0.35 0.35 45 45 15.27 ~ 14.20
0.75 0.85 0.85 49 49 18.37 - 14.20
1.00 1.25 1.25 53 53 19.61 - 14.20
1.25 1.50 1.50 57 57 27.29 - 14.20
1.50 1.75 1.75 60 60 31.23 - 14.20
1.625 1.85 1.85 61 61 41.27 - 14.20
1.75 2.00 2.00 63 63 51.00 =~ 55.11
1.8125 2.10 2.10 64 64 68.29 -106.31
1.875 2.25 2.25 64 64 92.50 ~-104.29
1.90 2.40 2.40 65 65 145.67 0.0
1.9375 2.45 2.45 65 65 398.00 188.21
2.00 2.50 2.50 65 65 934.00 522.29

* The points marked are shown on the abscissa starting from the left-
hand side of Figs. 31 and 32.
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EXPERIMENTAL PHOTOELASTIC DATA AND THE CALCULATED VALUES OF SHEAR STRESS (1)
AND NORMAL STRESS (g) IN ADHESIVE CORRESPONDING TO THE COMPR B
(FOR PLGT E

SPECIMFN Al FOR 1,000 LBS. OF LOAD IN FLEXURAL TESTING

TABLE

FIGS. 31

4

ESSION SIDE OF

Point* Isochromatics (N) Isoclinics (e°) . ' "

(in} Line AB| Line €D | YLine AB| Iine CD psi psi
=-2.00 2,75 2.75 74 74 1250.00 870.00
-1.9375 2.75 2.75 74 74 534.00 384.00
-1.90 2.75 2,75 73 . 73 327.67 0.0
-1.875 2.67 2.67 72 72 123.50 ~134.50
-1.8125 2,66 2.66 71 71 9g8.25 _163.00
~1.75 2.65 2.65 70 70 67.80 _ 79.80
-1.625 2.55 2,55 67 67 65,27 - 17.91
-1.50 2.40 2.40 65 65 45.62 - 17.91
~1.25 2.15 2.15 63 63 39,43 _ 17.91
~1.00 1.85 1.85 60 60 30.21 - 17.91
-0.75 1.65 1.65 57 57 25,67 - 17.91
-0.50 0.75 0.75 50 50 19.67 . 17.01
-0.25 0.45 0.45 48 48 19.67 - 17.91
origin 0.21 0.21 44 44 19.67 _ 15.65
0.25 0.45 0.45 48 48 19.67 - 17.91
0.50 0.75 0.75 50 50 19.67 - 17.91
0.75 1.65 1.65 57 57 25.67 =-17.91
1.00 1.85 1.85 60 60 30.21 -17.91
1.25 2,15 2.15 63 63 39.43 ~17.91
1.50 2.40 2.40 65 65 45.62 -17.91
1.625 2.55 2.55 67 67 65.27 =-17.91
1.75 2.65 2.65 70 70 67.80 -79.80
1.8125 2.66 2.66 71" 71 98.25 -163.00
1.875 2.67 2.67 72 72 123.50 -134.50
1.90 2.75 2,75 73 73 327.67 0.0
1.9375 2.75 2.75 74 74 534.00 384.0
2.00 2.75 2,75 74 74 1250.00 870.0

*

hand side of Figs. 31 and 32.

The points marked as shown on the abscissa starting from the left-
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EXPERIMENTAL PHOTOELASTIC DATA AND THE CALCULATED VALUES OF SHEAR STRESS (1)

TARLE

5

AND NORMAL STRESS (o) IN ADHESIVE CORRESPCNDING TO THE TENSION SIDE OF

spgc R, FOR 500 1BS. OF LOAD IN FLEXURAL TESTING ({FOR PLOT SEE FIGS.33
L. Isochromatics (N) | Isoclinics (8°)
Point T o

(in) Line AB | Line CD| Line AB | Line cD psi psi
-2.00 2.25 2.25 60 60 621.00 271,00
-1.9375 2.20 2.20 59 59 265.00 109.63
-1.90 2.15 2.15 58 58 119.23 0.00
~1.875 2.10 2.10 57 57 61.60 - 52.1¢
-1.8125 2.05 2.05 56 56 51.50 - 53.00
-1.75 2.00 2.00 56 56 34.00 - 27.20
-1.625 1.96 1.96 55 55 31.23 - 10.00
-1.50 1.95 1.95 55 55 29.61 - 10.00
-1.25 1.50 1.50 53 53 25.83 - 10.00
-1.00 1.25 1.25 49 49 21.27 = 10.00
-0.75 0.98 0.98 45 45 16.81 - 10.00
-0.50 0.75 0.75 40 40 10.87 = 10.00
-0.25 0.26 0.26 35 35 lo0.87 = 10.00
origin 0.15 0.15 30 30 10.87 - 10.00
0.25 0.26 0.26 35 35 10.87 = 10.00
0.50 0.75 0.75 40 40 10.87 = 10.00
0.75 0.98 0.98 45 45 16.81 -10.00
1.00 1.25 1.25 49 49 21.27 ~10,00
1.25 1.50 1.50 53 53 25.83 =10.00
1.50 1.95 1.95 55 55 29.61 -10.00
1.625 1.96 1.96 55 55 31.23 -10.00
1.75 2.00 2.00 56 56 34.00 -27,20
1.8125 2.05 2.05 56 56 51.50 -53.00
1.875 2.10 2,10 57 57 61.60 -52.10
1.90 2.15 2.15 58 58 119.23 0.00
1.9375 2.20 2.20 59 59 265.00 109,63
2.00 2.25 2.25 60 60 621.00 271.00

*

side of Figs. 33 and 34.

The points marked are shown on the abscissa starting from the left-hand
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EXPERIMENTAL PHOTOELASTIC DATA
AND NORMAL STRESS (o) IN ADH

SPECIMEN A,  FOR 750 LBS. OF

TABLE

6

AND THE CALCULATED VALUE
ESIVE CORRESPONDING TO THE
LOAD IN FLEXURAL TESTING (FOR PLOT SEE FIGS,33

S OF SHEAR STRESS (1)
TENSION SIDE OF

AND 34)
Isochromatics (N)| Isoclinics (6°)

Point;.;n) Line AB [ Line CD | Line AB | Line CD | T psi % psi
-2.00 2,50 2.50 65 65 934.00 532.21
-1.9375 2.45 2,45 65 65 398.00 190.26
-1.90 2.35 2.35 63 63 211.75 0.0
~1.875 2.25 2.25 63 63 92.60 -105.26
-1.8125 2.20 2.20 62 62 67.83 -107.21
-1.75 2.15 2.15 62 62 51.20 ~ 55,40
=-1,625 2.10 2.10 59 59 45.29 - 14.35
=-1,50 2.00 2.00 58 58 35.47 - 14.35
-1.25 1.75 1.75 55 55 29.33 - 14.35
-1.00 1.50 1.50 50 50 25.73 ~ 14.35
-0.75 1.25 1.25 47 47 21.63 - 14.35
~0.50 1.00 1.00 45 45 14.97 - 13.97
-0.25 0.65 0.65 42 42 14.97 - 13.97
origin 0.20 0.20 40 40 14.97 - 13.97

0.25 0.65 0.65 42 42 14.97 - 13,97

0.50 1.00 1.00 45 45 14.97 - 13.97

0.75 1.25 1.25 47 47 21.63 =-14.35

1.00 1.50 1.50 50 50 25.73 -14.35

1.25 1.75 1.75% 55 55 29.33 -14.35

i.50 2.00 2.00 58 S8 35.47 -14,35

l.625 2.10 2.10 59 59 45,29 =14.35

1.75 2.15 2.15 62 62 51.20 -55.40

l.8125 2.20 2.20 62 62 67.83 ~107.21

l.875 2.25 2.25 63 63 92.60 =105, 26

1.90 2.35 2'.35 63 63 211,78 6.0

1.9375 2,45 2.45 65 65 398.00 190,26

2.00 2,50 2.50 65 65 934.00 532.21

* The points marked are shown on the abscissa

hand side of Figs. 33 and 34.

starting from the left-
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TABLE 7

EXPERIMENTAL PHOTOELASTIC DATA AND THE CALCULATED VALUES OF SHEAR STRESS (1)
AND NORMAL STRESS (o) IN ADHESIVE CORRESPONDING TQ THE TENSION SIDE OF
SPECIMEN ﬂl_FOR IIOOO LBS. OF LOAD IN FLEXURAL TESTING (FOR PLOT SEE FIGS.33

AND
Isochromatics (N)| Isocliniecs (8°)
Poin?;n) Line AB Line CD |Line AB Line CD T psi c psi
-2.00 2.75 2.75 75 75 1255.00 875.00
=1.9375 2.75 2.75 75 75 534.00 387.29
-1.90 2,70 2.70 73 73 329.67 0.00
-1.875 2,65 2.65 72 72 124.00 -135.11
=1.8125 2.60 2.60 72 72 110.23 -164.060
=1.75 2,56 2.56 72 72 67.80 -~ 80.50
-1.625 2.40 2.40 71 71 51.23 - 18.00
-1.50 2.13 2.13 70 70 - 47.67 - 18.00
-1.25 2.00 2.00 65 65 41,23 - 18.00
=1.00 1.50 1.50 57 57 37.25 = 18.00
=0.75 1.25 1.25 51 © 51 27.83 = 18.00
-0.50 0.95 0.95 49 49 18.87 - 18.00
=0.25 0.75 0.75 47 47 18.87 - 13.71
origin 0.21 0.21 46 46 18.87 “ 13.71
0.25 0.75 0.75 47 47 18.87 - 13.71
0.50 0.95 0.95 49 49 18.87 = 18.00
0.75 1.25 1.25 51 5L 27.83 - 18.00
1.00 1.50 1.50 57 57 37.25 - 18.00
1.25 2,00 2.00 65 65 41.23 - 18.00
1.50 2.13 2.13 70 70 47.67 - 18.00
1.625 2.40 2.40 71 71 51.23 - 18.00
1.75 2,56 2.56 72 72 67.80 - 80.60
1.8125 2.60 2.60 72 72 110.23 -164.00
1.875 2.65 2.65 72 72 124.00 -135.11
1.90 2.70 2.70 73 73 329.67 0.00
1.9375 2.75 2.75 75 75 534.00 387.29
2.00 2.75 2.75 75 75 1255.00 875.00

*  The points marked are shown on the abscissa starting from the left-
hand side of Figs. 33 and 34.
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7.8  PRESENTATION OF EXPERIMENTAL VALUES OF 1t
AND o 1IN THE ADHESIVE LAYER : SPECTIMENS A, B.
AND A, : FLEXURAL TESTING J T

Making use of the theory outlined under "The
Shear Difference Method" and "Transference of Stresses from the
Cover Plates to the Adhesive", the shear stress (1) and the
normal stress (o) in the adhesive layer of the bonded joint
were calculated for several different values of applied loads
on the specimen (Table 1). The photoelastic test data is
presented in Tables 8 to 12, along with the calculated values

of T and o.

Here is a summary of the results presented:

Table of Photo-

Test Type Specimen elastic Data Figures
Shear A2 8,9 35,36 &
37,38
Compression A3 10,11 39,40 &
41,42

Tension A4 12 43 & 44




EXPERIMENTAL PHOTOELASTIC DATA

TABLE 8

AND THE CALCULATED VALUES

OF SHEAR STRESS (T)
AND NORMAL, STRESS () IN ADHESIVE CORRESPONDING TO THE COMPRESSION SIDE OF
OR PLOT SEE

SPECIMEN A, FOR 1,250 LBS. OF LOAD IN SHEAR TESTING (F . 35
AND 36)
Point* Isochromatics (N) Isoclinics (6°) | T a
(in)|Lire aB | tine cp| Line AB | Line cp psi psi
-2.00 1.50 1.50 75 75 321.25 275.39
-1.75 1.35 1.35 70 70 151.23 - 61,23
-1.50 1.15 1.15 65 65 62.21 - 37.61
-1.25 1.00 1.00 60 60 38.97 - 8,21
-1.00 0.85 0.85 55 55 25,11 - 8.21
-0.75 0.75 0.75 45 45 15.23 - 8.21
-0.50 0.50 0.50 35 15 15.23 - 8.21
~0.,25 0.35 0.35 20 20 15.23 - 8.21
origin 0.25 0.25 15 15 15.23 - 8.21
0.25 0,35 0.35 20 20 15.23 - 8.21
0.50 0.50 0.50 35 35 15.23 - 8.21
0.75 0.75 0.75 45 © 45 15.23 - 8.21
1.00 0.85 0.85 55 55 25.11 - 8.21
1.25 1.00 1.00 60 60 38.97 - 8.21
1.50 1.15 1.15 65 65 62.21 - 37.61
1.75 1.35 1.35 70 70 151.23 =~ 61.23
2.00 1.50 1.50 75 75 321.25 275.39

*

hand side of PFigs. 35 and 36.

The points marked are shown on the abscissa starting from the left-
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EXPERIMENTAL PHOTOELASTIC DATA AND THE CALCULATED VALUES
AND NORMAL STRESS {g) IN ADHESIVE CORRESPONDING TO THE T

TABLE

9

OF SHEAR STRESS (1)
ENSION SiDE OF

SPECIMEN Az_ FOR 1,250 LBS,OF LOAD IN SHEAR TESTING (FOR PLOT SEE FIGS. 37

AND

Isochromatics (N)

Point* Isoclinics (8°)

(in)jLine AB | Line €D |Line AB Line CD T psi o psi
-2,00 1.50 1.50 75 75 320.67 273.61
«1.75 1.35 1.35 70 70 150,11 - 60,23
-1.50 1,15 1.15 65 65 62.00 - 37.29
-1.25 1.00 1.00 60 60 37.81 - 8.11
~1.00 0.85 0.85 55 55 24.11 - 8.11
=0.75 0.75 0,75 45 45 15.61 - 8.11
~0.50 0.50 0.50 35 35 15.61 - 8.11
-0.25 0.35 0.35 20 20 15.61 - 8,11
origin 0.25 0.25 15 15 15.61 - 8.11

.25 0.35 0.35 20 20 15.61 - 8.11
0.50 0.50 0.50 35 35 15.61 - 8.11
0.75 0.75 0.75 45 45 15.61 - 8.11
1.00 0.85 0.85 55 55 24.11 - 8.11
1.25 1.00 1.00 60 60 37.81 - 8,11
1.50 1.15 1.18 65 65 62.00 - 37.29
1.75 1.35 1.38 70 70 150,11 - 60.23
2.00 1.50 1.50 75 75 320.67 273.61
* The points marked are shown on the abscissa starting from the left-

hand side of Figs. 37 and 38,
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AND NORMAL STRESS (o) IN ADHESIVE CORRESPONDING TO SIDE ONE F 3
FOR 7:566 LBS. OF LOAD IN COMPRESSION TESTING (FOR PLOT SEE FIGS. 39 AND 40°)

TABLE 10
EXPERIMENTAL PHOTOELASTIC DATA AND THE CALCULATED VALUES OF SHEAR STRESS (1)

C N A

Isochromatics (N)

Isoclinics (8°9)

Point*

{in){Line AB| Line CD JLine AB | Line CD T psi ° psi
-2.00 3.00 3.00 85 85 602.23 298.23
-1.75 2.65 2.65 75 75 250.61 - 45.71
-1.50 2.35 2.35 70 70 131.31 - 23.61
-1.25 1.85 1.85 60 60 80.11 - 9.37
~1.00 1.45 1.45 50 50 45.62 - 9.37
-0.75 1.00 l.00 40 40 29.11 - 9.37
~0.50 0.75 0.75 30 30 15.23 - 9.37
-0.25 0.50 0.50 25 25 15.23 - 9.37
origin 0.25 0.25 15 15 13.11 - 9.37

0.25 0.50 0.50 25 25 15.23 - 9.37
0.50 0.75 0.75 30 30 15.23 - 9.37
0.75 1.00 1.00 40 40 29.11 - 9.37
1.00 1.45 1.45 50 50 45.62 - 9,37
1.25 1.85 1.85 60 60 80.11 - 9.37
1.50 2.35 2.35 70 70 131.31 - 23.61
1.75 2.65 2.65 75 75 250.61 - 45.71
2.00 3.00 3.00 85 85 602.23 298,23

* The points marked are shown on the abscissa starting from the left-
hand side of Figs. 39 and 40.
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EXPERIMENTAL PHOTOELASTIC DATA AND THE
AND NORMAL STRESS (o) IN ADHESIVE CORRE
FOR Z7500 LBS. OF LOAD IN COMPRESSION T

TABLE

11

CALCULATED VALUES OF SHEAR STRESS (1)
SPONDING TO SIDE 3
ESTING. (FOR PLOT SEE FIGS, 41 AND

TWO™ OF SPECIMEN A

42)
Point* Isochromatics (N) Isoclinices (6°)

(in) fLine aB Line €D | Line AB | Line cD T psi 9 psi
~Z.00 3.00 3.00 85 85 600.71 296.37
-1.75 2.65 2.65 75 75 250.27 - 44.61
-1.50 2.35 2.35 70 70 131,41 - 23.71
-1.25 1.85 1.85 60 60 80.71 - 8.7
-1.00 1.45 1.45 50 50 44,23 - .m
~0.75 1.00 1.00 40 40 28.11 - 8.mn
-0.50 0.75 0.75 30 30 14.41 - 8.7
-0.25 0.50 0.50 25 25 14.41 - 8.7
origin 0.25 0.25 15 15 13.11 - 87N

0.25 0.50 0.50 25 25 14.41 - 87N
0.50 0.75 0.75 30 30 14.41 - &M
0.75 1.00 1.00 40 40 28,11 - 8.7
1.00 1.45 1.45 50 50 44.23 - 8.7
1.25 1.85 1.85 60 60 80.71 - 8.71
1.50 2,35 2.35 70 70 131.41 - 23.711
1.75 2.65 2.65 75 75 250.27 - 44.61
2.00 3.00 3.00 85 85 600.71 296.37

* The points marked are shown on the abscissa starting from the left-
hand side of Figs. 41 and 42.
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TABLE

12

EXPERIMENTAL PHOTOELASTIC DATA AND THE CALCULATED VALUES OF SHEAR STRESS (1)
AND NORMAL STRESS (o) IN ADHESIVE CORRESPONDING TO SIDE TWO OF SPECIMEN A4
FOR 1,500 LBS. OF LOAD IN TENSION TESTING. {FOR PLOT SEE FIGS. 43 AND 44)

Point* Isochromatics (N) | Isoclinics (8°%) T . o .
(in){Tine AB | Line cD | Line AB | Line CD psid ps>
~2.00 1.75 1.75 75 75 298.67 250.33
-1.75 1.65 1.65 65 65 141.97 - 45.67
~1.50 1.25 1.25 55 55 71.67 - 12.37
-1.25 1.00 1.00 45 45 48,23 - 8.61
-1.00 0.85 0.85 35 35 25.67 ~ B8.61
-0.75 0.75 0.75 30 30 22.11 - 8.6l
-0.50 0.55 0.55 25 25 20.67 - 8,61
-0.25 0.35 0.35 20 20 19.87 - 8.61
origin 0.25 0.25 15 15 19.87 - 8.61
0.25 0.35 0.35 20 20 19.87 - B8.61
0.50 0.55 0.55 25 25 20.67 - 8.61
0.75 0.75 0.75 30 30 22,11 - 8.61
1.00 0.85 0.85 35 35 25.67 - 8.6l
1.25 1.00 1.00 45 45 48,23 - 8.61
1.50 1.25 1.25 55 55 71.67 - 12.37
1.75 1.65 1.65 65 65 141.97 - 45.67
2.00 1.75 1.75 75 75 298.67 250.00

* The points marked are shown on the abscissa starting from the left-
hand side of Figs. 43 and 44.
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CHAPTER VIII

GRAPHICAL PRESENTATION OF EXPERIMENTAL DATA OF
NAILED (B) AND NAILED-ADHESIVE (C) CONNECTIONS

Presented in Figs. 45 to 58 is the distribution
of principal stresses in the adhesive layer of specimens
Bs and Cs tested with different loads under the following

loading conditions:

(i) Flexural
(ii) Direct Shear

(iii) Direct Compression
(iv) Direct Tension.

A brief description of the method of calculating
the stresses using photoelastic method of analysis is
also included. Each figure carries a detailed title, which
fully identifies it.

8.1 RESOLUTION OF PHOTOELASTIC DATA ON NAILED (B)
AND NAILED-ADHESIVE (C) CONNECTIONS

In resolving the experimental data on nailed
and nailed-adhesive connectiong, the composite data consist-
ing of iéochromatics and isoclinics was used. Since the
photoelastic method of stress analysis was used, the

difference in strain at any given point 24 is
- o s X
€] = €5 = 1+ T?U] micro 1n/in

o being the indication of meter on analyser scale. As is
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obvious, the pPlotting required stress calculations point by
point, using the above relationship repetitiously. In

order to convert strain into stress, the following formula

was used

- _ _ E
°17 93 = (&) - e))
where E and yu are respectively the modulus of elasticity

and Poisson's ratio of aluminum. The maximum principal shear

stress 1s given by i(cl - 02) which has been plotted on

the respective figures.

8.2 OBSERVATIONS DURING FAILING OF THE SPECIMENS

Joints of each specimen type (A,B and C) were
failed to destruction in identical four-point flexural

loading set up. The following points were observed during

this experiment:

(i) The minimum failure load was recorded in

nailed joint specimens (B) only.

(ii) Adhesive-bonded specimens (A), in all cases,
could take more load as compared to specimen

Bs before failing,

(iii) Nailed-adhesive connections (C) proved to be
the strongest of the three since they could

take the highest load before cracking up.

(iv) In loading nailed-adhesive connections (C), it

was noticed that the adhesive layer cracked first,



164

before any strain was noticed on the nails. Of
course, with the continuation of leoading, the

nails were eventually pulled out of the Specimens.
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CHAPTER IX

COMPARISON AND DISCUSSION OF THEORETICAL AND EXPERI-
MENTAL RESULTS

9.1 COMPARISON OF THE THEORETICAL VALUES OF SHEAR
AND NORMAL STRESSES IN THE ADHESIVE CONSIDERING

THEORIES OF SMALL AND LARGE DEFLECTION (CHAPTERS IV
AND V) : SPECIMEN A

Figure 59 shows graphs of the values of shear
stress, T obtained using theory of small deflection and
theory of large deflection, whereas Fig. 60 presents graphs
of the values of normal stress o, using the same two

theories of deflection.

The large deflection theory gives higher values
of stress T and 0. Their increase fluctuates between
15% and 18%, as compared to the values obtained in the
small deflection theory. The loom in the stress values
is due to the increased (Mz)o which, in turn, results by
the inclusion of B (vertical component of Tf) in the

moment-equations (2) and (3) of Chapter V.

Both theories give the maximum values of 7

and o at the edge of the bonded region. Cnax aPPears to

be the stress which produces yielding, as compared to T ..

because Waldex W-105 has a yield stress of 1250 psi in

tension as compared to 2485 psi.in shear.
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9.2 COMPARISON OF THE THEORETICAL (LARGE DEFLECTION
THEORY) AND EXPERIMENTAL, VALUES OF THE SHEAR STRESS,
T AND THE NORMAL STRESS S {

. ) SPECINEN

The graphs of the shear stress, T and the normal
stress ¢ (Fig. 61 and 62) obtained from the Experimental
Study of Adhesive (Chapter VII) and their counterparts in
the Theoretical Study (Chapters V, VI and VII) reveal a
good general agreement as to the variational trend of the
stress values, their maximum and nminimum magnitudes and the

points at which they occur.

Stress values obtained from experimental study
are in general, lower than the theoretical ones. Their
average deviations are within 7%, However, the plot of
the theoretical and experimental values of T (Fig.61) shows
a considerable difference in their values in the middle of
the bonded area, whereas its ends still show good agreement

between the two.

The discrepancy arises from the photographs of
isochromatics acquired in the experimental study. The light-
source from the Reflection Polariscope falling directly in
the middle of the bonded region on the photoelastic plastic
bonded to the test specimens distorted the colour-pattern
of the fringes. This reflection from the light source has
shown itself up in the photographs of the Isochromatics
thus making it difficult to decipher the correct fringe

order in that area which appears predominantly black

s
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corresponding to fringe order zero. That is why the exéeri~
mental plot of 1 (Fig. 61) shows little stress in that aréa,
whereas the theoretical one gives a finite wvalue. The

ends of the bonded region, however, were not affected by this
light-reflection and recorded easily-~decipherable fringe

patterns.

Since there is a good agreement between the
theoretical and experimental values at the ends of the bonded
region where the maximum values of stresses occur, a joint
design based on the theoretical values of stresses will be

on the conservative side.
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" CHAPTER X

CONCLUSTIONS

10.1 INTRODUCTION

Theoretical and experimental analyses of the stress
distribution in the adhesive layers of mid-panel joints

between two sandwich panels have been carried out.

In the theoretical study two approaches have been
used : (a) the small deflection theory and (b) the large
deflection theory. In the experimental study fifteen bonded
and nailed connections were tested in bending, shear, direct

compression, and direct tension.

Comparisons have been made between the results of
the two theories developed and between the results of the
large deflection theory and experimental results obtained

from the bonded connections.

10.2 CONCLUDING REMARKS

Theoretical and experimental results obtained in

previous chapters are reviewed in the following sections.

10.2.1 Adhesive-Bonded Connections (Specimens A)
in Flexural Testing

The study of the behaviour of the adhesive involv-
ed developing mathematical relationships for determining =
(the shear stress) and o (the normal stress) in it; their

maximum values and the points at which they occur.
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To verify the theory, specimens A were tested in
flexural lcocading and the experimental results plotted for
T and o. As the plots of the theoretical and experimental
values of Tt (Figs. 13, 19,31 and 33) and that of o¢(Figs. 14,
20,32 and 34) show that the vielding of the adhesive will
occur at the bond edges where the maximum stresses develop.
Notwithstanding the fact that o is less than

max Tma
the former appears to be the stress which produces yielding

<! the

because Waldex W-105 has a yield stress of about 2,485 psi

in shear as compared tc 1,250 psi in normal stress.

Furthermore, it is observed that the maximum
values of stresses (both shear and normal) are independent of
bond length except when the bond length is very small. (2 in.)
(See Figs. 15 and 21). Hence, the bond will yield by tearing
off at the edges giving rise to a stress-wave that travels
in towards the center of the bond and will probably stop when

the remaining overlap becomes small,

The theoretical study of the adhesive-bonded joints
presents a comprehensive approach to determine the value of
T and o in an adhesive layer for the combined effect of
several parameters such as direct loads, bending moments,
various boundary conditions, different elastic properties of
materials bonded together and the equal or unequal thick-
nesses of the cover plates and the facings of the sandwich
material. The simpler cases can, of course, be readily
deduced from them. Especially reliable seems to be the large

deflection theory approach which by eliminating the simplifying
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assumptions of the small deflection theory has given bettex
results as evidenced by their closer agreement with the
experimental results (Fig. 61 and 62).

10.2.2 Adhesive-Bonded Connections (Specimens A) in
Shear, Direct Compression and Direct Tension

Testing

The plot of the experimental valﬁes, of T and o
in the adhesive layers of joint specimens A tested under the
above loading conditions appears in Figs. 35 to 44 (inclusive).
The shear and normal stresses determined in these loading
conditions follow the same pattern as in flexural testing.

Both T and Gma

max occur at the bond edges and normal

X
stress is once again the critical stress from the strength
point of view of the joint.

10.2.3 Nailed Connections (Specimens B) in Flexural,
Shear, Direct compression and Direct Tension

Testing

The plot of the principal stress distribution in
the cover plate of nailed joints (specimen B) appears in
Figs. 45 to 50 (inclusive). Stress concentrations appear
around nails as shown on the plots. The highest values of
principal stresses appear at the bond edges whereas the
stresses in the middle of the nailed region are the lowest,
10.2.4 Nailed-Adhesive Connections (Specimen C) in

Flexural, Shear, Direct compression an 1rect
Tension Testing

Figs. 51 to 58 (inclusive) show the principal stress

distribution in the adhesive layer of nailed-adhesive connec-



189

tions (Specimen C) for four different loading conditions,

as mentioned above. Once again, the edges of the nailed-
bonded area develop the maximum values of principal stresses
depending on the magnitude of the applied loads. fThe middle
part of the bonded area has relatively lower values of
principal stresses, whereas nails have stress-envelopes

around them.

10.3 RECOMMENDATIONS

Following from this investigation are a few salient

points recommended for use in practice:

(i) Strength of a particular adhesive in terms of
T and o can be safely ascertained by making use of
Egs. (70) and (71) (Chapter V). These two equations
can be easily programmed for computer work, if hand

calculations become laborious and time-consuming.

(ii) Nailed-only connections (B) do not offer a great
promise as far as resisting external loads is
concerned, no matter what the loading set-up is, i.e.,

flexural, shear, etc.

(iidi) Notwithstanding the fact that the inclusion of
nalls in adhesive connections (Specimen C) introduces
stress concentrations around them, thus making the
adhesive more susceptible to failure, yet they strengthen
the joint by providing additional cross-sectional area

of metal in the adhesive layer for shearing resistance.
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Wherever additional strength is demanded in joining
two sandwich panels, the use of nails is recommended
in addition to using adhesive provided nailing the

specimren is acceptable and not too costly.

(iv) The theoretical analysis of adhesive joints
presented in Chapters IV, V and VI pertains to the
joints made with adhesives only. However, for future

research, it can be extended further to take into account

the effect of nails, as well.
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APPENDIX 1

In addition to the mid-panel joint with double-
tapered shear key between two sandwich panels (Fig.3), a few
more joints have also been proposed in the following pages,as
possible means of connecting them. Besides using adhesive,
they also make use of nails for joining purposes,

Joint No, 1

1) The transversal shear resistance of this
joint is considerable due to the inclined inter-

face.

2) This connection is dependent on the strength
of the adhesive between the cover-plates and the

facings.
Joint No. 2

The bending resistance is increased in this
joint by carrying the facings of one panel over the
core of the other and by connecting the cover-plate

with both adhesive and nails.

Joint Nos.3 and 4

Tongue and groove aré used in joint 3 to increase
the transversal shear capacity. The remaining
features are the same as those of joint 1. Joint 4
is the same as 3, but makes use of both adhesive and

nails to connect the cover-plates.
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Joint Nos. 5 and 6

Joints 5 and 6 are similar to 3 and 4, respectively.

A different type of shear groove is used, however.
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APPENDIX IT

SAMPLE PHOTOELASTIC PICTURES
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