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" UNE ETUDE SUR LE COMPORTEMENT DES COLONNES
A AMES MINCES EN ALUMINIUM APReS VOILEMENT
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. RESUME

Le compbr£ement des colonnes 3 &mes minces est étudié
expérimenfélement ét théoriquement. La propagation' des
contraintes et des déplacementsnegt obtenue pariout dans la
structure par les deux méthodes, et une bonne cogrélation entre

4

les deux méthodes est réalisée.

Les expériences ont été faites sur les profiles en "y"
* ' -

renforcés couverts avec du plastique “photoelastic™. Une atténtion ‘

particuliére est accordée & la maniére d‘'avortement et la
propagation des contraintes et des déplacements. Les contraintes

et les déplacements ont été étudies aux points particuliers;'

L'étude théorique .est faite au moyen d'un programme -
d'ordinateur basé sur la méthode des éléments finis dans lequel

les nonlinéarités géométriques matérieles sont introduites.

Il est démontré que le programme’ est valable pour 1l'analyse

des structures en éléments minces, et peut étre utilisé pour la

N
%,

prédictiqn des déplacements et des contraintes dont l'une des

parois est en état d'instabilité, ou quand elle atteint sa charge
" 2 4
eritique. ,
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// it
! The behav1our of th1n~walled structures 1oaded as columns

y A

was sthdied both experimentally and theoretically. PrOpagation of
stresses and strains were obtained throughout the st;ucture by both

methods, and good correlation between the two methods of analysis
/ ,
realized. ‘ - ‘

The‘experiments were conducted on stiffened channel see*

tlon& coated w1th photoelastlc plastic. Special attention was

i

given. to the mode of failure, and propagatlon of stresses and

strains. Individual values of stress and strain were studied at

" particular points on the structure.

LY

A Computer programvbased bn the finite element method which

i

incorporates both material and geometric nog-linearities was used

. for the theoreti¢al analysis.

A
-it is shown that the computer program is valid for the an-

alysis o@%&hxn-walled structures. It is also shown that the propa-
gatlon of siresses and strains as well as 1nd1v1dual values can be
predlcted accurately when individual elements become unstable or

?

reach thelr buckling loads.
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CHAPTER 1 / “ o, :

! INTRODUCTION | -

A great deal of work has Pgen done recently in‘the érea'
of light gauge structura membér#.’ In members of -this type, the
question of both locai7§%d overall buqkling'is of primary imporF
tance. -For the most part, existing building codes do not take
into considération the very significant reserve strength that
these mempers may possess at the initial bucklingjload due to
their behaviour in the post-buekling region. This is:probably due
to the lack -of any widely accepted, relatively 1nexpen31ve analyt-
1ca1 or empirical formnlae. Nevertheless, some reb%arch has been
carried out to investigate this phenqmenon and a fe& empirical
solﬁtiohs ﬁav%.beeﬁ developed. However, moét{hre based upon a
relatively small number of experimental tests and have therefore
not enjoyed widespread acceptance. In addition, ﬁost e;ist;ng
solutions wefé developed and Yerified by,mééns of tests that were
conducted oh specimens of structural steel. The materialsyof
primary‘interest in this study are aluminum ®lloys, and the amount
of hrévious work in this field is relatively meager. Thus, when
initially considering this ﬁro}lem. it was necessary to decide ex—

actly what course the study should take. ‘ ’ /

v
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" The study qg,any sgientific'phenomenon can be carried, out

in one of two ways: either the actual behaviour can be explained

. by means of a theory developed from a mathematical model or the,

behaviour can be postulated after having done some type of experi-
mental study on the behaviour of sihilar specimens under comﬁarable
conditions. These two ty?es\bf approach can be roughly catagor-
ized as analytical and experimental studies., Either approach, if
it incorporates:the~inherént charactefistics of the prbblem, should

give reasonable results. ' Each also has its own advantages and dis-

|

advantages. The analytical approach, while definitely more formal
and often a great deal quicker and more practical, does not take
each and every possible variable into consideraﬁion, usually be-

cause many of them are unknown and unexpected. Host analytical

&% solutions only incorporate those variables which are expected to

b}

-

affect the results to some appreciable extent. Often, analytical

solutions to certain types of problems are presented and accepted,

only to be‘teplaced by some different theory some years later. It

%
'is the very nature of many analytical developments that no exact.

solution is known and therefore some type of approximation must
neceséarily be employed. Likewise, experimental studies have fheir
éwn inherent errors and can thﬁs apprﬁach the correct result only

if carefully planned and executed.-

Thus it is that neither analytical nor experimental fg-*
vestigations alone can be trusted to provide the eﬁact solution to
any given probleﬁ. Both approaches must be utilized in order to

verify that an acceptable solution to the problem has beén achieved.

) 7
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A.Q. Khan (31) at McGill Uhiversity developed a geometrically non-

linear finite element computer model which was intended to:provide

" solutions for various loading conditions on thin-walled structural

:members. The development of the program and the method of solu-

tion made the analysis of folded plate structurés a relatively

straightforward process.

S Fabigﬁ (24) utilized the aforementionned progrém to’
obtain results for comparison with:experimental tests which he had
designéd and executed. He tested thin-walled aluminum sections as
beams and obtained results consisting mostly of data on strains
and displacements: These results were obtained at particular
ﬁoints on the test specimens in question. H,P. Lee (32) has more
recent}y combleted the development of a;geometricaily non-linear
finite element compufer model which also incorporates thé‘abglity

to analyze structures with Qon—linear material propg%ties. It

]

was decided, therefore, that in order to use Lee's program to the

fullest, and to provide a basis for verifying future analytiéal '

[ —

Ahodels which may be developed, an extensive set of fairly_accuréte

experimental data on a particular type of test specimen was needed.

!
{

Since Fabien had provided relatively extensive strain and dis- /

!
}
i
I
i
i
}
[

' placement data for thin-walled sections tested as beams, it was

felt that data from a different typé of test under other loading

conditions would be desirable.
/

An impértant'queétibn that had to be resolved from the = -
very start wés-exactiy what type of test was to be employed. In

almost all tests on thin-walled aluminum stfuctures that have been

” " T NIRRT
T e e I et g e T L
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' ﬁerhgps. foreseen in subsequent investigations.

reported in the litepature; data has been accumulated using either
electric strain gauges or mechanical extensometers. Although both
of these devices can provide accurate results, they have one obvi-

ous shortcoming: they can only provide(}esults at one particular

/ :
point on the structure. This can be a drawback because normally

using such a scheme, one would tend to be unaware of any unexpect-

\

-.ed areas-of hlgh stress which might develop. Another consider-

-ation 1n the choice of test method was that the experimental test

data was to be compared with a flnlte’element solution. Since

one of thebinherent advantages oi'ahé finite element method is
that it provides results at a great number of p01nts throughout
the strucﬁ%re. it was desirable that the test method to be employ-
ed should also provide results at a great many poxnts.\ After »
careful consideration, it was decided that the photoelastic %gthod
using a photoelastic coating would probale\Bg the most appropri-
ate since it would provide a great;deal'of information at aﬁy
particular stage of loading. By means of the coloured frlnge

r

patterns which app&ar, the prlnclpgg stress and straln dlfferences

At any p01nt on the test specimen can easily be determined and. bx

recording the prop%gation of these fringes, the’development of

stress throughout the loading sequence can be followed. The dis-

" ¥ribution of stresses around any buckled regions can be recorded

and studied. Also, because the entire pattern of stress. distri-
bution thfoughout the structure is available, the possibility of

unexpected areas of stress concentration can be investigated and,

L 2




. ‘ Another important consideration was the choice of coéting.
K l'_ ‘ Nofmally. the type of test and the kind‘of matérial govern this
N decision. : ' ' Q ’ ’

Finally, the thickness of plastic coating is very import-

H

ant since inglaccuracy of the measurements depends to_é very great . -

»

I3
1

v extent on the thickness, especially if re%gtively high stresses
ﬁnd strains are Expected. Here, thg decision must be,taken whethgr
to use a thick ﬁlastic so that a large number 6f fringes can be
observed or to use a thin plastic so that the reiﬁforcing effect
of the plaétic on the test specimen is keﬁt to a minimum., It was
decided to‘usé a relatively thick coating since fairly high stress-
<‘ ' es were‘éxpeqted. “The manner in which the rei;forcing effects

o ‘were handled is dealt with in the following chapter.
1 , .
; » There are naturally many areas that must be investigated

and many questions concerning the type of material, thickness,

general shape, loads to be expected ang,éaiious~9ther contributing

) factors that must be considered before a testﬁng program can be

g T

& iyccesSfull&”developed. The varigus factors whic? led to the' E
g . choice of test sbecimens in this study will be discussed furthe; o
% ' in the fpllowiﬁg chgpterl The’aim of this.study was to provide %
é) a fairly comprehensiye set of data forva barficular test sbecimen ’%
? . under a particﬁlar loading condition. The results, which consist é
é{ of aata obtained from both the:finite element analysis apd'the '?

y
o5
\

experimental tests are compared and contrasted in an attempt to

determine a range ofmaéceptabie values -for this type of test.
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" . Thls could form a sound bas;s for verlfymg any new developments

&

1n this field. Hopefully. new and more . extensive methods of an-

/

alysis will verify the results obtalned herein. " It should be

emphasized, however, that the results obtained contdin a cértain

'), margin ofﬁrror. It'has alxjeady been stated, in fact, that both - 4 ':~
of the methods utilized are subject to 1nherent shortcomlngs and

' disadvantages. However, it is the author s intention to establlsh #

‘&hat. where the ‘results from the two methods correspond fairly

well, the data is rellable and therefore could be used as a ba81s g

for the development of more refined methods of analysis., - -
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e S " EXPERIMENTAL ANALYSIS |

3
) 2.1 Test Specimens = .\ o ‘ : ' I |
' E / ’ dT@é efoeﬁimeﬁyal investigation provided a rather extensive :
. set’ of accurate dafaagiving stresses and strains in a struc o.ralw
member loaded into 4me post-buckllng range. The sections were
o 'formed from llght?gauge alumlnum alloy sheets and the major con- i #
h élderatlons which governed the_ch01ce of section geomég;ykyeres o

‘ +~ 1) easeg, of fabricatioﬁ. as aAl tﬂ%‘specimené werelfeagi
(. [

.(f T fabrlcated in the laboratory by the” author;

— 2) a geometry whlch would not only/gﬁsure that the desxred

| ‘buckling phenofienon would occur but that it would also be readlly

"v181ble. It was intended that the specimens all be cut from a
single sheet of alumfnum and ‘then bent into the desired shapes.

It\Was theref?re necessary that the section be made up of a serles

SR TE NG e R i

;J'\ of contlnuo%%ﬂbends. Consequently sections such as wide flange
. %]
tee, or I sections were e;lmlnatedApos iljties. Cruciform sec- T

’

&

-

tions and‘c%osed sections were likewis cluded. Sections which

T Ta AR

5 " satisfie&athe fabrication requirements were channels, angles, and

o Z sections. It was felt that the increased torsional rigidity of

tﬂe channel section would be an asset, and hence, it was decided
S ) e g

ﬁhat‘a stiffened channel section would most easily provfde all the

necessary requirements. A sditabie thickness had to be chosen

Iy a
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- that would facilitate the fabrication of the test specimens by

means of a conventional handoperated bending machine. The dimen-

1)

81ons of the section were chosen such that the plate section form~

s b A

ing the webs of the channels would buckle locally at a load level
well belew the critical buckling load of ‘any of the other plate
elements and also well,befpre the entire member became unstable.

In choosing these dimensions, it was necessary to limit the upper’
bound to that which could be comfortably accomodated in the bend-'
ing machine. Results and recommendations presented in a technical -
paper (19) descrlblng fesearch conducted at the Unlver91ty of
waterloo were used to establish an optimum flange to web w1dth
ratio. According to this research, a ratio of 0. 3?5 or less should

ensure botﬁamax1mum buckling amd ultimate loads. Another restraint

<9
which entered 1nto the consideration was the total area of the

’ specimeh. Since the ultimate intention was to coat the specimens

with photoelastic plastic, the area to be covered was of primary

1mportance. The maximum size of plastic sﬂeet that can be readily |

fabricated by an 1nexpe31eﬁced worker w1th conventlonal equlpment

is 10 in. x 10 in. (See Photo. 2.1) ﬁhus it was reallzed that it -

. “ . |
would be advantageous to keep the developed width of the cross- i

‘section below 10 in. This‘restriction was adhered to primarily  °

for ease of fabrication. 1In actual fact, two pieces of plastic

can be butted tOgefher.to form a satisfactory,joint. However.'
this operation presents some ad itional problems, not the' least

of 'which would be calibrating plastigs of two different sen31t1v1ty
factors. Actually, over the lehgth of the column, adjacent sheets

o /
of plastic were butted together. It was decided to minimize the

S
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100 . .

nunber of jbints in the longitudinal direction and eliminate

N

joints‘in the transverse direction entirely. 1t was felt that

k}

since diffefent pieces of plastic would have different thicknesses,

sensitivities, and fringe’values, the number of different sheets

of plastic per specimens should be kept to a minimun. A thickness

?‘ ‘ | and cross-sectional profile were established to ensure that all of .~
the aforementionned conditibns‘ﬁere met. The length oflthe speci- o

. mens was also givén careful consideration. Theuspeciméns'had to
be long\gnough so that any stress concentrations due to egd effects’
would have diminished in the areas where the buckling phenomenon
was expected to take place. At the same time, however, they had | {

~ to be short enough so that the question of overali instability -

would not enter into the ﬁroblem. All of the ébové consideratioﬁs
led to the choicte of cross-section as .shown in Figure 4-1. .The -
aluminum alloy from which the columns were fabricated was 5052-H34.
Typical properties of this material are listed in‘Table 2-1. Thé
dimensions of the test sectigp were invessigated using traditional

methods to ensure that the web would buckle locally before any

other instability or failure mode was exhibited. The ends of -the:

4

specimens were cut. very carefully and then ground flat so as to
' assure that«they were;éxactly pgrpendipuiapltg the axes of the
columns. This ensured that proper alignment of the specimens could
be obtained. Any significant skeﬁhsss of the end faces would
" . cause a tilt of the column which would naturally induce a flexural

moment into the cglu@n and perhaps defeat the’ purpose of the test

by masking the desired phenomena. S
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T ) e Specified |
‘ ' © Minimum Typical '
i ﬂ ‘ value . ' Values
.g’ ' 1
%@ " Tensile Strength 34 ksi  38.xsi
t Yield Strength - - 27 ksi . 33 kil
! Shear Strength 21 ksi 21 ksi
A Fatigue Endurance Limit " 18 ksi , * 18 ksi

Elongation ' 6 % ‘ 94,

pfircsem ;2";,;“}‘&
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~ Table 2-1 . ;
Typical Material Properties . }’

‘ Aluminum Alloy : .
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" cast. The mixture is poured onto a cleaned and prepared teflon

/12 ' , \&’
s B Once the geometry of the test specimens was decided and
Qmssiblf problems with the fabrication eliminated, two columns

were faﬁ?icated. It was decided that these two should be testeqw .
without photoelastig coaézgés to establish the mode for the actual

uncoated structure. In both tests dial gauges were used to measure;

out of plane deflections of the ma jor plate elements of the speci-.

mens. (Photographs 2-2a, 2-2b).

~In botﬁ of these tests, the general behaviour was similar
and as expécted. In each column, a series of buckles was visible
and measurable. The usual pattern of square buckled panels was
observed. (PhotOgrapﬁs 2«3a, 2-3b). Both failed when the column
became unstable after kinking at a distance of ?bout one~-third of

the length from one end of the column. (Photograph 2-4).

The application of photoelastic coatings is actually an
art which requires patience and, above all, practice.‘ Initially,

predeterminéd amounts of plastic resin and hardener are mixed at -

‘a specific temperature for a specific period of time. The amount

)

‘.

‘i.
Co R . . {
naturally depends on the size and thickness of the sheet to be %

coated ﬁlate. The liquid finds its own level and, providing that
the piate is level, it will naturally be .of uniform }hickness. The
pléétichcombound is éllowed to set for a time‘ynfal it reaches a

)

/

'The plastic sheet is then molded onto a test specimen which has

tate where it is mechanically stable but highly flexible sheet.
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valready been coated with mineral oil. Th?,sheet is flexible

enough to be molded around the edges with small rad11 S0 that the
two  are completely Sn contact over- the whole area. The plastic is
then‘left.to harden. After it has completely cured, 1t is removed,

trimmed, and fhofoughLy cleaned. The speclmen itsélf is cleaned

kN

co ' v -
with a wire brush and a series of cleaning solvents. The contour- -

ed plastic sheet is glued to the Spe01men by means of a reflectlve

. cement and the speclmen is ready for testing.

-

The process, although straightforward in theory, is often

‘ ﬁgt so simple in actual practice. "The time factor involved is

critical. The sheet must be remoyedlyrom the teflon slate at pre~
ci%ely the rightddegree of polymerization or otherwise the mechaﬁ-(

ical properties of the sheéf“wi;l be altered during the contouring

- process or the sheetﬂyill not be flexible enough to, bend easily

and may shatter. Unfortunately, thls is not always as easy to pgg»

b

dlct as might be expected. The rate of polymerization is sens1t1ve

to temperature, humidity, thickness of the sheet and 22551b1y other

unknown factors. Also, the entire plastic sheet cannot be used to_ _

coat the specimen. A strip about one half inch.ﬁide must be dis-
carded since, due to the meniscus effect, it is not of uniform
thickness, It is algo neceSséry to remove a piece dne inch by
thréolinches from - the sheet for calibrating toe entire sheet. Fronm
this piece tho sensitivity constant, k, is determined; ,This“factor
is slightly dlfferent for different thicknesses and types of *

plastic and is used when convortlng colour patterns into values .of),

principal stress and strain differences. The calibration of the

-
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Control Test Set-up
Photograph 2-2b
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Photograph 2-3a
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-Failure Mode of Gontrol Column
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!: plastic is accomplished by fixing the small piece of plastic to an
aluminum cantilever beam. (See photographs in appendixl. The

. - 4 .
number of fringes visible per inch of deflection is then estimated.
This value and the plastic thickness are then used to determiné ,
the sensitivity. (Figure 2-1). ‘ . '

1

e e T A D T M A A ARSI 3 TS,

‘\ 2.2 . Appgratu

The entlre series of experlmeﬁ%al tests was conducted

s A T

using an Instron tension-compression load cell model No. D-212-260.

‘This piece of equlpmentlls a deflectlon-controlled testing machine

s TR P

of relativély high sensitivity. The instrument is equipped with ‘
A ‘an autoﬁatic timefload'éhart.éo'that the applied load at any in-
% ' stant is- easily visible and controlled. In this study, this

: | feature was: of prlme 1mportance since it was necessary that. at
eaCh load level the load be held constant for a few mlnutes while
photographs were being taken. The machlne has.a rated capaclty of K <{
50,000 lb., with the smallest load range from ) to 100 1b.

i

The ma jor instrdment used in the experiméntal analysis was
a hlghly refined refleotive polariscope, Photostress Uhlversal .

Large Fleld Meter Model LE/MU. (Photograph 2=5). The instrument

was. mounted-on a completely adJustable trlpod and used 1n con
'junction,with the specified light source. *The large field mgter ;
cohsisté of a polarizer, an analyzer, and two quarter wave '
o The quarter wave plates are used to generate ‘circularly polarized |
llght. With the instrument orientated in such a mannef”hs t"pro~

duce c1rcularly polarlzed light directed onto a photostress plastic’

S —— T Y LT
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coated specimen, bands of colour are readily‘visible with a“cir-
cular polarizing filter. These bands of colour are called iso- I
chromatics and are lineg of constant principal strain differencés.
By reéordlng these isochromatics at regularly spaced load levels,
it is posslble to obtaln a complete hlstory of the propagation of

0

principal strain dlfferences throughout,the entire structurg.

N f
- B v

!

The camera, also mounted.on a tripod, which was used to

record the éolour ﬁatterns at the various load levels, was‘a Nikon,

Model FN-2. The lens was a Nikkor Auto 50 mm f/1.%. This model is

equipped with a light meter which allows the operator to measure
the degree of light 1nten31ty directly through'the leng, assuring
an accurate reading and therefore greatly 1mprov1ng the rellablllty

of tﬂe photographlc results. This +‘is a most important feature for

this type of work 31nce it is obviously necessary to obtain as

accurate a representatlon as p9351b1e of the colour patterns in
order to be able to’propérly interpret them. It is also eqﬁally

important that the film used be one which gives extremely accurate

~ colour reproduction. After much consultatlon with experts and

some experlmentatlon under various condltlons, it was declded
that Ektachrome EHB 135 would be the most suitable type.- This is

a high‘speed film with a colour sensitivity that is balanced to

the tungsten light'spurce in the Large Fiéld Meter.

v O

The - best technique for recording the colour patterns was
established only after a ﬁeriodof trial and error. ‘Many of the
pfoblehs were simply effects which had not been foreseen and which

A

»
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had to be solved as they became apparent. Tﬂe light sourée, for
nstance, is ‘a tungsten lamp %Qﬁch has a tendency to create "hot
spots on the spe01men unless it is placed far enough from the
test spec1men. Perhaps the mpst bot@§rsome problem was that of
reflection. Some light is reflected from the top surface of thé

plastic'and thus makes the readings on the light meter pfactically

,useless., The problem was solved by tilting the llght source in

such a way that any llght reflected from the top surface of the
plastic was\ref}ected away from the camera. Another problem,
which caused a great deal of trouble, was that of light reflected
from other‘llght/sources in the test area. This extra llght has

a tendency to upset the delicate balance required between the’

'11ght source from the instrument and the film which is used. This -

' pfoblem’was alleviated'simply by removing.all other light sources

in the test area. The accuracy of the system was verified by

-+

checking the readings recorded on the film for a simple cantilever
' ®

‘test with known and:accepted theories, (See Photégraph 2-7). The

Cy ] . .
results were extremely accurate and thus verified the accuracy of

' thi§ stage of the research. (See Table 2-2).

2.3 Material Control Tests

It was necessany to determihe the prpperties'and qualities

of the individual materials used during the course of the study.

It was felt that it 'would be not only beneflclal but absolutely

necessary that a test be performed to determlne the ‘stress-strain
relatlonshlp of the materlal. ThlS information was to be used in

the computer ;deallzatlon so that the non-llnear propertles of .the

<& N . .
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material would he'?epresenze&'as accurately as possible. Two test

coupons were cut from the same sheet of aluminum as the test

specimens. A tension test was performed on each coupon and average

values of stress for various: levels of strain were established.
'3 d . . ‘

These values were used to establish a theoretical stress-strain

relationship, both linear and non-linear, for the material. The

resulting relationship is shown in Figure 2-2.

Some type of verification test was also needed to ensure
that the quallty and propertles of the photoelastlc plastlc would
be as expected. It was necessary, therefore, to dev1se some type
of simple, eure'test'to accomplish this. A cantilever beam was
chosen. A piece of aluminum cut from the same sheet as the test
specimen, 12 in. long and 2 in. wide, was coated on both sides with
a thickness of plastic approximately the eame as that used on¢¥hg<
actual test SpecimEn. (Photograph 2-6). By perferming'the ap-

propriate célculations. an equivalent section was established and
&

- the expected levels of stress for various load levels were deter-

]

mined. The plastic used in the verificatiOn test was then_celi-'
grated and a simple flexural test was performed. Readings for
levels of stress at warious 1oad levels were taken, (Photograph
2-7). These were compared with the analyticall solutlon and the
results are shown in Table 2-2. It is apparent from these results

that the accuracy was exceptionally good. = Any efrors'which occur~

red°were well, within acceptable levels for experlmental work. In

Ehort the verification test proved beyond reasonable doubt that

the methods of fabrléatlon of the plastlc and the system used to

)
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’ ™~ felt that this would elimina:i:e“the cracking problem, but still
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interpre‘t'—tlrrefresxﬁts‘wemﬁniﬁrthm acceptabie—buwrds*bw S
actually of extremely hlgh accuracy. This confirmed -that the ‘
_methods used to prepare the test speclmens were entlrely satis-

factory .

2.4 Pest Set-Up | ' S
The set-up for the eXperlmental tests presented a number

of problems. InltlallIy, a relatlvely Stlff pla[te was used to trans- .

e B A Ak s e i At AR v

mit the load to the column. By posntlom.ng the column so that the
center of the cross-head of the machine coincided with the center

of gravity of the cross-se,ction of' the column, it was, felt that
cox;centxjic :'Loa{ding would be guaranteed. Therefore reratively SN
'stiff steel plates were used at both the top and bottom ends of w
the column. However due to possible inaceuracies in the fabri-

cation of the columns, unequal prof)orijions of load might have been
introducea into various parts of the cross'-»section. In an e‘f}ort

to eliminate the possibility of non-unlform load dlstrlbutlon the

bottom of the column was mounted on a ball and socket support.

_ ( See Page A-5 ) -
Various problems occurred during the preliminary stages of

.
e o

testing. For' example, it was \initiaflly assumed that the best re-~

sults could be achieved by butting the engd of the plastic flush

e

with the end' of the aluminum. However, this prgyed not, to be the
case. The high local stresses caused cracking of the plastic and
' subsequent instability at the end of the column. It was then de-

cided to apply the plastic to the main part of the column dbut to

leave a length of one inch at each end free of plastic. It was

/

/

. ,
8 . -
“

i; ~ /l

Py i " A (B a3
. > i e e e 1o oJR <o Sy R e pesene b . DA < TR RN 1 -
e o o b iﬁr& SIS 2 T i s i @g,?.»mq.g:,:.%ygg&w@ggg [t L g
r S NN - T, “ i LR L *




PRI

™
~

“ -r)it».&a »

£l RN e G
s v M RPN
.
.
R
-

~
o
.
~
.
P

R et

A

R T Lt
L
.
=
¥
. .
3
.
.
.

AT L

-

. ‘.

Material Property : I , -

) - WMaterial Stress-Strain Relationship '
. o ’ Figure 2-2 R
a ‘ ) - s
M ) - . R , ) v .




-

G

.

Y

o
el

}
13
i
2l
:
)
.

imen

°

tilevexr Test Spec

Photograph 2-6

°
a
a
. LT,
m >
. N .
3
- - - e
- - ’
’ . . .
- PO
“ s '
’
. 5 = .
i o
i L I3
- N _
) .
¢ ¢ i
. - |
- . i
i
. ° i
) i
. - - ® . -
+ - ~
N
B S .
- -

,

“ A

d
-

nshsesth

’u«-;;

[N

A
b

2%

GO g

1

.



3

e
ﬁ‘;\%g.
34

&

ﬁ
Mm\.
1)
"
Py

L

oy

il

Te

g

ket
]

- %

a

)
s

-

b

T
HRSHa

v

E)

e

A.- -
-8 -
T \
n O~
[+)] [}
. Tn,
I TR -9
: - ] =]
> ©
' - @ “
D = ola}
. - YO
) 2 P
- m (o]
8 =
. td
. @ ’
o

A




B G S S R TR e el

%_;__

LS %:

dry
L
¥

BRI < % -

- o N
29 !
. 3
: 1
. " S §
x "y ‘E
N £
CANTILEVER IEST -
[ . ‘g’ ¢
N ok
Position| Colour EXp Corrected | Moment | Theoretical A
'From End “Strain |exp Strain| (in-1b) | Strain Zrr:
(in) pin/in [yiin/in din/in %
' o E
1 Light Yellow 500 480 5 L7s 1% ‘ﬁ
2. Tint of Passage| 945 907 10 950 . Lz %
3 Yellow 1520 1459 15 1425 2.4; %
4 Red # 1850 1776 20 . 1900  |6.5% %,
5 . Green + 2360 2265 25 2375 Lol .
6 Pink + 2800 2688 | 30 2850 5.6% 4,
. j ;
- ”ci'l’
3 TABLE 2-2° :
'
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allow the column to behave as expected. 1In retrospecy this was a
i??% poor}&ecision as the. column became unstable at the ends due to

‘ o the reduced composite cros§-sebtional area. It was finally de-
- cided that a satisfdﬁtoéy solution to: the problem would be to-
apply the plastic. to the very ends of the coluﬁns‘but bevel it.
The bgnefits 5f this arranggment would be two-fold. Fifst, the
£nd of the plastic would not be flush With fhe support, so over-
stress and cracking would not be a problem.  Second, since the
plas%ic extended compledely to ‘the ends of the column, local in- ¢ -

o

stability of the ends should not occur. In fact, this set-up was

successfully used for tht remainder of the tests.

|3

é The prlmary objective of the research was to proélde an ex-

{ ' ten51ve set of data for one particular type of local buckllng in

é Qd:‘ _ folded plate structures. Therefore, a few slightly different

é types of tests were tried and that which ylelded the most exten~

| sive, consmstent results was used to verlfy theé accuracy of a pre~

’ v1ously developed computer program. In fact, the test set-up de-
scribed herein was used to perform tests on concentrical%y and

eccentrically loaded columns. ' It was soon discovered, however,

WAl .

that the effects of overdll'beﬁding in the columns tended to mask

thé effects of local plate buckling. Therefore, the majority of

EE i L e M
©

the effort was directed towards concentrically loaded columns,

Bo}h loading cohditions were, in fact, attempted, but the logal’

3y wnrn

: o . <
buckfing“phenomenqn soon proved to be much more readily v181blg ?
when the loading was concentric. The tests were thereafter de-

" voted to obtaining an extenéive set of data for the concentrically\

loaded ‘column, T

f )
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. PHEQRETICAL SET-UP
3.1, Photoelasticity Theory -

Thereé are-three areas whicﬁimust be considered in ordér to
describe the theory which has been used during‘the course -of this
research. The first is the basis of the photoelastic coating
technique for which a deta%led theoretical description is beyond
the scope of this study. Anyone wishing: to havg more information
conecerning the‘techniquefmay refer to the bibliography where some
basic and traditional works are listed. There is als? %ention of
some mbre recent developments as well as specialized case studies.
It may be useful, howevef. to give a shert, rather‘general; des~

crﬁgtion in order to bring to mind the basics of the techniqué.

The theory of photoelasticity is based primarily on the

~ theory -of light and some of the special properties of certain types

of plastic. Light is a series of waves containing vibrations in all

_directions pérpendicular to theé direction of propagation. The vel-

ocity of 1light in a vacuum 1s a constant, ¢. In transparent bodies,

the velocity is slightly lower. The ratio of the velocity of light

in a-transparent body to the velocity in a vacuun is called the '

1

index of refraction. In most materials ‘this index is constant,

regardless of the direction of propagation. Crystals are.an

[
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exéeption to this rule. The index depends upon the orientation

of the vibration of the lighéﬁégth respect to the axis .of the
crystal. Most plastics,‘oh the other hand, exhibit qpiical pro-
perties of both crystals and other transparggi bo@ies. They be-
have isotropically when unstressed but anisotropicall&“when Stress-

ed. In%erestingly enough, the change in the index of: refraction

4 e, e e v
‘is a function of the strain induced. This behaviour is comparable

to the resistance change in an electrical strain gauge.

The introduction of a polarizing filter into the systém |
causes circularly polarized }ight to be generated. As the light
beam strikes the plastic if splits and two plaﬁe polarized beamg
are formed which lie dlong the planes corresponding'to the planes' .
pf'princ;pie strain'at‘thé point of gntryl The time required for )
the two|light beams to pass through the piece will be a function of -
the thickness of plastic at that point and the'velocity of the
beams. :The relative retardation between the two beams is therefore
simply a function of the thickness\of thé plastic and the difference
in the indices of refraction. Since it was stated earlier that
the- index of.refraéfion is proportional to the strain and a pro-
perty of the plastic called the strain optiéal coefficient, the
relative retardation is proporfional to the principal strain dif- .
ference at any point. In a study such as this, it is.benéficial to
produce circularly poiarizéd'lighf in order to study:lines of equal :
colour. In this system fhe intensity of the emerging light is zero
when the relative‘fetardation betweep the waves is equal'to an in- pa

tegral multiple of the wavelength of the light. For particular
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values of wavelength, a particular wave will disapppear aﬁd the com-
plimentary wave will be seen. By refining this basic theory and
evaluating.specific cases, a "colour-stress conversion table"™ (See
Table 3-1) has been_deyeloped; The expreésion for the différence

in principal strain is:

* (€476, = 'z'i%%— |
,Where N ' = Integer tL
- A= Average wavelength of white light = 22.7&10‘615
Ei&ﬁz = Principal strains
K = Strain Optical Coefficient or Sensitivity

t = Thickness of Plastic

3.2 Pinite Elément Program

. The finite element prqgram/which was used.in this study was
developed and perfected by H.P. Lee (32). It woﬁld be beyond the.
scope of this study to explain it in any great detail but a'geﬂeral
description will be included so és to- familiarize the reader with

its overall capabilities.

The general approach in the finite element method is to

divide the structure into a series of elements which are given an

assumed displacement function: The choice of eleﬁent size and _

number is important because this is one factor which determines the

" degree of accuracy of the idealization. Usually, gﬂe m@re elements

that are used, the more accurate is the solution. Unfortunately,

- the nﬁmber of calculations which must be performed in order to solve

N \ .
the ﬂ}oblem is directly proportional to the square of the number of

4
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5 COLOUR . STRAIN STRESS

: "{ uin/in psi

f Black 0 0 °

Grey 170 1300 |

| u white 430 3300 :
Very Pale Yelléw k6o | 3500 ° %
Light Yéllow 500 3800 %
Brown-Yellow . 720 5500
Reddish-—Oraﬂge 840 6500 !
Red - $00 . 6900 ;

- Pint of Passage, 1 945 7200 :

Indigo ,0 " 980 7500 f
Blue' 1100 8500 :
Green 1250 9600 .
Greenisijellow 1450 11200
Pure Yellow 1520 11700 e h
brange 1670 12800 é
Dark Red 1830 14100 ;
Tint of Passage 2’ 1890 14400 ';
Indigo 1910 14700 %
Green 2200 17100
CGreenish-Yellow 2380 18300
Carmine Red 2550 19600
Tint ofqéassagg 2835 21700
4
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Colour-Stress Conversion Chart

rahle 3-1 , ' ‘




35

PR
-

. 7

.,i: elements. Also, the choice of displacement function must be care-

Ao A e sms = e

fully made so that the representation chosen accurately reflects

the actual;behaviour of the structure. Elements are defined by

g

the coordinates of their nodes and their degrees of 'freedom.

The element which was used by Lee has three components of

translation and three of rotation. " The ‘polynomials which corres-

pord—to each displacement function are:
w1, Xoo9'xy 0] : A y
vi 1, x, y, X%, xy, x0, x%y, %y
Wi 1, x, ¥, xz. XY, yz, x3, x y, xy ’ y3, x3y, xy3
This element was chosen to best descrlbe the type of behaviour ex-
pected in folded plate structures. It is necessary to set up the
(W . elements ang “number the nodes in a certain manner in order to
) achiev; the maﬁimum effieiency of the program. ‘The 1dea11zatlon
whlch was used in this study is shown in Figure 3- l. The ?aterlal
properties which were used iﬁ this idealization were shown in |
Figure 2-2. It is necessary that'for this type of study, where the
material is assumed to have non-linear properties some type of
material idealization be used which closely'apprdkimatés the actual
material behaviour. ‘In this study, tesis were performed on coupons

cut from the actual test material and stress-strain curves were

generated. This basic information was used to develop a matﬁemat— -

" ical curve which could be used by the computer. : \

- . ' . )
L i N ot

The program gave results for stress and strain at various

load levels and at various points on the structurers It also gave 3 ‘1}

]
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results at various levels-throgghqut tﬁe thickness of the structuré.
It was therefore necessary to use the valueswfor stress and strain
at each outer surface corresponding to each point in order to separ-
ate the flexural and axial components of stress. Once this was déne
f% was necessérj to convert these individual values of‘stresé and
gtkain at a point into corresponding values for principal stress and
strain differences. Th;se resuits were then coﬁpéred directly to the
reSuiys'oBﬁained.from the experiméntal program. '
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o " ' DISCUSSION OF EXPERIMENTAL RESULTS

R R

>

. ) /
. x ;’ The column was tested under a concentric axial load. The<

b

cross-section was a shown'in Figre (4-1). The nltimate load was .

N ol

15,200 1b. The load;deflection record was as shown in Figure (4-2).

r

The column behaviour throughout the experiment was similar to that

2 S TP SR I

of the uncoated specimens. There were definite indications that ) &

the previously observed buckle pattern in the charinel web was gen- ?
erated. ?his was éeen by the colour bands in thé photoelastic

coating and also by the extérnal appearance of the top aurface of ',.

E SNt Ty

‘the‘plastic which exhibited definite high and low points although

.no actual deflection readings-were taken. As previoufly stated,

it was felt that a great deal of work had already been done in this °
area. ‘The major aim in checking that this phenomenon occurred was
to énsure‘that the general behaviour of fhe coated and uncoated

specimens was similar.

The second major observation was the actual mechanism of
failu;e. Both the coated and uncoatéd columns first showed signs
of buckilng\and kinking at a section abopt one-third the length up
from the bott&m. Also, in both cases, the bottom of the coiumn then

. rgggted and the load-carrying capacity decreased.

~
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It was felt that, since the general behaviour throughout /

F)
the loading sequence and the actual mechanism of failure were

similar in both the uncoated and coated specimens, the test set-up

and idealization were accurate. s

¢l

a

Upon de?ailed examination of'the photographic records. of
the éxperiment, one can easily o¢bserve the exPecfed propagation of
stresses. At the-ﬁutset of tﬂe 1oading séquence, there is a fairly
evenly distributed dark grey colour throughout the specihen. Some

isolated areas of white and yellow are v%%ible but these are at .
: - b .

points of direct load application and can gggattribufed.to the

small‘initial loads used to hold the specimen in prope} aljgnmentl‘

_As" the loading sequence. progresses, definite.baﬁds of colour .become

ihcreésingly discefhiblé. As the load level is further increaseéd,
the?coiour patterns begin to repeat. There are definite areas,f
more noticeably at the ends directly under the poinﬁ of application
of the load, where the width of eich colour band is very small.

AN . .
This signifies that in these areas the level of stress is changing

very rapidly from one point on the cross-section to another a slight

distance'away. As the load level is increased, it becomes apparent
that there are 6ther areas where the condition of répidly.chaﬁging
stresses is exhibitgd. From a relatively early stagg in the load~
ing sequence, narrow colour bands can ﬁe seen ét a point about one
third of the leﬁgth up from the bottom of the specimen.' The ﬁands

gradually-ﬁiden Both above and below this point. From a relatively

|
v

f

early stage it can Be deduced that this area is vne where relatively .
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high\stresses and perhaps local instapility ‘may be exhibited. In

; 3 retrospect, this is in fact the case. It is precisely .at this :
N . § . ot - . !
point in the specimen that the failure sequence is initiated. The

question that immediately comes to mind is why did. thegg high

S : stresses and the accompanying instability occur at tﬁﬁs particulaf
o ; point iﬁxtﬁe structure? The question is definitely®worthy of con- -
‘ sideration and will be dealt with later in the diécussion. However,

one factor that should definitely be at least pdrt of any explana-

f " . . ' tion is that of initial imperfections. Either material or geo~-
‘hetric(imperfections; possibly éome combinati?n’of the two, contri~
buted to make’'this point in the structure panticqlarlyvsuéceptible
? to hlgh stresses under this type of loading. Finélly, the possi-

o ' 'bility of.human error in the- test set-up, regardless of how small

3 «

‘j\ ’ would deflnltely#contr;bute to making some areas of the 0r035-sect10n '
| ” - .

g” ' _more critical than others. S

Y 1, h w

. /The:diSplacement of the tross-head of tﬁé testing machine

during the test was plotted automatically against the load level.
. The resulting,rélatibqgﬁip\&s shown in Figure 4-2. As was tO‘b; ex-
pected;’there is a certain séction of the graph that is a straight
liﬁe. This illustrates that the structure is deformlng l%nearly
durlng'appllcation of the load. At a load of about 800 lb there is
a definite c¢hange in slope of the graph._ At thxs .point. the struc-
ture, af;\r hav1né undergone some initial rate of deformation,
- begins to stlffen. The structure behaves non-}inearly as it con-

. t1nues to stlffen, up to a load of about 2000 1b. From this point

up to about 10 500 lb the graph ‘is once again a stralght line

e, -3 w
( 2 \\
2 S~
‘ . ) 2
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? i; ,  indicating a basically linear-behaviour. From 10,500 1b-to the’

& { ~ e N ‘

%‘ ultimate load of 15,200 lb the behaviour is again non~-linear as
%}v ¢
y

the structure starts to weaken and finally collapse. It is quite:
, . g Yy N
R v apparent thét there are various .phases that the structure passes

PR ES

thrnugh in the course of the test. The phases during which the =~ °

<

structure exhibits a 1inear type of load-deflection hlstory il=-

TE e ww e

1ustrates a condltlon wherein the structure is ba31cally stable and
most ;f the deformation is axial .in nature. On the other hand the
N sectioﬂs‘whicﬁ are non-linear indiqete that the structure is un-
| stable to some extent and the deformation.which is recorded is due
to combined axial and, flexural effects. The first non-linear : ‘
section,(from 800 1b ta roughly 2000 1b) is probably due to a -

\_“settiing-{n”‘effect. The structure has taken some load and has,

1‘:? ' " as a result, undergone a certaln amount of deformation. At this

p01nt. the stlffenlng effect under load becomes significant enough
to become apparent in the loaﬁ-deflectlon curve. This effect is
' ' transient, however, and as soon as the structure once agaln reacﬁgs

a state of stablelequll;brlum. the llnear relatlonshlp reappears. i

: Y
It is only when the effects of the buckling become significant

g

that the Behaviour again becomes non-lineer; At this pointoand

beyohd. the bending‘stresses'are starting to have a large effect on

y

the beha&iour of Ehecstructure. It is the-natural stiffening effec=

a

_of the plate elements which tend to allow the structure to stiffen
after initial deflection. It is this phenomenon which gives folded
plate structures the great reserves of post-buckllng strength for

. .
.
,

which they are noted.
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It is possible to select individual points in the specimen

g

e

and try to gain some knowledge of their behaviour by the propagation'

of stresses and strains. In actuality, the curves in Figures 4-3,

&\

¥

2 ‘ { L4-4, and 4-5 are a plot of load verses ﬁrinéipal strain differences.

s
&S
Pt

3 s
o

The curves have. been plotted for three points. The principal strain
. : .f ’
o differences were determined from the photographic records at the

center of Elements 11, 16, and 21. These three poigis aré all in

: " the general area of the buckle which appeared im the test specimen.'
Therefore, it iS'pFobably correct to assume ‘that the effects of
buckling had a more long-lived and pronounced effeé%ghere than at

any other point in the specimen. The bending éffect7 should prob-

t

' ably have been more noticeable and significant at'lo@ load levels

at these points than at any others. - g
; (:. ' Taking first Element 16, and investigating the shape of the

[ e S

] . curve of plain strain difference versus load, it can be seen that

the relationship is very nearly linear up to about 7500 lb; The

curve starts to diminish in slope at about this point signifying .
E
that the deformation is starting to become non-linear and the

k)

‘sxfuctgre more flexible. However, at a'loaq slightly higher than
?ihis. actually somewhere between 8009 and 10,000 1b, there is ;

! point of inflection. This could be iw\ifxdicatidn that the structure

“ has buckled locélly and, as a result, def;ecﬁed out of plane. This

Imﬁefiection has gaused the stiffening effect which is illﬁstratedl

. by the steeper slope of the curve. From this point on, the defofm-
ation is gradual'but continuous, and constantly in - the same direc-

t

tion. The st?&fening effect #5 seen from the curve to continue to

3
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‘the result of direct axial load. The second stage is short-lived.

a point at about 14,500 1b. At this point, the slope of the curve L
changes fapidl& and the deformation and principal strain differences
increase very rapidly with only a slight increase in ioadq Flnally.

at a load "level of’ about 15, 200 1b, the load-carrylng capa01ty of |

the structure decreases sharply and large deformatlons take place.

The sequence of events which occurred dur%ng the test can
be summarized as follows. From the outset of the test, the column

behéves<;%nearly and most of the fesulting stresses and straiﬁs are

It is the stage where the 'column exhibits a non-iinear behaviourt. w. ‘
This is most likely due to a .situation where bending effects. have |
become'eigﬁificapt'with respect to axial effects. -It is somewhere
in this .stage that the actual buckling of the plate.elements takes
place. The third stage occurs when the adaacent plate elements
start to have a stlffenlng effect on the buckled and deformed ele-~
ment. Thls stiffening effect continues until the ad jacent plate

elements themselves become unstable due to the high combination of g

- e

aiigl and bend?ng stresses. It is not easy to determine the exdct
load at-which the transition from one stege to the next occuts.

This is undersfandeble because the column is not ideal and therefbre
there are no sharp tran51tlon p01nts but -rather gradual traﬁ31t10ns

which take’ place over.a 81gn1f1cant load inferval. y

R Ge Rae i L S RS

It is néw\appropriate td investigate some of the other

points in the immediete vicinity of element number 16. This should

give some indication as to the validity of the previous.assumption

f




" - °
that the buckling was initiated in this area. If buckling @as in-

itiated at this location, it would be natural to assume that other
points on the cross-section would diépla& the fraditionhl signs of

" a buckled condition t0 a lesser degree. Investlgatlng ﬁ?lnt number

11, whlch is situated along the length of the column at a point %%

slightly lower than Point 16, it is evident that the expected re--

sults indeed occurred. The stages through which the poigf péssed

during the load-sequence are once agagn evident. However, it is

clear that the tran51t10ns from one stage to the next are ﬁore '

gradual and even less clearly defined. The curve of load versus
\prlnclpal strain difference is almost-linear -up to about 10,000'1b:‘ ‘
3 At this pOlnt there is a definite. stlffenlng effect. However, from
thls p01nt up to the eventual collapse 1oad it is evident that the
bending strains beqome increa§ingly more dominant. From these
observationé, it therefore seems correct to .conclude that although
this point displays some of the traditional characteristics of a , .
buckled situation, none of the signs appear to be so’strOng as to’

lead to the conclusion that buckling was initiated at this point.

Point 21 is the next to be examined. Once again, the
familiaf’linear section of“the load-displace@ent curvé at a load [
somewhere betwéen 8000 1b. and 10,000 1b. is evident. Thié initial
stage is followed once again by a relatlvely short stage where | ,
stiffening is apparent. This stage is followed by a longer one
;hefe the bending gffeqts become increasingly more s1gn1flcapt un-

til finally the load-cgrrying capacity decreases and céllapsg‘re- o

splts.y Once again, these stages are characteristic of the history
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of a plate element undergoing local buckling. However, these
{:. characteristics are not evident to the same extent as they were
for Element 16. Point 21 is located higher on the' length of the

column than is Point 16. From the evidence that has been presented,:
s ' L - k

IR IR R AT o o e v,

there can be little doube that the local Buckling of the major

plate element of the column was initiated very close to Point 16. 1
o o -

P@ints 11 and 21, situated above and below Point 16 on the column : ‘

? ) length, both show indications that theykare in the general vicinity |
of a local buckling phenomenon. However, neither of them show thesé
indications to as great a“de%ree as Point 16. . Q ) ‘ ‘

The second ‘effect that can be observed from these experi-

ments is the prdbagation of the stress pattern. B;'studying the

‘ ov;rall structure and observing the stress patterﬁ fr;m one load
( . level to the next, it is possible to gain some kﬁowledge of the
actual behaviour of theISpecimen as a whole. (lassical theory

indicates that where an axially loaded structureimi}p up of plate

A

elements undergoes local buckling, the pattern that the buckles
take up is that of a series of square panels. It can also be shown
¥ that adjacent panels in a series of square buckles deflect in op-

posite directions. Therefore, if one were to study the relative

) ‘ . ? > ‘ 3
stresses and strains which are present in a loaded specimen ef this
] type, one might expect to observe a series of circular or relativel:i
¢ircular contours. There should be concentric contours very close

- #

1 - together in the case of rapidly changing stress or, conversely, far-

ther apart in the case of stresses which are not changing as rapidly.

In each case, the outér ring of each set of contours would be ad-

—— ,4,_/_//‘
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jacent to the outer ring of the neighbouring set of contours. This
pattern should be apparént whether the specimen is loaded éoncen—

trically or eccentrically. However, in the case of eccentric load-

E)

ing, this effect might be harder to discern depending on the degfée

 oe eccentricity. In the case of . high eccéntribity. the overall

bending effects could make the pattern of ring contours harder to
recognize. However, upon close examlnatlon, it should always be

possible to separate the two effects and isolate them.

. Photograph b-1 was taken at a load 'of 7000 lb durlng a

test on a concentrlcally loaded column. It can be seen from the

' changing patterns of colour contours that, for the majority ofgthis

@ ,
section.of the structure, the changes in principle strain difference

.are rather gradual. Only near the very bottom of the colour is

there any indication of rapidly changing levels, of stress. This is

undoubtedly due ‘to stress concentratlons created by the end effects

L

Y o

due to bearing.

/ It is also interesting to note that, even though there is a
small area that is obscured by glue Whlch has squeezed between two
adaoinlng pleceg of plastic, the general colour”pgtterns seem to be
continuous andvconsistént on each side of the}plastic jqint.‘ From
thi;'picture, it is quite evident that no apparenilbuckling has
taken placé at this load level. There is no indication of circular

contours or even repeated colour bars-which could signify colour

contours in a less than ideal specimen.
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- Colour Patterns at 7000 “.fl.b
Photograph 4-1 .
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Photograph’h-z shows the same area of the same specimen
during the same testing sequence at a load level of 8500 1b. The
same general effects are recogﬁizable, although eaéh seems to be
present to a greater degree. Tﬁe stress concentrations due to the
end effects are very noticeable, even to the extent that it can be.

4

seen that these concentrations originate at the corners of the

column and that the center of the largest plate eiement is relative- -

3

.

ly unstressed at the base of the columh: Once again, there is re- ;

- r/
latively little'%ndicdtion that buckling has occurred. It would

be safe to'assume that no local buckling has, as yet,. taken place.
A; this load level it is again noticeable that the continuity of
colour patterns is quite good acréss‘the Jjoint between adjaceqﬁ
pieces of plaﬁﬁic. This would lead one. to beliéve that very little

&?esidual stress was introduced into the plastic during the ‘bonding:
procedure. ‘ :

-

Photograph 4-3 shows, once again, the same conditions as
the’brevious two pictures but the 1oadfhas been further increased
to 10,000 1b. At first glahce, the same pattern as the previous
two photographs seems to be‘éxhibited. However, upon closer ex-
amination, a subtle différence is evident. wﬁereas at loads of
;OOO & 8500 1b. the colour pattern was rather scattered'and[actu—
ally did QOt seem té have an§ definife pattern, this is not quite
the'case ;i 10,000 1b. The colours éeem to have separated into .
two major distinctive regions. The first extends from just slightly
above the end effects and continues to jusf below the interface be-

tween the two pieces of plastic and it is basically all yellow.

N

e




Colour*Patterns at 8500 1b

Photograph 4-2
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4
This is interesting since 1t seems to 1ndlcate tnat this region has
undergone some kind of chaﬁge which has caused this whole area to
e . be stressed to roughly the same level. The sectlon of the column
» Wthh 1s dlrectly above this reglon is also practically all red,
;ndlcatlng that this region 1s also all stressed to relatlvely the

same stress level, in thls.case a higher one. These observatlons )

B on ST TR B L Wt Wt ey i g irs o
=y ..

o ecould indicate that any one of several different conditions exist. W

First, they could poiﬁt to the fact that some type of local buck-
. i

, ar

ling has taken place and'that the out of plane deformations one
. ' would eXpecf have’ actually taken place. The different colours give
some indication of the locatlon and extent of the buckle and could

o+

) ’ be used to estimate the extent of the deformation. The large areas

T ity o Sty o e

: ofldlfferent colours could alco indicate that the dolumn loading is

¢ "~ “ not actually concentric and that the loaq is slightly oisplaced in .

o the out of plane direction of the major plate element. "This would
cause the entire column to bend in this direction and 1néuge stress-
es whlch would 1ncrease "toward the center_of the column. It is

quite possible that the effects which are 1llustrated in the phcto-‘ i

éraphs are actually a comblnatlon of these two possibllltles. There

is-another condltlon which seems to.have begﬁz to develop in this

« 1

s i s o e St ———————— b e T e (e, 377 et
- A

- i I

photOgrapH’whlch is worthy of mentlon. If the end effects are‘.
. studied closely it becomes obv1ous that the effects ‘are more pre-
domlnant on one 51de of the speclmth.< This could 1ndlcate that thc
‘ ~ loading on the column is dlsplaced‘sl;ghtly in thc)trgnsverse Ai-
rection. Tpis'is‘hot-neoessarlly a detrimental situation in the

R 1 . ‘
light of the entir%wexperiment. Actually, it would be quite un--

~— . ﬁ ~ N Y . ’
) . reasonable to expect that, in an gxperiment of this type, the load-

3
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ing would be perfectly concentric. It is, however, necessary to -

o

keepr%hese points in.mind\&hen analyzing develepments and conditions

in subseqoent photogﬁaphs. It is als0'pn?bablé that some of thesé

“effects are due to the fact that the columh was fabricated by the .

author on a hand Operated press brake and naturally does not demon-

strate all the qpalltles of :an ideal column. °. )

i
e . . . 3
v

@ bl

&

. ’ of ¢ ' .
Photograph k-4 shows the stress paftern at a load’ of

11,500 1b. Some of the. same effects prev1ously discussed are once
again evident, They*are, however, startlng to bedome more readlly
visible. For example, gn thlsvphotograph there are very strong Q
indications that the column loadlng is definitely dlsplaced in the g

transverse darectlon and that the oolumn geome%ry is such that the .

column is’ p0531bly blased slightly toward one side. . There 1s de~

v

flnltely more red on one smde of the column‘than on the other and- ;

pa

the end effects on that same side’ “have extended much hﬁgher oh the
C

' column. There is one interesting observatlon. however,~that*can be

made concerning the buckllng phenomenon. The expected serles of

clrcular cblour contours seem to have started to develop They are,

9,

:however. develop;ng not en the . center line of the eolumn as eprcted‘

Q

but are displaced to one 31de. ThlS would seem to be con51stent w1th

® b

some of “the observatlons. ﬂhat this means is that because of the

K4

sllghtly eccentrlc load, the normally v1s1b1e and centered stress u
contour due to local plate bucﬁilng are belng somewhat obscured and -
mixed w1th the stresses generated by the unexpected overall b1ax1a1
bendlng of the column. Unfortunately, this makes deta;le& study of

the buckling effects’ somewhat more dlfffcqlt. It is’ still qMite 3
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possible, nevertheless, to make'geqeral observations aﬁﬁ qﬁite prob-
ably draw some reasonable conclusions concerning this phenomenon. ‘
}It is interesting to note that the presence of the colouf contours |
seems to be centered about 7 or 8 in. up from the bottom of the '

column. This is interestihg for. two reasons. First, when the

B 1 e b SnOe % s o

§raphé of }oad histories of individual points on the structure were

discussed, ie}was determined that the local buckling was centered

at just abou% the same location on the column. This would seem to
. verify ?he hypot@eeis that the colour pattepns&whieh are obsereed b
N ere actually being produced in part bj the local buckling effect. E} ‘
J It is also interestlng to note that the load 1eve1 at which these |

effects were first observed was somewhere between 8 500 1b and

10,000 1b in both cases. The second .effect that is of interest

‘ N
st s F s
~

is that, after disregarding end effects, the approiimate length of
the buckle pattern is roughly the same as the width of the plate
elemént which has buckled. This is 00n81stent w1th cla551cal plate ; §

theory which predicts that plates should buckle in square panels.
N ! 4 ) -

Photograph 4-5 shows a further stage of the loading sequence nd
at 13,000 lb.' Once again the previously discussed effects are not’
| only pre\fnt but are in fact ev1dent to an even greater degree. N

The colour contours rﬁflectlng the stress pattenns are becoming '2

leven more reflned. On close examination, green, yellow, orange, - !

| ‘ | red, blue and finally a second green and a second yellow band are

/ N NP >
all visible., Once again the center of the set of bands” is shifted

-

to the side ané is still located in approximately the/same location.. s |

(*) The end effects are ve}y well defihed and the stresses on one' side

prawnT
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‘sqgggto be quite significant. There are at least three green bands
le. However, ‘the effects on the other side are substantially °
less. It is very probable that the stresses due to axial compress-

ion are being reduced by the tensile stresses induced by thg over-
®

all bending of the column. S ot
Photograph 4-6 shows the stress pattern at 14,500 1b. It
is evident K that some radical changes-have taken place.- The stress

levels have definitely increased sustantially. It also seems that

‘the effects of overall bending have become much more significant

than those of local plate buckling. The colour bands have switched
frdm being a series of relativély‘concentric,circles to being wavy

lines of colour which run mostly‘veftically ver the length of the

column. The bending of the column 'in the transverse direction would
normally give rise to a series of stra{ght parallel lines running

the length of the column. The b&ckling effect causes a series of
concentrlc circles. Comblnlng these two congltions in the relatlve
degrees that they exist glves rise to a series of wavy vertlcal

11nes. Therefore, even though at flrst glance the effects of local-

“1zed plate buckllng do not seem to be evident, upon closer examlna-

. tion it is evident that, not only are these effects present, but

they are contfibuting suhstantially‘to the overall pattern.

Photograph bon shows that,the stress pattern at the time of

'faylnre at 15, 200 lb. The. wavy vertical- 11nes are very much in

ev1dence and 1qrfact. they predomlnate. The column failed due to a

&
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slight kinking effect which was located very close to the inter-.
face of the two pieces of plastic. In Photograph 4-8, it is evi-.
dént'that the stresses are very high in this region and that it was

probably due to theéé high stresses that failure resulted. It is

also quite poss1ble that some, 1n1t1a1 imperfections ex1sted in the

original' specimen at this p01nt and that thls 1mperfect10n led to

" the accumulation of high ‘concentrated siresses in this megion. In- "

" itial imperfections, possibly at $he interface between the two

pieces of plastic,” could be responsible’ for giving rise to many of
the different éffects that have béen discussed.: However, the mode
of failure of the column was the same:as for the uncoated column
tested préviously\in a Siﬁilaf fashion. Therefore, it is'réasonable
to assume that, although initial imperfections can slightly alter

the effects at certain p01nts and may even sllghtly affect the ‘be-

haviour of the co}imn, in no way did they cause the general ove;g}l

behaviour to-deviate from that of the coﬁtrol specimen. Further
photographs showing]different portions of the column at 'various
loads are included in the appendices. Overall photographs of the

t

coiumn at failure are'élso\{;cluded, ‘
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CHAPTER 5

COMPARISON -OF EXPERIMENTAL & ANALYTICAL SOLUTIONS \ .

<

During the course of the research, a finite element method

. ‘ of solutlon was, developed by H. P Lee (32) which was espec1a11y

i suited ‘to this type of work. A detalled description of the method

R DI PPN -2 o Lot L

R e
.

may be found in some of the references listed in,the big}ipgraphy.

¢ o

G T e A s

»

It is iﬁteresting to compare and contrast the results of

B an s
.z i o

i

Y

this sophisticated computer idealization with those obtained from

° the actual‘experimental tests. * In the early”stages bf this study,

o et

(', . when the flrst computer and experimental test results were becomlng

P

avallable, it was reallzed that a simple comparlson of the pr1nc1—

pal stress and straln dlfferences at any partlcular point on the

© it

specimen did not seem very promlslng. Plots of prlncipa; strain
differences vefsus load resulted in curves thch seemed to be of
an/enturely dlfferent shape. It was de01ded therefore. to try to
separate the ax1al and flexural components of stress and then make

individual” comparlsons. This was done because it.seemed qulte

SSEARORTG e e B L

' pOSSlble that flexural stresses were belng introduced into the ex-

TR IAT T S

perlment that were not belng 1ntroduced into the computer ‘model.

, ’AFhlS was discussed in Chapter b and it has been shown that this is
" most pjpbably)what actually happened. It is possibls to investigats

'
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bbf@ sides of the test specimen at any given point and, by perform-
ing the necessary arithmet;c manipu}ations, séparate\thé flexurél
and axial componehts of stress. Rféht from the beginning of this
study, the experlmental and analytlcal solution metﬁfgs were both
des1gned so that the stresses and strains could be determlned on

both exterlor faces. *

¢ &

In 6rdep to proceed from “the conclusiohs that have already.

" been reached, it is the intention of the fhuthor to continue to dis-
\ N n

cuss the same region of the column that was previously studied.

‘The intention is ‘to plot'qn the same grapha¥ﬁp resulti\gi/B:SKZZ;;:>
computer solution ;nQ the experimental results. The firét poiﬂt to
be discussed, therefore, wi}l'be No. 11. Figurelj-l shows_%he‘plot
of principal plane strain difference versus load for both éolutiénﬁ.
It is quite apparent the correlation is very good. 1In fact, the
maximum dlfference is d? the order of 20% and in places the curves
actually coincide. It is interesting to.note that even t;e general
shapes of the two curves are almost identical. Both curves are re—\
1a{§vely straxght up to about 8,500 lb at which point the behaviour
becomes slightly inelastid and consequently the lines start to
‘curve. Thls curvature becomes more pronounced as the- 1nelastlc be-
hav1our gradually domlnates. There is some difference in the two
curves at about 10,000 ¥. Up to this point the experimental'

curve has bent over slightly and then started to stiffen and return”
more to the shape of analytlc solutlon. There are “two p0331ble ex-
plQFaflons forpthls, First,‘lt could be thgt some unknown effect /

T e




68

Lo® .
o SRR |
N ; . '% .«
? ‘ i
( Element No. 11 ( at Centerline of element ) !
] * Finite Element Solution . )
§ C X Experimental Solution
b 15000 - -
§Y -« 1] a*
]? . : [ |
| “
-~ -
z I L |
,‘ - .~§ o . o ]
L - ay
! ' !
i ‘ . i
§ 16000 { i
! ' f
E ‘ ;
i ’\( ! . . . ) ’E
load ' L . R ERNEN 'E’
T " (1b) ' ) ’ . /
T yam j
3 i
. i
| - .
i .
! 5000 1 o :
-~ © H \ ! 1
; ’ |
- u '
¢ . [ »
[-3 ‘ .
.éi : ~ - o
o ‘ , 1000 2000 3600 14600 5000
L (€-£2) Plain Strain x 1076 L
: ’ Figure 5-1
<ty ] _ 3 . rur 10 4




Lt

69
E. C o has caused the readxng at this point to be slightly in error and
: B ' ‘
, % that the curve should actually be a smooth one which approximates '

C2N

that of the computer solutlon; The second possfgility is that the
, . v k . s
b

experimental specipen actually buckled at, or near, this.point énd

, then subsequently stiffened to produce' the curve shown. Which of

the two effects, if either, is the actual cause for the deviation

Spgess

is difficult to determine with any degree of certainty. However,

K

2

it is interesting to noté that, gven'though these indeterminate

2

factors are present, the plots of the two solutions are actually

e | gOntRt A FETHRARS *:;‘ P AL S s

P

o e S ot
i

.quite similar. In fact, even at maximum load the difference is
ﬁ « _only. about 7%. :

/

The- second point under conslderatlon is point-16. The ?
plot of principal straln dlfference agalnst load is shown in
Elgure 5-2. At flrstvglance. this plot dqes not seem to exhibit
the same\qharacteristib; as in the previous case. There are, how-

v

ever, some marked similarities between the two 301utions. For ex-

ample, once again the two curves have the same general shape up to

o o i 0

about 8,500 1b. At this point the curve showing the experlmental
golution has'started to Jpecome inelastic to a slightly greater ex-
tent. At the same poin% however, -the computer model Starts to
show very strong tendencies to stlffen whereés the same effect, '
- L although present in the experlmental results, is much more gradual.
: In fact the experimental test results seem to” 1nd1cate that the

.speelpgn keeps stlffenlng until only shortly before fallure.r In

the computer model, the structure undargoes a certaln amount of

»stiffening and then continues to deform ;nelasg}cal;y. This should

B TR v I ey M
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not_be surprising, however, It is gquite natural that a more ideal

model will behave in this manner. Due to the inherent imperfec-

P
4

t;ons in the physicelitast specimeh.~the'béhaviour will beogredual°

rather than sharp and prpnpuhced as in an ideal case.r It is of

interest to note that although in one case the behav1our is graduas
B R
and in the other tﬁk effects are seen aﬁruptly that at the very

hlgh load of 15,000 lb. the difference between the tWo levels of
A ) N ’

'ﬁrincipal strain difference is less than 10%. .

‘Point Zl,the next under consideration. :In this case the

two cyrves, although §hej haye basically the, same shape, exhibit

"quite different«levels og principlélstréin’difféfence. As illus-~

trated in Figure 5-~3, the principle strain difference found in fhe

*

'exper1mental model are 31gn1flcantly larger than those found in the

computer model. To a much smaller degree, this is also the case

for the previous. two pointsf' There is a possible explanation for

_this, however.<;fn the computer model, the specimen ;is modelled in

such a way‘thét the load is introduced intofjhe cross-sectibn in-a
perfectly eyen manner. The ends are assumed to be 100% #erpend1c~

ular to the axls of t@gﬁcolumn. In practlce,xthis can never actu-

i‘all be true. No matter how much care is taken. the ends of a test

e

specimen can never be perfectly ilat.' This in itself would tend to

introduce an uneven stress‘Qistribution into the cross-sectlon.

This effect alone would not. however, -produce the degree of dlffer—

. ence that is exhlblted in Figure 5-3 In fe.ctL the load would. tend

to distribute 1t3f1f\evenly over the cppss-section.t However, there

is,an effect which4ceuldxbe significant in producing'fhiS‘result.
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It is the fact that at the-outside of the column, along the 'stiff-
3 \ . ' R

\ (2‘ " ening lips of the channel section, the plastic did not in all
cases end flush with the aluminumo In most cases, in fact, the

* plastic ended slightly before the edge oﬁa:he aluminum. This was

due to the manner 1n which the plastlc was molded onto the a1~

e s o

uminum. " It is very dlfflcult to ensure a completely flush edge
.and, at the time, the author underestimated the importance of ‘this

“ ' effect., The effect of thlS situation would be to sllghtly reduce
the load~carry1ng capaclty of the outer edges of “the cross~section, .
somewhat llke reduc1ng the cross~sectional area.’ This would’ natur—l

ally increase the skresses and strains in the central part of the

I ot £ S gy % T T

s

cross-section slightly. With this in mind, it now becaomes easier

’
to see the similarities between the two curves. As in the case of -

éﬁ
H
b
%
&
i
1

Point 16, Point 21 illustrates perfectly the inherent‘differeﬁces%
between ;; idéél and an actual model, LThg effects present in the

‘ comfute; model are present in the experimeﬁtal model but the tran-

| 31t10n from one stage. to the next 'is much more ‘gradual.  The ef-'
fects which consist of an 1nit1al elastlc behav1our. some sub-

) ;equent type of 1ne1astlc behaviour followed by a general stlffen—
ing, and flnally 1nelastlc behaviour and fallure. are present in
both models.- ﬁnterestlngly enough, upon ‘close examination it be-"

.-comes evident that these effeqts are each present at approx1mately
the same correspondlng load levels. . / .

P01nt 26, shown in Figure 5-4 illustrates basically the '
same p01nts. It is evident that thls point is qulte a~distance

from the point of the ;nltial onset of buckling. ;All'pf the pre~
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v1ously discussed effects although present, are. shown to a much
lesser degree, almost to the p01nt where the curve is a straight
line. ' Thege are undoubtedly 1ndlcat10ns that buckllng takes place
and that a general. stlffenlng of the specimen results.

it is evidénf, upon‘ihvestigating the behaviohr of all foyr
p01nts. from both the computer and exPerlmental results, that the
buckling was 1n1t1ated at Point 16. In fact "there was an attempt
made in the computer model to initiate buckling at this point.
This was done after the initial tests were made on the uncoated
specimens. These specimens buckled at /this point and after the
‘first test with a coated sﬁecimen it was noted that again buckling
n‘was inifiateg°in&this\?egion.

‘ ' j

!

/

It ds of" some intefest to invéstigate(the principal flexﬁra;
strain aifference to see if similar correlatioﬁs exiet Flgures 5 S,
5-6, and 5- 7 are plots of prleplpal flexural straln dlfference
versus load atePo%nts 11, 16, and 21 reSpectlvely. It is qulte
" easy to see that tﬁe‘behavi%uflof the experimental test model is,
'at best, eFratic, The sfrain differences seem to shift back and
forth but there is some similarity. betweep the two eolutiqns.u Both‘

seem to be basically elastie up-td a load of about 8,500 1b. At

" - this p01nt -some inelastic behav1ouratakes place for.a relatlvely

short per;od whereuPon a stiffenlng effect follows. . The extent_
and duration of thlS“Stlffenlng ‘seems to vary from one.peiﬂt to the
\hextc 'Boseibly the secret tc.the sol&tion~ofAthe behaviour -of the

s%ruétpre can be found by iﬁvestigating,the compﬁter solution which

PRIV
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perlmentai model is complicated by 1nherent fhbrlcatlon 1naccuracles.

{

"the plot of the computer solution.

79

should be more basic and cleareofﬁhan that illustrated by the ex=-
perlmental solutlon.h At P01n$s 11 and 16, no bending effect is
ev1dent/unt11 8 500 1b, at Wthh point 1ne1ast1c behavxour com-
“mences. At about lO 000 1b the specimen starts to sgiffenﬁand o]

contlnues to do 80 up to about 11 500 1b where 1nelast1c behav1our

agaln starts and continues until fallure. The only solution that

‘cauld p0581hAy explaln ‘the seemlngly erratlc ‘and certalnly com-

E-S

pllcated behaviour of the experlmental mbdel is that there are mmany

[}

1n1t1al|1mperfeotions and secondary effects which are contributing R

to tge yehamiour’illustrsted ip Figﬁreg 5-5, 5-6, and 5-7.' B

In short 1t muq} be assumed that the behav1our of the ax-

This makes compérlson only possible in a general way.
i

‘basic behaviour is probably illustrated in, its-ideal condition by

However, the

-

®

It is of some 1nterest to compare the overall stress pat-
)tern produced by the computer solution with that produced by the
experimental test.

4

symmetry of the structure about its center llne.

First and foremost, the COmputer model assumes
In fact, only

one quarter of the structure was analyzed. Naturally the buckie |
whlch 1siyroduced is llkewlse symmetrloal with the ceofer line of -
the éolumn This has the advantage of ellmlnatlng the/masking ef-
afects which ‘were fpund durlng the dlscuss1on in the prev1ous ‘
«sectlon. There 1s rio possibxllty of hav1ng sllghtly out of plane

loadlng condltlons wblch confuse the stress pattern., However, once
i N Lu v , l‘q

, [}
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i I N

3

again, the resultlng solution is only applicable for the 1dea1
'polumn loadlng condltlon. It has beén shown by 1nvest1gat1ng “in--

d1v1dual points.on’a buckle that the order of magnltude is similar

-and that the principal axial strain dlfferences are within ac-

¥

ceptable experimental errors. Points above and below the -center
£ ij . . 4

of the buckle exhlblt 31m11ar characterlstlcs whlch seems to in-
dicate that the symmettry is illustrated in the experimental solu-
tion. - In general, the qo%re;atiod:between the experimental and,
computer resulfs‘i§ quite good. The magnifudes of individual.
leveié of ﬁrincigal strain differenceé,aie.very.ciose. The sym-
metry which, is' inherent iﬁ the computer model is aléo illustrated
:o a fair}y‘high degree in the experimental model, Finaliy:gboth“
" experimental and/compuﬁzr models béhaved in a manner which was

)

very similar to the test which was sperformed on an uncoated speci-

.
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,correlated quite closely. Small deviations which were obtained at

' the test se-up, or the fabrlcatlon of the specimen.

SPRuNA R M AT meeo w B o

° ﬁﬁ»
Chapter 6 ( S

CONCLUSIONS

Good correlatlon between the experlmental test. results and

the theoretlcal flnlte element computer results was realized in
“ay
this study. The propagation of stresses -and stralns whlch were

"observed in the experlmental tests were quite .closely predlcted

and “reproduced by the finite element computer model. Individual
values of pr1n01pal strain dlfferences at Speclflc load levels ob-
¢ C

talned by means of both methods were within acceptable llmlts of

error. Pr1n01pal flgxural strain differences.for the most part

hlgher load levels could be attrlbuted to 1naccuracles 1n either
B -

It séems reasonable to' conclude that the study. was success-

ful.’ The initial intent was to.provide a set of accyrate data con-

‘derning one particular type of structure subjected to one particular

type ofglo%ding. In this respect, the maintobjectives were defin-

itely realized. The data collected and reported lS both exten51ve

'andlaccurate.' A gsecondary beneflt was also obtalned from this

study. TMe‘experimental data helped to verify the accuracy of the

finite element prdgrem; It is therefore freasonable to assume ‘that
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, the computer program can be used tc analyze similar types of

~
El
L R P

-, . . . )
(; ' structures. * ‘ . : o
'S @ ) '

. A great deal of time and energy was expended .during the

. course of this study in perfecting the plastic coating technique.

It would be répetiéive and somewhat wasteful to suggest that other

e YRR R

Y
' researchers continue this line of study in the same manner. While :

. it would deflnltely be of interest to study other shapes- or differ-
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ent load‘condltlons it.would serve no beneflt to have future re-
% N . " o X
searchers struggle through the pafng of learning the fine points !

of the photoelastic coating method. Itlwould;“however be beneficial,

i
perhaps to emﬁloy a.skilied technician who could perform this work. ‘}%
Thus interesting and perhép§ heneficiél studies of'a, imilar nalire |

could be carried out by qualified‘pesearchers*withqut forci g them
to become bogged down by the tédious an@ rebetitive jo% of abribaf- :é

ing and applying coatings.

ot . .
Future studies which could be initiated on this basis coul

|
inclﬁde‘differen% types of sections, some éimple to construct, ;
such as angles and Zee sectlons and some more compllcated, such as §
tees and cruciform sections. ' These cole be tested experlmentally %
and then compared to computer analyses. Further work could also i
'g 1nclude testlng different’ sectlons under. various types of loading ;
| condltlons. Flext¥al loading. combined axial compre551on and \ f
flexure, and torsional loading, could all be :j::i?lgated. Ansex- ' |

ten51ve‘set of data &oulﬂ then be compiled and

d to verify new -

[

O,

computer models and improve on ex;stlng ones,
£
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It is necessary that the first in a line of researchers -

s

studying a problem struggle through all the elen;entarir facets.of

-that problem. . For this reason. it was not only necessary but also.

4 v

beneficial that all phases of the work reporte‘d here be actually

[ RO O

‘perfprmed by the author. However, it will be tne responsibility!
1of future researchers of this topic to learn from the experiences

\ reported herem and use thls information as a stepping-—stone to’ -

- i » -
more complex and 1nteresting studles. Lo A / »
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APPENDIX
CASTING PIATE /
‘CALIBRATING THE PLASTIC
CALIBRATING THE PIASTIC

- CANTILEVER. TeST .

" TEST SET-UP

COLOUR PATTERNS AT 7000 LBS

COLOUR PATTERNS AT 10000 LBS

COLOUR PATTERNS AT 13000 LBS
CLOSE-UP OF END EFFECTS AT 13000 LBS
COLOUR PATTERNS AT 10000 LBS

COLOUR PATTERNS AT 8500 LBS

COLOUR PATTERNS,AT 10000r LBS

COLOUR PATTERNS AT.10000 LBS

COLOUR PATTERNS AT 13000 LBS

COLQUR PATTERNS AT 13000 LBS . -

-

A-3

A-4 Top N
A-l4 Bottgh
A-s‘”

A-6

A-7

A-8 K
A-9 |

A-10 Top
A-io Bottom
A-11 -

A-12 Top
A-12 Bottom
A-13
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